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Forget not that the earth delights to feel your bare feet and the winds
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Abstract

Products with antimicrobial effects based on silver nanoparticles show increasing popu-
larity in Asia, North America and Europe. Environmental impacts associated with this
new technology are hardly investigated. This work presents a first environmental risk
analysis for the use of silver-containing textiles and plastics.
Various assumptions were necessary in order to build three scenarios for the silver emis-
sions in EU25. Once the assessment was carried out for the year 2010 when the pro-
duction of such goods has reached a substantial level. A second assessment considers
the year 2015 when a first stabilization of the market can be anticipated. Reference
silver emissions from other silver applications were also included. In comparison to the
reference emission, an increase of 68% of the silver load in waste water is determined for
the year 2015 due to silver-containing biocidal products.
Steady state concentrations in water and sediment — which is an important sink of
silver in the environment — were calculated applying a box model of the Rhine river.
Predicted environmental concentrations (PECs) agree well with data from field measure-
ments. In order to assess silver concentrations in soil, a simple model representing the
top soil layer was used. PECs in soil lie 1 to 2 orders of magnitude below empirical data
from sewage sludge amended soils.
Most toxicological studies examine the effect of silver on the basis of free Ag+. Only
in the last years it was found that the ionic form of silver occurs in the environment
at extremely low concentrations. Few data are available on the effects of compounds
consisting of silver and reduced sulfur, which represent the main fraction of silver forms
in the environment.
A disturbance of the functioning of sewage treatment plants is barely expected at in-
creased silver loads. Though a threat to fish and invertebrates is likely for the highest
predicted silver concentrations in water. No risk can be expected for benthic organisms.
It has to be considered, however, that only few toxicological data were available for the
evaluation. No reliable conclusions can be drawn regarding the terrestrial ecosystem.
However, a steadily increasing silver contamination is projected for agricultural soils to
which sewage sludge is continuously deposited.
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Zusammenfassung

Produkte, deren bakterizide Wirkung auf silberhaltigen Nanopartikeln beruht, erfreuen
sich steigender Popularität in Asien, Nordamerika und Europa. Kaum erforscht sind die
Umweltrisiken, die mit dieser neuen Technologie verbunden sind. Die vorliegende Arbeit
präsentiert eine erste Umweltrisikoanalyse zum Gebrauch von silberhaltigen Textilien und
Kunststoffen.
Verschiedene Annahmen waren nötig, um je drei Szenarien für die Silberemissionen in der
EU25 zu bilden — einerseits für das Jahr 2010, wenn die Produktion solcher Güter ein
erhebliches Niveau erreicht hat, andererseits für 2015, wenn eine erste Stabilisation des
Marktes vorausgesagt wird. Berücksichtigt wurden jeweils auch Referenzemissionen von
anderweitigen Silberapplikationen. Für das Jahr 2015 wurde im Vergleich zu der Referen-
zemission ein Anstieg der Silberfracht im Abwasser um 68% aufgrund von silberhaltigen
Produkten mit bakterizider Wirkung ermittelt.
Mit Hilfe eines Box-Modells für den Rhein wurden die im Gleichgewicht zu erwartenden
Silberkonzentrationen in Wasser und Sediment — eine wichtige Silbersenke in der Umwelt
— berechnet. Die vorhergesagten Konzentrationen (PECs) im aquatischen System stim-
men mit Feldmessungen gut überein. Um die Silberkonzentrationen im Boden vorauszu-
sagen, wurde ein einfaches Modell für die oberste Bodenschicht angewendet. Die PECs
im Boden liegen 1 − 2 Grössenordungen unter empirischen Daten von Böden, die mit
Klärschlamm behandelt wurden.
Die Mehrheit der toxikologische Studien untersucht den Effekt von Silber anhand von
freiem Ag+. Erst in den letzten Jahren wurde erkannt, dass die ionische Form von Sil-
ber in der Umwelt nur in minimen Konzentrationen vorkommt. Nur wenig Daten sind
vorhanden zu den toxikologischen Auswirkungen von Verbindungen zwischen Silber und
reduziertem Schwefel, welche den Hauptanteil der Silberformen in der Umwelt bilden.
Eine Störung des Betriebs von Kläranlagen ist unter der erhöhten Silberfracht kaum zu
erwarten. Jedoch resultiert eine Gefährdung von Fischen und Invertebraten unter den
höchsten vorausgesagten Silberkonzentrationen im Wasser. Kein Risiko wird für benthis-
che Organismen erwartet, jedoch ist zu beachten, dass nur wenige toxikologische Daten für
die Bewertung zur Verfügung standen. Keine verlässliche Aussage kann zur Gefährdung
des terrestrischen Ökosystems gemacht werden. Allerdings wird eine stetig ansteigende
Silberbelastung der Böden unter kontinuierlicher Anwendung von Klärschlamm auf land-
wirtschaftlichen Flächen vorausgesagt.
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Chapter 1

Introduction

In the last few years, the use of silver nanoparticles incorporated in consumer
products has become popular. Because of the biocidal effect of the silver ion, socks
and sportswear lose their odor caused by microorganisms, plastic containers keep
food fresh for a longer period, shampoos, soaps and toothpastes get germ-fighting
properties. Silver-containing products range from washing machines that sanitize
laundry, to silver-lined refrigerators and vacuum cleaners [Rundle, 2006]. Industry
makes use of this new technology in food contact applications (e.g. conveyer rollers
for food processing and plastic parts of ice-making machines), in interior automotive
applications (e.g. steering wheels, seats, handles and mats) and in building materials
(e.g. flooring, wall coverings, pool liners, roof membranes and sanitary tubing).
Another field of application for products with antimicrobial effect based on silver
ions is medical equipment (e.g. tubing for fluid management systems, catheters,
infusion systems and medical textiles) [Markarian [2006], Simpson [2003], Markarian
[2002], The Silver Institute [2001], HeiQ Materials [personal communication]].

After the observed boom in Asia, also the European and North American mar-
kets for silver-containing nanofunctionalized products started to grow in the last
years [Markarian [2006], Rundle [2006], The Silver Institute [2001]]. According to
Rundle [2006], M. Bourne, president of Bourne Research, Scottdale, Arizona, which
specializes in emerging technologies, thinks that silver nanoparticles may very well
become the next ”it” product.

Against the background of this new trend, HeiQ Materials, a Swiss spin-off
company of the ETH Zurich founded in 2005 started producing silver-containing
additives for synthetic fibers and plastics. The increasing use of antimicrobial
products based on silver ions raises the question of possible environmental impacts.
HeiQ Materials’ commitment to sustainability [HeiQ Materials, 2001] gave reason
to face this scarcely studied issue by initiating this diploma thesis in collaboration
with Seed Sustainability1. Its subject was an environmental risk analysis for silver-

1Seed Sustainability is a platform for projects that facilitates the investigation of sus-

tainability related questions from university external and internal partners. The investiga-

tion is realized by students in the context of semester research projects, practical trainings,

diploma theses and dissertations [Seed Sustainability, 2001].
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Introduction 2

containing nanofunctionalized products. Besides the projections of a strong growth
in this market sector, the relevance of the topic is also given by the EU directive
concerning the placing of biocidal products on the market [European Parliament
and Council, 1998].

The biocidal mechanism of silver-containing products results from a long term
release of silver ions (Ag+) by oxidation of metallic silver (Ag0) through the inter-
action with water [Kumar et al. [2005],Kumar and Münstedt [2005a], Kumar and
Münstedt [2005b]]. This interaction is enhanced by applying silver nanoparticles
characterized by a large surface area. Ag+ binds to negatively charged components
in proteins and nucleic acids, thereby causing structural changes in bacterial cell
walls, membranes, and nucleic acids that affect viability. Silver ions are thought
to interact with a number of functional groups: thiol groups, carboxylates, phos-
phates, hydroxyls, imidazoles, indoles, and amines [Kumar et al., 2005]. It could be
demonstrated that Ag+ inhibits the enzymes (notably phosphatase, arylsulfatase
and urease) for the P, S, and N cycles of nitrifying bacteria [Ratte, 1999]. Silver
ions that bind to DNA block transcription, and those that bind to cell surface com-
ponents interrupt bacterial respiration and adenosine triphosphate (ATP) synthesis
[Kumar et al., 2005].

The antimicrobial spectrum of silver is extensive, including gram-negative enter-
obacteria and gram-positive cocci. Moreover, silver has been reported to be viruci-
dal against poliovirus, adenovirus, bovine rotavirus, herpes, and vaccina virus [Han
et al., 2005]. Markarian [2006] mentions promising findings that show the efficiency
of silver ions in fighting Methicillin-Resistant Staphylococcus Aureus (MRSA) and
Severe Active Respiratory Syndrome (SARS). According to Kumar and Münstedt
[2005b] only a few bacteria are intrinsically resistant to this metal. Gilchrist et al.
[1991] report that concentrations of 5 − 10 ng Ag+·L−1 are biocidal. Silver ions
have also algicidal effects [Ratte, 1999].

The main advantages of silver-based antimicrobials compared to organic sys-
tems in plastics are their high thermal stability in addition to health and environ-
mental safety [Kumar and Münstedt, 2005a]. Bactericidal Ag+ concentrations are
far below dangerous thresholds for humans [Ratte, 1999]. Among metal ions, silver
exhibits the highest toxicity to microorganisms and least toxicity to animal cells
[Han et al., 2005].

This diploma thesis assesses the following questions:

• How much silver is released into the environment by the use of biocidal prod-
ucts like the ones produced by HeiQ Materials?

• By what extent will the use of biocidal products increase the environmental
contamination with silver?

• What are the impacts of the predicted silver concentrations in freshwater and
soil?

Chapter 2 gives an overview of the methods used in the different steps of the
risk assessment.
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In the first part of chapter 3 the spatial system boundaries and the temporal
scale of the study are defined, and relevant mass flows of silver are identified. The
second part deals with the behavior of silver in natural freshwaters and soils.

In chapter 4 the assumptions made for emission scenarios considering the target
years 2010 and 2015 are presented. Mass flows of silver into natural waters and solid
waste are calculated and the relevance of biocidal products for the silver emission
is determined.

Chapter 5 deals with the derivation of predicted environmental concentrations
in sewage treatment plants, in freshwater, freshwater sediments and interstitial
water in sediments. The terrestrial environment is also considered by predicting
concentrations in soil and pore water.

Chapter 6 presents information about the toxicity of various silver compounds
to humans, microorganisms in sewage treatment plants, freshwater organisms, and
terrestrial fauna and flora. In addition the bioaccumulative potential of silver is
discussed.

In chapter 7 the risk caused by the release of silver to the environment is
characterized.

Chapter 8 rounds off with a summary of the outcomes of the study, points out
limitations of the assessment and makes recommendations for further research.



Chapter 2

Methods

In this chapter an overview of the methods used in the individual steps of the risk
assessment is given.

2.1 System Analysis

Based on an extensive literature review and with the aid of experts, relevant mass
flows of silver into the environment are identified. Information gathered from lit-
erature and from experts helped to understand the behavior of silver in sewage
treatment plants (STPs), thermal waste treatment (TWT), landfills, natural wa-
ters and soil.

2.2 Emission Scenarios

Three emission scenarios for the release of silver from biocidal products in EU25 for
2010 are built: the Minimal Release scenario contains assumptions leading to lower
silver release, the Realistic scenario considers the most probable assumptions, while
the Worst Case scenario includes assumptions resulting in the highest expected
environmental silver concentrations.

In the assessment 2010 only silver contained in biocidal products that are man-
ufactured and used during this specific year are taken into account. The stock of
biocidal products that will be built up until 2010 is neglected.

Reference silver flows into the environment caused by other silver uses are de-
termined for the three scenarios based on Lanzano et al. [2006]. The silver release
from biocidal products is related to reference flows expected from other silver uses.

The assessment for 2015 considers the same assumptions that have been made
for 2010 except for demographical and economical data being extrapolated to 2015.
In addition to silver flows caused by the use of biocidal products manufactured in

4



Methods 5

2015, the silver release from the stock of biocidal products is included, assuming a
steady state market situation.

2.3 Exposure Assessment

A simple calculation is applied to derive silver concentrations in STPs. A box
model representing the Rhine river introduced by Scheringer et al. [1999] is used for
predicting concentrations in freshwater and freshwater sediments caused by silver
in the effluent of STPs. Based on a sensitivity analysis environmental parameters
are adapted to improve the simulation of the behavior of silver in natural waters
according to empirical data. Two further model versions are built:

• One model version considers sudden bed load shifts due to high water in
the snowmelt season. This is achieved by the incorporation of a continuous
downward shift of sediment.

• In the other model version the connections of exchange processes between
water and sediment compartments are altered.

For the Minimal Release, the Realistic and the Worst Case scenarios in 2010 the
prediction of water and sediment concentrations is done using the original model
applying altered environmental parameters and using the model version that simu-
lates the bed load shift. Silver inputs enter the Rhine according to the position of
selected cities and at amounts representing the population size of the cities.

An approach introduced by MacLeod et al. [2002] is used to find a confidence
factor that characterizes the uncertainty of the results. Additionally the model
versions are run applying the maximum, the average and the minimum empirically
determined silver partition coefficient (Kp). Kp characterizes the affinity of silver to
suspended matter in surface waters and is the most important parameter describing
the behavior of silver in water.

Besides concentrations in water and sediment, silver levels in the interstitial
water of the sediments are determined by a simple calculation. They are useful to
characterize the risk for benthic organisms.

Maximum concentrations observed in river water, sediment and interstitial wa-
ter of the sediment are taken as predicted environmental concentrations (PECs) of
silver in the aquatic system.

The assessment of freshwater exposure concentrations under the emission sce-
narios for EU25 in 2015 is carried out in the same way.

The derivation of PECs in soil, pore water and groundwater is based on ECB
[2003]. The contamination paths considered in a simple box model representing
the top layer of soil are the application of sewage sludge and aerial deposition of
silver. Included is also a removal via leaching into deeper soil layers. The exposure
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concentrations are calculated for terrestrial organisms, for agricultural soil and
grassland. The three assessments differ in the depths of soil layer, in the sewage
sludge application rates and in the averaging periods used in the derivation of the
PECs in soil. Included are the silver emissions predicted under the three scenarios
for EU25 in 2010. Silver concentrations in soil are calculated after a sewage sludge
application period of 10 and 50 years.

2.4 Dose-Response Assessment

Toxicological studies on the sensitivity of microorganisms in STPs, freshwater or-
ganisms, terrestrial plants and animals to silver compounds are reviewed and reli-
able data are selected.

Information on the bioaccumulative potential of silver compounds is mainly
based on one review by Ratte [1999].

2.5 Risk Characterization

The toxicological risk caused by the predicted environmental silver concentrations
for selected organisms in freshwater, freshwater sediment and soil is characterized in
a probabilistic approach. The risk is illustrated by showing cumulative distributions
of effect levels in various species together with cumulative distributions of predicted
exposure concentrations for 2010 and 2015. An exceedence plot visualizes which
fraction of scenarios exceeds the effect concentration of a certain fraction of the
selected species.

Information on the bioaccumulation of silver is included in the assessment in a
qualitative way.



Chapter 3

System Analysis

This chapter presents the system investigated in the environmental risk assessment.
Temporal and geographical boundaries of the study are determined and relevant
silver flows identified. Section 3.4 deals with the behavior of silver in natural waters
and soils (p. 12.

3.1 Temporal Scale

The Silver Institute [2001] estimates an exponential growth of more than 360%
annually between the years 2000 and 2004 for silver used in biocidal products ex-
cluding water disinfection (see Fig. 3.1). The market is not expected to be stabilized
before 2015 [HeiQ Materials, personal communication].
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Figure 3.1: Projected silver
use for the production of bioci-
dal products in Europe, 2000 −
2004. Data from The Silver In-
stitute [2001].

A trade off between this fact and the reliability of projected economical data
led to the target year 2010. On the one hand the production already reaches a
substantial level in 2010 and on the other hand quality of market data are still
sufficiently reliable. In a first attempt the risk analysis takes 2010 as reference year

7



System Analysis 8

for the examination of environmentally relevant silver flows triggered by the use of
biocidal products manufactured in 2010.

In order to evaluate the effects of a silver release resulting under steady state
conditions of the biocidal market, the situation is investigated a second time for
2015 when the growth of the silver use for the production of biocidal products is
assumed to stagnate. This second investigation is based on economical data with
a lower reliability, but provides an indication of what the environmental impact
could look like if the market for biocidal products is at steady state.

3.2 Spatial System Boundary

Johnson et al. [2005] describe relevant differences between the silver cycles in various
areas of the world. Therefore the focus of this study is laid on Europe alone, so
that a more uniform system with respect to the silver market can be examined.
European countries included are members of the European Union (EU251).

Some data were not exactly available for EU25, but they were adjusted by
means of population. These cases are mentioned explicitly.

3.3 Mass Flows of Silver into the Environment

In Fig. 3.2 the expected silver flows triggered by the use2 of biocidal products are
shown. Silver reaches the aquatic sphere of the environment via untreated waste
water and via remaining silver in effluents of STPs. Also aerial deposition represents
a path of aquatic pollution. In addition, silver leaching from contaminated soils
poses a threat to a pollution of drinking water via groundwater bodies. Silver is
introduced into the terrestrial system through the application of sewage sludge, via
landfill leachate and atmospheric immission. The only source of air pollution due
to such products is seen through emissions emerging from TWT. Note that silver
released during the production is not considered in this assessment.

Most of the silver contained in biocidal products will be released via waste
water and only a fraction remaining in disused products is directed into solid waste
management. Due to the characteristics of silver, the main mass flow ends up in the
sewage sludge provided that waste water is treated. There are three possibilities as
for the fate of sewage sludge:

1Member states of EU25: Belgium, Denmark, Germany, Estonia, Finland, France,

Greece, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, Netherlands, Austria,

Poland, Portugal, Sweden, Slovakia, Slovenia, Spain, Czech Republic, Hungary, United

Kingdom and Cyprus.
2In this study the ”use of biocidal products” also includes the subsequent disposal at

the end of their lifetime.
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• Use as conditioning on agricultural soils; silver mainly stays in the top layer
of fields.

• Disposal in solid waste landfills (SWL); silver leaching into subsoil and ground-
water is possible.

• Incineration in TWT plants; main fraction of silver ends up in incinerator
ash landfills (IAL) and residue landfills (RL), a small amount is emitted to
the atmosphere.

The most relevant mass flows of silver in this risk assessment are suggested to be
the ones leading to an immediate immission into the environment. Therefore the
emphasis of this study is laid on the silver reaching natural freshwaters3 and silver
contained within sewage sludge that is spread out on agricultural fields. Pollution
of soil and groundwater via landfill leachate might pose a delayed hazard that is
not studied in detail here.

Figure 3.2: Mass flows of silver into the aquatic systen, the terrestrial system and
into atmosphere originating from the use of biocidal products.

3The time frame of this diploma thesis did not allow an inclusion of the marine ecosys-

tem in the risk assessment.
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The silver flows considered in the emission scenarios 2010 are shown in Fig. 3.3.
Only silver released from biocidal products in use that are manufactured in the year
2010 is taken into account (red arrows in Fig. 3.3). The silver flows caused by the
stock of biocidal products in use are disregarded and therefore no silver (contained
in disused products) is directed into solid waste treatment, because products are
expected to have longer lifetimes than one year. In order to have an indication of
the relevance of the silver emission from biocidal products, reference flows of silver
caused by other applications are determined (green dashed arrows in Fig. 3.3). Risk
associated with silver in the environment is studied on the flows caused by biocidal
products and by other silver applications.

Figure 3.3: Mass flows of silver considered in the assessment for EU25 in 2010.
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In the assessment for 2015 a steady state in the production of biocidal products
is assumed. Included are (see Fig. 3.4):

• Silver released into waste water from biocidal products manufactured and
used in 2015.

• Silver released into waste water from the stock of biocidal products in use in
2015.

• Silver directed into solid waste treatment due to the disposal of biocidal
products in 2015.

Again reference silver flows are assessed and compared to the ones triggered by
biocidal products.

Figure 3.4: Mass flows of silver considered in the assessment for EU25 in 2015.
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3.4 Properties of Silver in the Environment

This section describes relevant aspects of the behavior of silver in freshwater and
soils. Chemical properties of silver compounds under seawater conditions are ne-
glected because the risk of silver for the marine ecosystem is not assessed in this
study.

3.4.1 Environmentally Relevant Silver Species in Freshwater

Biocidal products release silver under water contact in the ionic form (Ag+). It
is the toxicity of this silver ion to aquatic organisms that caused concern about
environmental effects of this metal4. Only in the last few years the research com-
munity has come to the agreement that forms other than Ag+ are predominant in
the aquatic environment and the free ion occurs only in extremely low concentra-
tions [Kramer et al., 2002]. In natural waters, silver tends to form complexes with
available anionic ligands [Hiriart-Baer et al., 2006], e.g.:

• Inorganic ligands:

– Sulfide (S2−)

– Thiosulfate (S2O2−
3 )

– Chloride (Cl−)

• Organic ligands:

– Thiols (e.g. glutathionate, cysteinate)

These ligands may be in the form of simple compounds, or they may be functional
groups on large, complex organic molecules or clusters of molecules [Herrin et al.,
2001].

Silver has an extraordinary affinity for reduced sulfur, which results in high
formation constants (Kf) for silver complexes with ligands containing S2− (see
Tab. 3.4.1). Measurements in various aquatic environment show that reduced sul-
fur concentrations typically exceed silver concentrations by 3 orders of magnitude
on a molar basis. As a consequence silver should always be bound to S2− in natu-
ral waters. Therefore neither AgCl (seawater) nor Ag-NOM (freshwater) dominate
silver speciation, but silver sulfides are seen as the predominant forms under envi-
ronmental conditions [Kramer et al., 2002]. Hence, in the current risk assessment
it is assumed that the main part of silver in water exists as silver sulfides which
are considered to be the environmentally relevant silver species. In this study the
term ”silver sulfide” is used for all different kinds of silver compounds containing

4Toxicological data for tests carried out with AgNO3, which readily dissolves and re-

leases the free silver ion [Ratte, 1999], are listed in Tab. 6.3 on page 87.
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reduced sulfur (e.g. Ag2S, AgS2O−
3 , Ag(S2O3)3−2 , Ag glutathionate, Ag cysteinate

and other more complex molecules containing S2−).
Ag2S is seen as the ultimate form of silver in the environment, due to its high

stability [Bell and Kramer, 1999]. In terms of toxicity this is of importance because
silver sulfide is the least toxic of all tested silver compounds due to its low solubility
and bioavailability [Ratte, 1999].

Table 3.1: Formation con-
stants (Kf) for silver complexes
(Ag:L = 1:1) with various lig-
ands (L). Reference: Kramer
et al. [2002].

Silver ligand log Kf

Inorganic sulfides 14− 21

Organic sulfides (thiols) 12− 15

Thiosulfate 8.2

Cl− 3

3.4.1.1 Size-Distribution of Silver in the Environment

Silver compounds sorb strongly to suspended particles. Empirical partition co-
efficients5 (Kp) determined for total silver range from 104.0 up to 106.6 L· kg−1

[Kramer et al., 2002]. Therefore Ag removal rates in STPs are typically > 94%
[Kramer et al., 2002]. Field investigation indicates that silver is one of the easiest
heavy metals to be removed in STPs [Wang et al., 2003]. The major part of the
metal is ending up in sewage sludge [Kramer et al., 2002]. Another implication of
this characteristic is that silver on particles is rapidly incorporated into sediments,
from where a long-lasting resuspension into the water column is possible. Unless
there is a very low level of suspended particles (e.g. such as in the open ocean),
particulate phases (> 0.45 µm) dominate the size spectrum of total silver in most
aqueous environments.

Much of the dissolved phase (<0.45 µm) of silver is associated with colloids.
Kramer et al. [2002] mention the potential existence of strong thiol-based, colloidal
silver complexes in natural waters. According to Bielmyer et al. [2002] silver thiol
complexes dominate all other dissolved silver species when organic molecules con-
taining sulfur are present and when other metal sulfide concentrations are negligible.
One crucial aspect of Ag thiolate chemistry is the rapid exchange of Ag+ among
thiolates. This way silver ion can be transferred onto, or off, particulate matter or
cells of an organism [Bell and Kramer, 1999].

5Kp = metal in particulate matter (µg·kg−1) ÷ metal in filtrate (µg·L−1). Measure-

ments of Kp considered here were mostly based on a size cutoff of 0.4 µm.
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3.4.2 Properties of Silver in Soil

Silver has a very low mobility in soil. This is emphasized by Tsiouris et al. [2003],
who could not detect silver in the leachate of a two-year pot experiment, where
silver was added on the surface as silver iodide or silver nitrate and samples were
irrigated periodically. The lower the silver concentration in soil solution, the lower
its mobility and bioavailability, and therefore its potential toxicity. As for other
metals, the main processes controlling the fate of silver in soil are adsorption-
desorption reactions between the ion and the surface of soil colloids. In the following
subsections, the most important factors influencing the sorption of silver in soils
are briefly described.

3.4.2.1 Soil Organic Matter (SOM)

Several studies mention soil organic matter (SOM) to be the predominant factor
determining silver ion sorption capacity of soil due to exchange or complexation
mechanisms [Szabó et al. [1995], Li et al. [2004], Moral et al. [2005], Jacobson et al.
[2005]]. Especially strong complexes are formed with thiol groups (-SH) Bell and
Kramer [1999].

However, the fear that compounds such as cysteine or thiosulfate could poten-
tially enhance the dissolution of acanthite (solid Ag2S) was disproved at least under
laboratory conditions by Jacobson et al. [2005]. Acanthite is formed quickly under
natural conditions either by its precipitation in presence of silver and sulfide or by
substitution of Fe for Ag in iron sulfide [Adams and Kramer, 1998]. The insolubility
of acanthite (log Ks = −48.97; Lindsay [1979]) reduces the toxicity of silver by de-
creasing the concentration of dissolved silver in soil solution and therefore reducing
its availability for soil organisms and plants.

In a sequential extraction of silver carried out with contaminated soils in Spain
[Moral et al., 2005], the organic matter sorbed fraction (≈ 18− 62%) was found to
be the most important one along with the residual fraction.

3.4.2.2 Cation Exchange Capacity (CEC)

Another parameter that is positively correlated with the retention of silver in soil
is cation exchange capacity (CEC) [Jacobson et al. [2005], Hou et al. [2006],Bin-
Shafique et al. [2006]]. Especially if the concentration of easily removable mono-
valent cations is high, the immobilization of silver is enhanced [Jacobson et al.,
2005]. Findings from Jacobson et al. [2005] indicate that neither acid rain nor the
application of potassium (K+) or ammonium (NH+

4 ) as competing ions have an
effect on silver sorption, if the CEC of the considered soil is high.
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3.4.2.3 Further Soil Parameters

Other factors that have an influence on the mobility of silver in soil are pH, soil
texture and the content of oxides.

citetTyler2001 find signs for a ”U-shaped” curvilinear relationship between pH
and Ag concentration in soil solution, indicating the highest sorption capacity of
soil in the intermediate pH range (≈ 6− 7). Soil samples in their study had a pH
of 5.2 − 7.8. The result by Tyler and Olsson [2001] is illustrated by data from a
sequential extraction of silver in contaminated soils in Spain [Moral et al., 2005].
For the sample with the lowest pH (3.00), the proportionally largest soluble Ag
fraction (≈ 4%) was reported while the most alkaline one (pH 8.70) showed the
second largest soluble silver fraction (≈ 1.7%). Hou et al. [2006] observe a positive
correlation between pH and mobilizable Ag fraction, but the examined soils cover
only a narrow pH range (5.20− 6.58).

More finely textured soils that are characterized by higher total soil surface
areas, have an elevated sorption capacity [Jacobson et al., 2005]. Hou et al. [2006]
find that the total silver content seems to be similar to the distribution of allophane-
like minerals and silt.

Ag can also be exchanged for structural K, Na or Mn in poorly crystalline oxides
[Jacobson et al., 2005]. In the absence of SOM or at pH 8− 9 iron and manganese
oxides get more important for the sorption of silver in soil [Szabó et al., 1995].



Chapter 4

Emission Scenarios

Based on social, economic, product-related and technical assumptions, emission
scenarios were built to calculate PECs in water and soils. In the section 4.1 a
”Realistic”, a ”Minimal Release” and a ”Worst Case” scenario are elucidated. The
scenarios are used for the risk assessment considering the target year 2010. The
approach for the assessment for 2015 is found in section 4.2 on page 31.

4.1 Three Emission Scenarios for 2010

For 2010 three scenarios for the silver emission into the environment are created.
The Minimal Release scenario contains all the assumptions which lead to a lower
silver release into the environment (see Tab. 4.1 on page 17 & Tab. 4.5 on page 24).
The Realistic setting considers the most probable assumptions (exceptions will be
expressly stated) and in the Worst Case scenario all the assumptions resulting in
higher environmental silver concentrations are included. In this way the uncertainty
of the amount of silver emitted into the environment is considered.

First elementary demographic and economic projections are presented. For the
aquatic environment assumptions and calculations for the silver release by biocidal
products and for silver flows into waste water triggered by other silver uses are made.
In a further section the final silver amount reaching the natural aquatic system is
determined. Additionally silver amounts reaching the terrestrial environment via
the application of sewage sludge on agricultural fields and via emissions caused by
solid waste treatment are estimated. As for the aquatic environment, silver flows
caused by biocidal products ending up in the terrestrial system are compared to
the ones from other silver uses.

16
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4.1.1 Demographic and Economic Assumptions for 2010

The demographic projection of Eurostat [2005a] anticipates 464.1 Mio inhabitants
in the EU25 by the year 2010. Starting from this baseline a high (468.6 Mio) and
a low (459.7 Mio) forecast by Lanzieri [2006] are included in the scenarios (see
Tab. 4.1).

HeiQ Materials expects 2.4 tonnes of silver to be used in their production in 2010
for the European market. 50% of it will be processed into additives for antimicrobial
textiles (index Agtextiles), the other half is expected to be required for biocidal
plastics (index Agplastics). The reliability of this data is ±40% [HeiQ Materials,
personal communication], which leads to an upper and lower boundary of the silver
amount used in the production of biocidal products: 1.6 (Minimal Release) and 4
tonnes of Ag (Worst Case scenario).
For the European market as a whole, 2010 17.5 t of silver (min. 12 t, max. 30 t)
are projected for textile fabrication and 175 t for plastics (min. 100 t, max. 200 t
[HeiQ Materials, personal communication]).

Table 4.1: Demographic and economic assumptions for Minimal Release, Realis-
tic and Worst Case scenario (EU25; 2010). Data source population projections:
Lanzieri [2006]; data source market expectations: HeiQ Materials [personal com-
munication].

Parameter Minimal Release Realistic Worst Case Unit

Population 468.6 464.1 459.7 Mio

Agproducts

Agtextiles,HeiQ 0.8 1.4 2.0 t·a−1

Agplastics,HeiQ 0.8 1.4 2.0 t·a−1

Agtextiles,EU25 12.0 17.5 30.0 t·a−1

Agplastics,EU25 100.0 175.0 200.0 t·a−1

4.1.2 Ag+ Release into Waste Water by Biocidal Products

The amounts of Ag+ released into waste water due to the use of biocidal products
are calculated applying the formula:

AgWW,biocidal = Agproducts · krelease · twatercontact (4.1)
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Parameter Explanation of Symbols Unit

AgWW,biocidal Ag released into waste water by biocidal products g·a−1

Agproducts Ag contained within biocidal products g·a−1

krelease Ag+ release rate g Ag+·g Ag−1·d−1

twatercontact period of water contact d

Data for Agproducts is based on economical projections by HeiQ Materials [per-
sonal communication] and is found in Tab. 4.1.

The determination of krelease and twatercontact for the different emission scenarios
for 2010 is described in the following two paragraphs. A summary of the parameter
values used for the derivation of the silver emission into the aquatic environment is
found in Tab. 4.5 on page 24.

Ag+ release rates
Kumar et al. [2005] examined Ag+ release rates of rectangular polyamide specimens
fully submerged in an aqueous medium. They find varying release rates depending
on the type of Ag-containing additive that has been filled into the polymer. The
lowest Ag+ release results for additives consisting in elementary silver alone (3·10−5

g Ag+·g Ag−1·d−1) while the highest is observed for additives where Zeolith acts
as the carrier of silver (1 · 10−3 g Ag+·g Ag−1·d−1).

Another finding is that the crystallinity of a polymer and water permeability
of the specimen are negatively correlated. A decrease in water permeability means
that the contact between silver atoms and water molecules becomes more unlikely,
thus the Ag+ release gets slower. The experiments by Kumar et al. [2005] were
conducted with polyamide, which is a more amorphous material than most of the
polymers used in textile fibers (e.g. polyester, acrylics, polypropylene) and plas-
tics (e.g. polycarbonate, polyvinyl chloride, polyimide). Thus the Ag+ release rate
taken for the Worst Case and the Realistic scenario (1 · 10−3 g Ag+·g Ag−1·d−1)
represents the upper end of the expected range. In the Minimal Release scenario
the rate reported for elementary silver is applied (3 · 10−5 g Ag+· g Ag−1·d−1).

Period of water contact
Biocidal plastics were devided into two categories depending on their period of
water contact. Thus a more realistic calculation of the silver emission by this
inhomogeneous product group is possible. 70% of total biocidal plastics (index
plasticstotal) are assumed to release silver via water contact during 365 d·a−1 (in-
dex plasticsH2O). For 30% (index plasticsdry) this time period only ranges from 0
(Minimal Release) to 6 h·d−1 (= 91.3 d·a−1; Worst Case). 1 h·d−1 was taken as
a typical value for the Realistic scenario. The former product class contains e.g.
sanitation tubes and medical catheters, while e.g. computer keyboards, door han-
dles, car steering wheels and mobile phones are included in plasticsdry. The upper
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bound for the share of plasticsH2O on plasticstotal is expected to be 75%, the lower
bound 50% [HeiQ Materials, personal communication].

For textiles the Ag+ release was calculated taking into account water contact
during the washing process (0.5, 1 and 2 h·w−1 equals 1.1, 2.2 and 4.3 d·a−1) and
dermal contact. For the release via human sweat it was assumed, that people wear
silver containing clothes 2 − 40 h·w−1 (4.3 − 86.7 d·a−1) with a typical value of
8 h·w−1 (17.3 d·a−1) used in the Realistic scenario. The resulting Ag+ releases
are maximum assumptions because the rates are determined under full submersion
which is not the case for dermal contact.

The annual amounts of silver entering the waste water from total biocidal plas-
tics and textiles used in EU25 (index AgWW,biocidal) are 549 kg·a−1 in the Minimal
Release scenario, 45’852 kg·a−1 in the Realistic and 62’045 kg·a−1 in the Worst
Case scenario (see Tab. 4.3 on page 22).
The contribution of each biocidal product class to the silver flow into waste water
triggered by such products is shown in Tab. 4.2 on page 20. The product class
causing the highest silver release is plasticsH2O with a share of more than 88% in
AgWW,biocidal.

Looking only at the use of products containing additives that are produced by
HeiQ Materials, a silver release of 5 kg·a−1 in the Minimal Release, 391 kg·a−1

in the Realistic and 775 kg·a−1 in the Worst Case scenario is obtained (index
AgWW,HeiQ). Tab. 4.2 shows the contribution of the different biocidal product
categories containing additives from HeiQ Materials on AgWW,biocidal. Under the
given scenarios the company will play a minor role for the amount of Ag+ released
into waste water by biocidal products within EU25 in 2010. Its contribution is
about 1% on AgWW,biocidal. PlasticsH2O cause at least 70% of the silver emission
by products from HeiQ Materials. Antimicrobial textiles are responsible for up
to ≈ 25% of the considered silver flow while plasticsdry reach a maximal share of
≈ 6%.
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Table 4.2: Amount of Ag released from biocidal products into waste water (shown
for use of total biocidal products in EU25 in 2010 and for use of products containing
additives from HeiQ Materials alone). Additionally the contribution of each product
class to the silver emission into waste water from total biocidal products is given.

Parameter Minimal Release Realistic Worst Case Unit
AgWW,biocidal

a 0.5 46 62 t·a−1

Share in AgWW,biocidal:
AgtextileWW

b 0.4 0.7 4.4 %
AgplasticsH2O,WW

c 99.6 97.5 88.2 %
Agplasticsdry,WW

d <0.1 1.8 7.4 %
AgtextileWW,HeiQ

e <0.1 0.1 0.3 %
AgplasticsH2O,WW,HeiQ

f <0.1 0.8 0.9 %
Agplasticsdry,WW,HeiQ

g <0.1 <0.1 0.1 %

AgWW,HeiQ
h 5 391 775 kg·a−1

Share in AgWW,HeiQ:
AgtextileWW,HeiQ 2.9 7.0 23.5 %
AgplasticsH2O,WW,HeiQ 97.1 91.4 70.6 %
Agplasticsdry,WW,HeiQ <0.1 1.6 5.9 %

aAgWW,biocidal: Silver in waste water due to biocidal plastics and textiles manufactured

in EU25 in 2010.
bAgtextileWW: Silver amount released into waste water originating from antimicrobial

textiles.
cAgplasticsH2O,WW: Silver amount released into waste water originating from biocidal

plastics with substantial water contact.
dAgplasticsdry,WW: Silver amount released into waste water originating from biocidal

plastics without substantial water contact.
eAgtextileWW,HeiQ: Silver amount released into waste water originating from antimi-

crobial textiles containing additives produced by HeiQ Materials.
fAgplasticsH2O,WW,HeiQ: Silver amount released into waste water originating from

biocidal plastics with substantial water contact, containing additives produced by HeiQ

Materials.
gAgplasticsdry,WW,HeiQ: Silver amount released into waste water originating from bio-

cidal plastics without substantial water contact, containing additives produced by HeiQ

Materials.
hAgHeiQ,WW : Silver amount released into waste water originating from biocidal plastics

and textiles containing additives produced by HeiQ Materials.
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4.1.3 Reference Mass Flows of Silver into Waste Water

Data and assumptions presented in the following paragraphs are used for the es-
timation of silver flows into the aquatic system triggered by sources other than
biocidal products. Thereby, the silver release from biocidal products can be related
to these other mass flows of silver and their relevance for the pollution of water
becomes apparent.

Lanzano et al. [2006] find in their substance flow analysis for Europe in 1997
95 t·a−1 of silver in sewage sludge. Sources are photo laboratories, film and print
production, dentists and hospitals, galvanic and electroplating work, the production
of circuit boards and the chemical industry (catalyst production). Data include
silver from EU151 plus Bulgaria, Norway, Romania and Poland. These countries
had in 1997 a total population of 446.5 Mio [Eurostat, 2005a]. In comparison with
the baseline population projected for EU25 in 2010 (464.1 Mio) a difference of 4%
results. The reference value was therefore increased to 99 t·a−1. Lanzano et al.
[2006] state a low to medium reliability for this data2Thus a range of 61 − 139 t
(= uncertainty of ±40%) silver in sewage sludge per year provides a basis for the
calculation of the amount in waste water. E.g. for the Minimal Release scenario
the silver amount in waste water is derived based on 61 t Ag in sewage sludge
per year and including the assumptions for the highest Ag removal rate in sewage
treatment plants (99%; see Tab. 4.5 p. 24) and for the highest percentage of waste
water treated (90%; see Tab. 4.5 p. 24). For the other two scenarios the same
approach with respective data is applied. The resulting amounts of silver in waste
water originating from sources other than water disinfection or biocidal products
(index AgWW,ref1) are presented in Tab. 4.3 on page 22.

AgWW,ref1 does not include the silver release from water disinfection. The
amount of silver applied in 2004 for such water treatments in Europe is estimated
by The Silver Institute [2001] at 90.2 t·a−1. Using the given projections in the
period 2000− 2004 from this same report for a linear extrapolation, an amount of
146 tonnes of silver is predicted for 2010 (taken for both the Worst Case and the
Realistic scenario, index AgWW,ref2). This corresponds to an annual growth rate

1EU15 member countries: Belgium, Denmark, Germany, United Kingdom, Finland,

France, Greece, Ireland, Italy, Luxembourg, Netherlands, Austria, Portugal, Sweden,

Spain.
2For the determination of reference mass flows of silver into the environment unfor-

tunately only this preliminary study by Lanzano et al. [2006] was available. Data for

silver in the European waste management are stated to have a low to medium reliability

which is seen in the inclusion of a correcting silver mass flow. Thereby the silver cycle

is completed. This correction makes up to ≈ 18% of the silver amount entering waste

management. The quantification of the relevance of Ag emission from biocidal products

can not claim a higher reliability than the one found in Lanzano et al. [2006] on which the

comparison is based on.
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of 10%. In The Silver Institute [2001] it is mentioned that after several years the
growth might come down to a 5% level. AgWW,ref2 for the Minimal Release scenario
(117 t Ag) is determined considering this lower annual growth rate. It is assumed
that all silver from water disinfection is ending up in waste water.

AgWW,ref1 and AgWW,ref2 are added for each scenario, representing a reference
mass flow of silver into waste water (see AgWW,reftot in Tab. 4.3). AgWW,reftot is
compared to the additional flow of silver triggered by biocidal textiles and plastics
in 2010: Biocidal products increase the silver release into waste water by about
0.5% (Minimal Release), 17.1% (Realistic) or 17.7% (Worst Case)3.

The relative contributions of the different silver sources to AgWW,total (see
Tab. 4.4 p. 23) reveal other sources than biocidal products as main polluters for the
aquatic system. But depending on the scenario biocidal products may contribute
a considerable 15% to the silver load in waters. An even higher share of bioci-
dal products in AgWW,total can be derived if AgWW,biocidal under the Worst Case
scenario is compared to the reference silver flow (AgWW,reftot) under the Minimal
Release scenario: 25.1% (not shown in Tab. 4.4).

3For these calculations AgWW,reftot is taken as 100%.

Table 4.3: Projected amounts of silver in waste water originating from different
uses within EU25 in 2010. Data in t·a−1.

Parameter Minimal Release Realistic Worst Case

AgWW,biocidal
a 0.5 46 62

AgWW,ref1
b 68 123 204

AgWW,ref2
c 117 146 146

AgWW,reftot 185 269 350
AgWW,total 186 315 412

aSilver amount expected in waste water originating from biocidal plastics and textiles

in EU25 for 2010; data from Tab. 4.2 on page 20.
bSilver amount expected in waste water originating from photo laboratories, film and

print production, dentists and hospitals, galvanic and electroplating work, production of

circuit boards and chemical industry (catalyst production) extrapolated for EU25 in 2010.
cSilver amount expected in waste water originating from water disinfection extrapo-

lated for EU25 in 2010.
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Table 4.4: Contributions of different silver uses on the total mass flow of silver
into waste water (AgWW,total = 100%). Shares [%] are given for the three scenarios
in 2010.

Parameter Minimal Release Realistic Worst Case

AgWW,biocidal 0.3 14.6 15.0
AgWW,ref1 36.6 39.0 49.5
AgWW,ref2 62.9 46.3 35.4

4.1.4 Mass Flows of Silver into Natural Aquatic System

In order to determine the amount of silver effectively reaching the natural aquatic
system, the amount of silver in waste water is devided into a fraction that is directly
released into natural waters and another one primarily treated in STPs. A certain
share of the silver in STP inflows reaches the aquatic environment, depending on
the removal rate of silver in the plant.

Agwater,input = AgWW,total · (1− fSTP) + AgWW,total · fSTP · fremoval (4.2)

Parameter Explanation of Symbols Unit

Agwater,input total Ag amount reaching natural waters t·a−1

AgWW,total total Ag amount released into waste water t·a−1

fSTP fraction of waste water treated in STPs -

fremoval fraction of Ag removed in STPs -

The determination of the necessary parameter values is briefly described in the
next two paragraphs.

Fraction of waste water treated in STPs
In the Worst Case scenario 80% of the EU25 inhabitants are connected to a sewage
treatment plant, based on a proposal by ECB [2003]. Eurostat [2006] report a
value of 86% of waste water treated in 2002. 80− 90% is taken as a range for this
parameter.

Fraction of Ag removed in STPs
For the removal of silver in STPs the following fractions are used: 99% for the
Minimal Release, 94% for the Realistic (both from Shafer et al. [1998]) and 85%
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for the Worst Case scenario [Daxbeck et al., 2002].

The resulting amounts of silver entering the natural aquatic system (index
Agwater,input) for EU25 in the year 2010 are shown in Tab. 4.6. The Minimal
Release scenario (20 t·a−1) differs from the Worst Case scenario (132 t·a−1) by a
factor of 7. 63 tonnes of silver are expected to reach natural waters of EU25 under
the Realistic setting. Agwater,input will be used for the derivation of PECs in water
(see chapter 5).

Table 4.5: Assumptions for the aquatic environment in the Minimal Release,
the Realistic and the Worst Case scenario (EU25; 2010). References: A=HeiQ
Materials [personal communication]; B=Kumar et al. [2005]; C=Maurer, per-
sonal communication; D=ECB [2003]; E=Eurostat [2006]; F=Shafer et al. [1998];
G=Daxbeck et al. [2002]; H=Lanzano et al. [2006]; I= Eurostat [2005a].

Parameter [Unit] Minimal Release Realistic Worst Case Ref.

krelease [g Ag+·g Ag−1·d−1] 3 · 10−5 1 · 10−3 1 · 10−3 B

Share of plasticsH2O in

plasticstotal [%]

50 70 75 A

Period of: [d·a−1]

watercontact plasticsH2O 365.0 365.0 365.0 A

watercontact plasticsdry 0 15.2 91.3 A

washing textiles 1.1 2.2 4.3 A

wearing textiles 4.3 17.3 86.7 A

fSTP [-] 0.90 0.85 0.80 E; D

fremoval [-] 0.99 0.94 0.85 F; G

Table 4.6: Projected amounts of silver in treated and untreated waste water and
amount reaching natural waters in EU25 in 2010. Data in t·a−1.

Parameter Minimal Release Realistic Worst Case
AgWW,untreated

a 19 47 82
AgWW,STP

b 167 268 330
Agwater,input

c 20 63 132

aTotal amount of silver expected to reach natural waters without treatment in EU25

in 2010.
bTotal amount of silver entering STPs in EU25 in 2010.
cTotal amount of silver effectively reaching the natural aquatic system in EU25 in 2010.
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4.1.5 Mass Flows of Silver into Terrestrial System due to

Sewage Sludge

The first relevant process discussed, that leads to a silver input into the terrestrial
system, is the disposal of sewage sludge. The amounts of silver in sewage sludge
(see AgSS in Tab. 4.8 on page 29) were calculated based on the fractions of silver
assumed to be removed in sewage treatment plants for the respective scenario (for
fremoval see Tab. 4.5 on page 24).

EEA [2001] forecasts 56.2% of the sewage sludge in EU15 in 2005 to be used
for agriculture and soil conditioning. 24.6% is expected to undergo a thermal waste
treatment (TWT), 19.2% to be disposed in solid waste landfills (SWL). A minor
amount of sewage sludge ending up in surface waters and a small fraction where
the management could not be specified, are neglected in this study. It was as-
sumed that the relative shares of the different treatments (EU15; 2005) will remain
the same for EU25 in 2010. However, a trend towards higher sewage sludge dis-
posal on agricultural land might be observed with the incorporation of the new
member countries into the European Union in 20044 [Maurer, personal communi-
cation]. Data from EEA [2001] is reported to have high validity, and an uncertainty
of ±10% for the use of sewage sludge as fertilizer seems to be appropriate [Mau-
rer, personal communication]. The fractions of sewage sludge sent to landfills and
incineration are equally adapted to this shift. Resulting shares of the different
sewage sludge treatments for the three emission scenarios are given in Tab. 4.7 on
page 28. The amounts of silver from sewage sludge in the three treatment paths
(indexes AgSS,agriculture, AgSS,TWT and AgSS,SWL) are shown in Tab. 4.8 on page 29.

4.1.6 Mass Flows of Silver into Terrestrial System due to

Solid Waste

Additional mass flows into the terrestrial system result from solid waste manage-
ment. No silver from the disposal of biocidal products is released via solid waste
in the assessment 2010 where neither production residues nor the stock of biocidal
products are considered: Both, biocidal plastics and textiles are expected to have
longer lifetimes than one year. By contrast, for the projected stable market situa-
tion in 2015 the stock of biocidal products in use and the fraction of stock disposed
in 2015 are included in the assessment for 2015. A silver flow into the environment
via solid waste is the consequence.

Silver contained in solid waste is either incinerated in TWT plants or directly
disposed in SWLs. Mechanical biological treatment5 is not considered.

4Estonia, Latvia, Lithuania, Malta, Poland, Slovakia, Slovenia, Czech Republic, Hun-

gary and Cyprus joined the European Union 1st May 2004.
5In the mechanical biological treatment a separation of waste allows the combustion
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Bottom ashes and slag from the combustion process in the TWT end up in
incinerator ash landfills (IAL) while resultant fly ashes from the gas treatment are
disposed in residue landfills (RL). The former type of landfill (IAL) is characterized
by the control of the leachate and its discharge into STPs in case threshold values
are exceeded. For the latter type (RL) no such treatment is planned as disposed
materials like solidified fly ashes have a known composition with a low content of
organic matter and therefore no gaseous emissions or leaching is expected [BAFU,
2000].

As indicated by its name solid waste landfills are used for the disposal of waste
material that does not undergo TWT. Silver contained in the leachate of such
landfills may cause a contamination of soil and groundwater.

As for the behavior of silver in TWT plants there is only few data available.
The only measurements found [Schneider, 1987] indicate that the main part of
silver ends up in the slag (77%), 21% in fly ashes (after gas treatment) and only
1% is emitted to the atmosphere (see Tab. 4.7 p. 28). Experts suggest, that finely
dispersed silver — as it is the case in nanofunctionalized products — could show
a higher tendency to result in fly ashes [Ludwig and Fahrni [personal communi-
cations]]. The reason is the high surface area of silver nanoparticles that favors
oxidation or other chemical reactions with gaseous substances. Ludwig [personal
communication] mentions gaseous silver oxide or silver bromide as potential prod-
ucts. However, a high transfer of these volatile compounds into atmosphere is not
expected due to efficient flue gas cleaning technology (electric filter and wet flue
gas scrubbing) in contemporary TWT plants [Fahrni, personal communication].
For all emission scenarios the mass flows are determined considering the transfer
coefficients for silver measured by Schneider [1987].

ECB [2003] propose that two approaches are used for the solid waste treatment:
100% incineration or 100% landfilling. It is better to assess the risk related to a
certain waste management practice than to a specific scenario because data are not
complete and the situation varies considerably within EU25. Projected amounts
of silver disposed in different types of landfills and emitted to the atmosphere are
found in Tab. 4.8 on page 29.

of the high-calorific fraction in the TWT and the biodegradation of the organic fraction

before disposing it in a solid waste landfill. The goal of this procedure is the reduction

of waste volume. In Germany about 11% of the waste produced is pretreated in this way

[Soyez and Plickert, 2003], no data were found for other countries.
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4.1.7 Reference Mass Flows of Silver into Terrestrial System

The mass flow caused by silver-containing biocidal products (index Agwaste,biocidal)
reaching TWT plants and SWLs is compared to the one triggered by silver in waste
from other uses (index Agwaste,ref2). Lanzano et al. [2006] report for 1997 2’389
tonnes of silver6 in collection and separation. This amount results from municipal
solid waste7, waste from electrical and electronic equipment, industrial8, hazardous
waste9 and imported silver waste. Subtracting the recycled part (1’230 t·a−1), an
amount of 1’159 tonnes remains which is directed into TWT or into SWLs. The
data has a low to medium reliability and is valid for EU1510 plus Bulgaria, Norway,
Romania and Poland. As for AgWW,ref1 this number is adjusted relative to the
population difference between the considered countries 1997 and EU25 2010 and
therefore increased by 4%. Because data is not very reliable an uncertainty of ±40%
is assumed (see Agwaste,ref1 in Tab. 4.8 p. 29). Added is also the part of silver in
sewage sludge that is triggered by silver uses other than biocidal products leading
to Agwaste,ref2 : 164 t·a−1 in the Minimal Release Scenario, 215 t·a−1 in the Realistic
and 239 t·a−1 in the Worst Case scenario. Values obtained for Agwaste,ref2 under
the respective scenarios are: 887, 1’420 and 1’926 t Ag·a−1; see Tab. 4.8.

Agwaste,ref2 is compared to Agwaste,biocidal which is originates exclusively from
silver in sewage sludge in the assessment for 2010. Biocidal products increase the
amount of silver in waste management by 0.1% (Minimal Release), 2.6% (Realistic)
and 2.2% (Worst Case)11. Even if Agwaste,biocidal resulting under the Worst Case

6For the determination of reference mass flows of silver into the environment unfor-

tunately only this preliminary study by Lanzano et al. [2006] was available. Data for

silver in the European waste management are stated to have a low to medium reliability

which is seen in the inclusion of a correcting silver mass flow. Thereby the silver cycle

is completed. This correction makes up to ≈ 18% of the silver amount entering waste

management. The quantification of the relevance of Ag emission from biocidal products

can not claim a higher reliability than the one found in Lanzano et al. [2006] on which the

comparison is based on.
7Sources of silver in municipal solid waste are: circuit boards, old black and white films,

photographic prints, dental fillings, non-recycled coins and old silverware and silver-oxide

batteries.
8Sources of silver in industrial waste are: photo laboratories, film and print production,

dentists and hospitals.
9Sources of silver in hazardous waste are silver-oxide batteries and dentists.

10EU15 member countries: Belgium, Denmark, Germany, United Kingdom, Finland,

France, Greece, Ireland, Italy, Luxembourg, Netherlands, Austria, Portugal, Sweden,

Spain.
11Biocidal products increase the reference silver flow into waste management more in

the Realistic than in the Worst Case scenario. The reason is that fremoval is higher in the

Realistic than in the Worst Case scenario (cp. Tab 4.5 on page 24) which leads to a larger

mass flow of silver into sewage sludge and waste management.
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scenario is compared to the amount of Agwaste,ref2 in the Minimal Release scenario,
biocidal products are only minor sources of the considered silver flows (4.8%).

Table 4.7: Assumptions for the terrestrial environment in the Minimal Release,
the Realistic and the Worst Case scenario (EU25; 2010). References: A=EEA
[2001]; B=Maurer [personal communication]; C=Schneider [1987].

Parameter Minimal Release Realistic Worst Case Ref.
Share of sewage sludge
ending in: [%]

agriculture 46 56 66 A; B
TWT 30 25 20 A; B
SWL 24 19 14 A; B

Ag transfer coefficients
in TWT: [-]

into slag 0.77 0.77 0.77 C
into fly ashes 0.21 0.21 0.21 C
into air 0.01 0.01 0.01 C
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Table 4.8: Projected amounts of silver in solid waste considering the three scenar-
ios for 2010. Data in t·a−1.

Parameter Minimal Release Realistic Worst Case
AgSS

a 165 252 281
AgSS,agriculture

b 76 141 186
AgSS,TWT

c 50 63 56
AgSS,SWL

d 40 48 39
Agwaste,biocidal

e 0.5 37 42
Agwaste,ref1

f 723 1’205 1’687
Agwaste,ref2

g 887 1’420 1’926
100% of solid waste is
directly landfilled:
AgSWL

h 763 1’253 1’726
100% of solid waste is
incinerated:
AgTWT

i 773 1’268 1’743
AgIAL

j 595 976 1’342
AgRL

k 162 266 366
Agair

l 8 13 17

aAgSS is the amount of Ag ending up in sewage sludge considering respective Ag removal

rates in STPs for the three scenarios (see Tab. 4.5 on page 24).
bAgSS,agriculture is the amount of silver in sewage sludge applied in agriculture.
cAgSS,TWT is the amount of silver in sewage sludge that undergoes a thermal waste

treatment.
dAgSS,SWL is the amount of silver in sewage sludge directed into a solid waste landfill

in agriculture.
eAgwaste,biocidal is the amount of silver reaching TWT plants and SWLs due to biocidal

products. It is the part of AgSS directed either into TWT or SWLs and caused by biocidal

products. No silver from disused products results in 2010 because the stock of biocidal

products is not considered and silver-containing plastics and textiles are assumed to have

lifetimes longer than 1 year.
fAgwaste,ref1 is the amount of silver in waste caused by uses other than biocidal prod-

ucts. Respective silver from sewage sludge is not considered.
gAgwaste,ref2 is Agwaste,ref1 plus the part of AgSS directed either into TWT or SWLs

and caused by silver applications other than biocidal products.
hAgSWL is the amount of silver disposed in solid waste landfills in 2010 if 100% of solid

waste is disposed without treatment. Included is also the share of sewage sludge directed

into SWLs.
iAgTWT is the amount of silver ending up in TWT plants in 2010 if all waste resulting

from solid waste management undergoes incineration. Included is also the share of sewage

sludge that is treated in TWT plants.
jAgIAL is the amount of silver ending up in slag in 2010 if 100% of solid waste undergoes

TWT. Slag is disposed in incinerator ash landfills.
kAgRL is the amount of silver expected in fly ashes in 2010 if 100% of solid waste

undergoes TWT. Fly ashes are disposed in residue landfills.
lAgair is the amount of silver emitted to the atmosphere in 2010 if 100% of solid waste

undergoes TWT.
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4.1.8 Summarized Mass Flows of Silver into Environment in

2010

In Fig. 4.1 the mass flows of silver that have been derived in this section are sum-
marized for EU25 in 2010.

Figure 4.1: Mass flows of silver into the environment under a Realistic emission
scenario in the assessment for EU25 in 2010. Data in t·a−1. Values for silver
amounts in bottom ashes and slag, in fly ashes, and aerial emissions from thermal
waste treatment plants are determined under the assumption that 100% of waste is
incinerated.
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4.2 Emission Scenario for 2015

In order to have an indication of PECs resulting under a stable market situation,
the assessment is carried out a second time for the reference year 2015. Before this
point in time a stagnation in the production of silver-containing biocidal products is
not expected to happen [HeiQ Materials, personal communication]. In this second
survey not only the silver release from newly manufactured products used in 2015
is taken into account, but also silver release from the stock of biocidal products in
use and the share of it disposed. Again silver in production residues are neglected.

Because the market situation for silver-containing biocidal products within
EU25 in 2015 is uncertain, a linear extrapolation of the projections by The Sil-
ver Institute [2001] is applied to estimate the silver amount used in the production
in 2015. After 2015 the annual amount of silver used for the production of bioci-
dal products is supposed to be stable. It is assumed that the market for biocidal
products is in a steady state where the amount of silver used in the production
has been constant for a period of at least the longest lifetime of a biocidal product
class. Please note that for this second reference year always the assumptions made
under the Realistic scenario are applied. Only demographic, economic and some
product-related assumptions are adapted in the assessment for 2015. The following
sections describe their determination.

4.2.1 Demographic and Economic Assumptions for 2015

Eurostat [2005a] expect a population of 467.3 Mio in EU25 for 2015.
The observed slope between the estimated Agbiocidal 2002 and 2004 [The Silver

Institute, 2001] (see Fig. 3.1 on page 7) was used for a linear extrapolation12 applied
to the 192.5 t·a−1 for Agbiocidal in 2010 projected by HeiQ Materials [personal com-
munication]. This way, a total amount of 256.3 t·a−1 for silver used in production
of biocidal products in EU25 in 2015 results (see Fig. 4.2 on page 34).

12Although estimations by [The Silver Institute, 2001] for the use of silver in biocidal

products between 2000−2004 rather show an exponential growth, HeiQ Materials suggests

a linear extrapolation based on the growth projected for the period 2002−2004. The reason

is the observed share of silver use for biocidal products in global mine supply of Ag in 2005

(25’000 t), which is about 0.6%. Under an exponential extrapolation this share reaches

7.5% in 2015 which is judged to be too high by HeiQ Materials. The 1% of worldwide

silver supply used for biocidal products resulting under a linear extrapolation seems to be

more realistic.
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4.2.2 Mass Flows of Silver Caused by the Stock of Biocidal

Products in 2015

In order to calculate the silver release into water from the stock of biocidal products
in use and the silver amount contained in the share of stock that is disposed of
in 2015, assumptions for lifetimes of the different product categories have to be
made (see Tab. 4.9). Additionally the periods for which the silver pool in biocidal
products will last under a specific Ag+ release rate have to be calculated. This way
it can be determined whether the products still contain silver at the time of their
disposal.

HeiQ Materials [personal communication] proposes for plasticsH2O a lifespan
of 10 − 15 years. Plasticsdry are divided into a class which is expected to be in
use for 20 years (70% of plasticsdry; index plasticsdry(20y)) and another class in
use for 5 years (30% of plasticsdry; index plasticsdry(5y)). Antimicrobial textiles
are supposed to be worn throughout 2 years. The period of water contact without
exhaustion of the silver pool within a product is determined with the following
formula:

Agpool · krelease · twatercontact = Agpool (4.3)

which is

1
krelease

= twatercontact (4.4)

Parameter Explanation of Symbols Unit

Agpool amount of silver contained within a product g

krelease Ag+ release rate per gram of silver within product

& per period of water contact

g Ag+·g Ag−1·d−1

twatercontact period of water contact d

For a krelease of 0.001 g Ag+·g Ag−1·d−1 the silver pool will be exhausted after
1’000 days of water contact. Depending on the number of days per year the different
product classes stand in water contact, varying time ranges for a total release of
the silver result (see Tab. 4.9 p. 4.9).

By comparing these silver exhaustion periods to the expected lifetimes of prod-
ucts it can be seen, how much silver has to be expected in disposed biocidal prod-
ucts. Biocidal plasticsH2O that are in use for 10 − 15 years will have released all
silver added in their production. No silver is assumed to enter waste treatment by
their disposal. Plasticsdry in use for 5 years will have lost 7.6% of their silver pool,
those with a lifetime of 20 years 30.4%. The time necessary for the exhaustion of
silver contained in textiles seems to be rather high (51.3 years). This is assigned
to krelease which is determined by Kumar et al. [2005] by a submersion of rectan-
gular polyamide specimens filled with various types of silver-containing additives.
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Table 4.9: Lifetimes of biocidal product classes and years in use before silver pool
in products is exhausted. Additionally the percentage of the silver pool remaining in
a biocidal product at the moment of its disposal is given.

Product Class Lifetime [a] Water Contact [d·a−1] Yearsa Ag Poolb [%]
PlasticsH2O 10− 15 365.0 2.7 0
Plasticsdry(20y) 20 15.2 65.8 69.6
Plasticsdry(5y) 5 15.2 65.8 92.4
Textiles 2 19.5 51.3 96.1

aYears until silver pool in product is exhausted.
bRemaining silver pool in product at time of disposal.

The effect of the surface area on Ag+ release was not examined. For plastics the
chosen shape of specimen is realistic, while textile fibers will have a much higher
surface area which leads to an increased Ag+ release rate. Consequently a realistic
period for the exhaustion of the silver pool is expected to be shorter than 51 years.
However, krelease is not corrected for textiles and the estimation of silver ending
up in waste treatment due to the disposal of old antimicrobial clothes is rather
high. For a lifetime of 2 years for textiles, 3.9% of the silver pool will be released
into waste water. Silver amounts contained in biocidal products in use 2015 and
amounts ending up in waste management are listed in Tab. 4.10 on page 35.
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Figure 4.2: Projected Ag use for the production of different categories of biocidal
products in Europe for the period 1995− 2020 (dashed lines indicate linear extrap-
olation mentioned under section 4.2.1).
Green area represents the Ag amount leading to an Ag+ emission into waste water
in 2015 from biocidal products that are manufactured and used in 2015.
Red areas represent the Ag amounts leading to an Ag+ emission into waste water
in 2015 from the stock of biocidal product classes (considering different lifetimes)
in use.
Blue areas represent the Ag amounts contained in disused biocidal products at the
beginning of their lifetime. The Ag amount directed into solid waste is derived by
subtracting the silver amount released during the lifetime of the different product
classes.
Hatched areas indicate products in use whose silver pool is already exhausted.
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Table 4.10: Ag amounts expected in biocidal products in use and in the fraction
disposed in EU25 in 2015. Ag released by products manufactured in 2015 and by the
stock in use 2015 will end up in waste water. Silver contained in biocidal products
that are disposed is directed into solid waste treatment. Data in t·a−1.

Product Category # Production Years Considered Silver Amount [t·a−1]
Silver contained in biocidal products manufactured and used in 2015
textiles 1 23.3
plasticsH2O 1 163.1
plasticsdry 1 69.9

Silver contained in stock of biocidal products in 2015
textiles

in use 1 23.3
disposed a 1 22.4

plasticsH2O

in use 2b 326.2
disposed 1 0

plasticsdry(20y)
in use 19 929.7
disposed 1 34.1

plasticsdry(5y)
in use 4 83.9
disposed 1 19.4

plasticsdry(total)
in use 1’013.6
disposed 53.4

aThe amount of Ag contained in the fraction of the stock of biocidal products in 2015

is determined taking into account that a certain amount of Ag contained in the product

will be released at the point of its disposal (see Tab. 4.9 p. 33).
bAg pool in plasticsH2O is exhausted after 2.7 years but they are expected to be in use

for 10− 15 years (see Tab. 4.9 p. 33).
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4.2.3 Reference Mass Flows of Silver in 2015

4.2.3.1 Aquatic Environment

The same procedure that is described for the assessment for 2010 is used for the cal-
culation of reference silver flows (indexes AgWW,ref1 and AgWW,ref2) into the aquatic
system in 2015 triggered by sources other than biocidal products (see Tab. 4.11).
In the calculation of AgWW,ref1 (water disinfection not included) an increase of 5%
based on the demographic change expected between 199713 (446.5 Mio inhabitants;
Eurostat [2005a]) and 2015 (467.3 Mio14) is considered. These other silver sources
are responsible for 147 t Ag·a−1 in waste water. Water disinfection will account for
191 tonnes of silver released into waste water in 2015 AgWW,ref2 .

The share of the mass flow of silver caused by biocidal products represents with
37% a substantial part of the total silver emission into waste water (see Tab. 4.11).
This means an increase of 68% compared to the flow triggered by other uses in
2015 (AgWW,reftot taken as 100%). It might be argued that the extrapolation of
the reference flows has not been studied in sufficient detail and reference data are
not sufficiently reliable. However, it can be seen that under the projected market

13Data from Lanzano et al. [2006] include silver in waste from EU15 plus Bulgaria,

Norway, Romania and Poland
14Data for EU25 from Lanzieri [2006].

Table 4.11: Projected amounts of Ag in waste water originating from different uses
in EU25 in 2015 (cp. data in Tab 4.3 & Tab. 4.4 on page 22 for 2010). Additionally
the contributions of different silver uses on the total amount of silver expected in
waste water (AgWW,total) are shown.

Parameter Emission Scenario 2015 [t·a−1] Shares in AgWW,total [%]
AgWW,biocidal

a 196 36.7
AgWW,ref1

b 147 27.5
AgWW,ref2

c 191 35.8
AgWW,reftot 338 63.3
AgWW,total 534

aSilver amount expected in waste water originating from biocidal plastics and textiles

in EU25 in 2015.
bSilver amount expected in waste water originating from photo laboratories, film and

print production, dentists and hospitals, galvanic and electroplating work, production of

circuit boards and chemical industry (catalyst production) extrapolated for 2015 (EU25).
cSilver amount expected in waste water originating from water disinfection extrapo-

lated for 2015 (EU25).
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growth biocidal products will make up a relevant part of the silver load released
into water.

The resulting amount of silver expected to reach natural waters in EU25 in 2015
is shown in Tab. 4.12. Data is calculated using fSTP and fremoval assumed under
the Realistic scenario for 2010 (see Tab. 4.5 on page 25). For 2015 Agwater,input

(107 t) lies between the amount found for the Realistic (63 t) and the Worst Case
scenario for 2010 (132 t; cp. data in Tab. 4.6 on page 24 for 2010). Remember
that data for 2015 are calculated taking into account assumptions for the Realistic
scenario — under Worst Case assumptions the amount of silver released in 2015 is
expected to be higher.

Table 4.12: Projected amounts of silver in treated and untreated waste water and
amount reaching natural waters within EU25 in 2015.

Parameter Unit Emission Scenario 2015
AgWW,untreated

a t·a−1 80
AgWW,STP

b t·a−1 454
Agwater,input

c t·a−1 107

aAgWW,untreated is the total amount of silver expected to reach natural waters without

treatment in EU25 in 2015.
bAgWW,STP is the total amount of silver entering STPs in EU25 in 2015.
cAgwater,input is the total amount of silver effectively reaching the natural aquatic sys-

tem in EU25 in 2015.

4.2.3.2 Terrestrial Environment

The expected amount of silver directed into waste management for 2015 is derived
in the same way it was done for the Realistic scenario for 2010. For the adaption
of the reference silver flow into waste from 1997 to the year 2015 (Agwaste,ref1), an
increase of 5% was considered based on the population difference. All waste related
silver amounts are shown in Tab. 4.13 on page 38 (cp. data in Tab. 4.8 on page 29
for 2010).

Biocidal products will increase the silver load in waste streams about 15.6%,
which is not as high as expected for the silver release via water, but still a consid-
erable amount.
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Table 4.13: Amount of Ag in municipal solid waste predicted for EU25 in 2015.
Data in t·a−1

Parameter Emission Scenario 2015

AgSS
a 427

AgSS,agriculture
b 239

AgSS,TWT
c 107

AgSS,SWL
d 81

Agwaste,biocidal
e 232

Agwaste,ref1
f 1217

Agwaste,ref2
g 1487

100% of solid waste is directly landfilled:

AgSWL
h 1373

100% of solid waste is incinerated:

AgTWT
i 1399

AgIAL
j 1077

AgRL
k 294

Agair
l 14

aAgSS is the amount of Ag ending up in sewage sludge.
bAgSS,agriculture is the amount of silver in sewage sludge applied in agriculture.
cAgSS,TWT is the amount of silver in sewage sludge that undergoes a thermal waste

treatment.
dAgSS,SWL is the amount of silver in sewage sludge directed into a solid waste landfill

in agriculture.
eAgwaste,biocidal is the amount of silver reaching TWT plants and SWLs due to biocidal

products. Considered are silver in solid waste and in sewage sludge.
fAgwaste,ref1 is the amount of silver in waste caused by silver applications other than

biocidal products. Respective silver from sewage sludge is not considered.
gAgwaste,ref2 is Agwaste,ref1 plus the part of AgSS directed either into TWT or SWLs

and caused by silver applications other than biocidal products.
hAgSWL is the amount of silver disposed in solid waste landfills if 100% of solid waste

is disposed without treatment in 2015.
iAgTWT is the amount of silver ending up in TWT plants in 2015 if all waste resulting

from solid waste management undergoes incineration. Included is also the share of sewage

sludge that is treated in TWT plants.
jAgIAL is the amount of silver ending up in slag in 2015 if 100% of solid waste undergoes

TWT. Slag is disposed in incinerator ash landfills.
kAgRL is the amount of silver expected in fly ashes in 2015 if 100% of solid waste

undergoes TWT. Fly ashes are disposed in residue landfills.
lAgair is the amount of silver emitted to the atmosphere in 2015 if 100% of solid waste

undergoes TWT.
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4.2.4 Summarized Mass Flows of Silver into Environment in

2015

In Fig. 4.3 the mass flows of silver, that have been derived in this preceding section,
are summarized for EU25 in 2015.

Figure 4.3: Mass flows of silver into the environment under a Realistic emission
scenario in the assessment for EU25 in 2015. Data in t·a−1. Values for silver
amounts in bottom ashes and slag, in fly ashes, and aerial emissions from thermal
waste treatment plants are determined under the assumption that 100% of waste
is incinerated. Considered are also the release of silver from the stock of biocidal
products in use in 2015 and biocidal products disposed in 2015.



Chapter 5

Exposure Assessment

In this chapter predicted environmental concentrations (PECs) of silver sulfide1 are
calculated. Considered are the freshwater and the terrestrial system. The atmo-
sphere is neglected due to the low vapor pressure of silver which leads to minimal
silver concentrations in air.

5.1 Aquatic System

In a first section expected silver sulfide concentrations in STPs are determined.
Then a box model for the Rhine river is used to assess PECs in freshwater. Based
on a preliminary sensitivity analysis, selected model parameters are adapted to
the specific behavior of silver sulfide. In two further steps, model processes are
modified in order have a more realistic reproduction of the environmental fate of
silver sulfide. Finally, two selected model versions are run with an input setting
that should reflect the situation for the Rhine river. An uncertainty analysis helps
to determine the range of PECs in freshwater and freshwater sediments. PECs in
estuarine and marine ecosystems are not assessed in this study.

5.1.1 Silver Sulfide Concentrations in STPs

Silver sulfide concentrations in STPs (CSTP) are important to assess the threat
posed by the silver load in waste water to microorganisms in sewage sluge. Like
this it can be seen whether the amount of silver puts the functioning of STPs at
risk. It is assumed that the concentration in waste water (CWW) represents CSTP:

1For the sake of legibility, all different types of compounds between Ag+ and S2− are

implied in the expression ”silver sulfide”. Aquatic chemistry of silver is explained in more

detail in section 3.4 on page 12.

40
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CSTP = CWW =
AgWW,STP · 1012

WWpercapita · fSTP · POP
(5.1)

Parameter Explanation of Symbols Unit

CSTP silver sulfide concentration in STP µg·L−1

CWW silver sulfide concentration in waste water µg·L−1

AgWW,STP amount of Ag entering STPs t·a−1

WWpercapita waste water generated per person & year m3·p−1·a−1

fSTP fraction of waste water treated in STPs -

POP population EU25 2010 p

In Tab. 5.1 values for the amount of waste water produced per person and year
under the three scenarios are given. AgWW,STP for 2010 is found in Tab. 4.6 on
page 24, for 2015 in Tab. 4.12 on page 37. fSTP is defined in Tab. 4.5 on page 24
and POP in Tab. 4.1 on page 17.

Expected silver sulfide concentrations for the different scenarios are 2.2 µg·L−1

(Minimal Release for 2010), 9.3 µg·L−1 (Realistic for 2010), 17.9 µg·L−1 (Worst
Case for 2010) and 15.7 µg·L−1 (Realistic for 2015; Tab. 5.10 on page 62). These
concentrations are in agreement with the measurements carried out in five STP
inflows in southern Wisconsin, USA. Shafer et al. [1998] report a range of 1.78−4.27
µg Ag·L−1 in three STP inflows treating common waste water and 24.0−105 µg·L−1

in two plants that receive high silver loadings from industrial discharges. For the
calculation of CSTP industrial and common household sewage combined are used
as a base, therefore the values for the different scenarios seem to lie in a realistic
range.

Table 5.1: Waste water generated per person & year in EU25. Data in
m3·p−1·a−1. References: Values for Minimal Release and Worst Case scenario
from Maurer [personal communication]; value for Realistic scenario proposed by
ECB [2003].

Parameter Minimal Release Realistic Worst Case

WWpercapita 180 73 50

5.1.2 Description of River Model

To predict steady state water and sediment concentrations of silver sulfide resulting
under the previously described emission scenarios, a river box model introduced by
Scheringer et al. [1999] is applied. The model parameters chosen (see Tab. 5.2)
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simulate the characteristics of the Rhine river from Basel (Switzerland) to Lobith
(Netherlands) 700 km downstream, where the Rhine splits into three arms. Water is
transported through 70 boxes of a constant length (10 km) and of increasing volume
(up to a factor of 4). Each box consists of a compartment of moving water (index
W1), a compartment of stagnant water (index W2) and a compartment representing
the top layer of the sediment (index Sed). The volume of the stagnant water is set
to 12.5% of the moving water body, the volume of the sediment compartment is
5% of the stagnant water. The compartments are assumed to be completely mixed.
W1 and W2 are connected by balanced water flows at rate constants kexch12 and
kexch21 (for formula see appendix A).

In Pfister [2000] the environmental parameters of the original model are revised
and it is extended by the concept of the Surface Mixed Sediment Layer (SMSL)
[Schwarzenbach et al., 1993]. In the SMSL the sediment consists of a pore water
and a particle fraction. Only the dissolved fraction of a substance takes part in the
diffusion process between sediment and stagnant water, whereas for resuspension
and burial processes the particle-bound fraction alone is considered.

Table 5.2: Model parameters.

Parameter Symbol Unit Value

River length L km 700

Number of boxes n - 70

Box length l km 10

Water flow velocity u m·s−1 1

Depth of moving water hW1 m 4.9

Depth of stagnant water (average) hW2 m 0.4

Depth of sediment hS m 0.02

Cross sectionW1 (beginning of box 1) A1 m2 392

Cross sectionW1 (beginning of box 1) - m2 48

Transport rate constant d s−1 u · AW1;j+1
VW1;j

SPM concentration [SPM ] kg·m−3 0.01

Density of sediment ρsed kg·m−3 1000

Porosity of sediment Φ - 0.9

Organic fraction in particleswater OFw - 0.2

Organic fraction in particlessediment OFs - 0.1

Settling velocity used m·s−1 5.787 · 10−6

Resuspension rate µresusp kg·m−2·s−1 1.1574 · 10−9

Burial rate µburial kg·m−2·s−1 5.02 · 10−17

Exchange rate constant W1 → W2 kexch12 s−1 1 · 10−5

Exchange rate constant W2 → W1 kexch21 s−1 0.82
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The current model includes the following processes (see Fig. 5.1): Bulk exchange
between moving and stagnant water, sedimentation of particles from stagnant wa-
ter body into surface mixed sediment layer, resuspension of particles into moving
water, burial of mineral fraction of particles into permanent sediment, and diffusive
exchange of dissolved fraction between stagnant water and sediment. The rate of
the burial process of sediment particles into the permanent sediment is based on
the assumption that no accumulation of sediment occurs along the river system: re-
suspension and sedimentation are balanced by the burial of particles. The balance
equation for the mineral part of the particles2 is:

used · [SPM ] · (1− 2 ·OFw)−µresusp · (1− 2 ·OFs)−µburial · (1− 2 ·OFs) = 0 (5.2)

The permanent sediment is not modeled, therefore the burial process leads to a
model output.

Figure 5.1: Processes simulated in the Original Model of the Rhine river. W1 =
moving water; W2 = stagnant water; Sed = surface mixed sediment layer.

2In equ. 5.2 only the mineral part of the particles is included because organic matter

is degraded in the sediment.
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5.1.2.1 Parameters Depending on Chemical Property of Silver

Kramer et al. [2002] summarize partition coefficients3 (Kp) for silver sulfide mea-
sured in various natural environments. The values range from 104.0 to 106.6 L·kg−1.
In a first run of the model an average value of 105.3 L·kg−1 was used. Model pa-
rameters depending on this coefficient are shown in Tab. 5.3, formulas for their
calculation are found in appendix A.

Inorganic and organic silver sulfides occurring in the natural environment are
found to be virtually insoluble (see formation constants of silver compounds in
Tab. ?? on page ??). Thus the degradation rates in water and sediment are set to
zero.

Table 5.3: Model parameters depending on Kp.

Parameter Symbol Unit Value

Partition coefficient silver sulfide Kp L·kg−1 105.3

Fraction of silver sulfide on particleswater fpw - 0.666

Fraction of silver sulfide on particlessed fps - 0.999

Sedimentation rate constant ksed s−1 9.64 · 10−6

Resuspension rate constant kresusp s−1 5.78 · 10−10

Burial rate constant kburial s−1 2.11 · 10−8

Diffusive exchange rate constant W2 → Sed kdiffws s−1 3.34 · 10−9

Diffusive exchange rate constant Sed → W2 kdiffsw s−1 1.12 · 10−10

5.1.3 Results Original Model

For a start the model4 was run with one source only, using the whole amount of
silver sulfide that is expected to be released in EU25 in 2010 as an input to box
number 1. The silver input data used for the different scenarios are listed in Tab. 4.6
on page 24 (index Agwater,input).

The predicted silver sulfide concentrations for the moving water compartment
are shown in Fig. 5.2 on page 45. For the Minimal Release scenario 1.6 µg·L−1 are
expected in the first box, 5.0 µg·L−1 for the Realistic setting and 10.4 µg·L−1 for
the Worst Case (see Tab. 5.5 on page 53). These concentrations are about 1 − 6
orders of magnitude higher than reported empirical data for sites near point source
discharge (< 0.00001 − 0.497 µg·L−1 [Kramer et al., 2002]). Considering that in

3Kp = metal in particulate matter (µg·kg−1) ÷ metal in filtrate (µg·L−1). Measure-

ments of Kp for total silver considered here were mostly based on a size cutoff of 0.4

µm.
4To refer to the original model implying the parameter values given in Tab. 5.2 and

Tab. 5.3 the term Original Model is used.
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Figure 5.2: Predicted steady state silver sulfide concentrations in the three sce-
narios for 2010 (Minimal Release, Realistic and Worst Case) in the moving water
compartment.

reality not the whole amount of silver projected for EU25 enters the Rhine and
not only one huge single silver sulfide source exists, but several smaller ones, this
difference is not unexpected.

The shape of the curve for the sediment concentrations is identical to the one
found for water. Sediment concentrations for the Realistic scenario resulting with
different model versions are shown Fig. 5.6 on page 52. The maximum concentra-
tions under the Original Model version are 12.4 (Minimal Release scenario), 39.1
(Realistic) and 82.0 mg·kg−1 (Worst Case scenario; see Tab. 5.5 p. 53). For compar-
ison, the highest concentrations reported by Kramer et al. [2002] were measured in
backwater sediments of a river with a value of 282 mg·kg−1. This level seems to be
an exception, the expected range for river sediments is more likely to be 0.04− 7.0
mg·kg−15 [Kramer et al., 2002].

In the simulation with the Original Model silver sulfide has a residence time
of 283.9 days (= persistence, index τtotal) in the whole system and 6.4 days for
the water compartments alone (index τW1W2; see Tab. 5.5 p. 53). Thus the main

5It is unclear if the reported range in Kramer et al. [2002] is the total range of measured

data or the 95% confidence interval of summarized concentrations.
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reason for the high τtotal is the missing degradation in the sediment. The spatial
range is calculated as the 95th percentile of the spatial distribution of the steady
state concentrations. In this model version silver sulfide has a spatial range of 60
boxes. Both persistence and spatial range are independent of the input amount.

One noticeable aspect is the decrease of the silver sulfide concentration in water
with increasing distance from the source. Adams and Kramer [1999] observe a
decrease of 19% for total silver in water within the first 250 m after the STP outfall.
Shafer et al. [1998] even mention a loss of 30 − 60% within 100 m downstream of
the effluent confluence. For the Original Model a decrease of 3% results between
the concentrations in box number 1 and 2. Some further steps were taken in order
to reach a steeper decrease in the modeled silver sulfide concentrations in water.
Adaption procedures and resulting model versions are described in the following
sections. Water concentrations found for model versions under the Realistic scenario
(1 source only) are shown in Fig. 5.5 on page 51, sediment concentrations are
presented in Fig. 5.6 on page 52. A summary of the most relevant results for all
three scenarios (1 source only) is given in Tab. 5.5 on page 53.

5.1.4 Identification of Key Parameters in the River Model

In order to optimize the model simulation towards a steeper decline of silver sulfide
concentrations in water, most influential parameters have to be identified. For this
purpose a sensitivity analysis of the Original Model is performed. In a conventional
sensitivity analysis, α describes the sensitivity of the output (O) - which is in our
case the silver sulfide concentration in water - to changes in one input parameter
(I):

α =
(4O/O)
(4I/I)

(5.3)

In Fig. 5.3 on page 47 the outcome of the analysis under a duplication of selected
parameters is illustrated. µburial is not included in this analysis because it depends
on used and µresusp and cannot be varied independently. The same applies to kexch21

which depends on kexch12. Excluded are also Φ, OFw and OFs, which are assumed
not to play a major role.

The water flow velocity (u) shows the highest influence on silver sulfide con-
centration with an α of −0.47. The only other parameter with relevant impact on
water concentration is the settling velocity of particles (used; α = −0.09). The silver
partition coefficient (Kp; α = −0.01) is the next important parameter followed by
kexch12, [SPM ] and ρsed which have only minor negative effects on concentration
(α < 10−2). For kdiffws and µresusp the same can be assessed, but their effects on
the silver sulfide concentration in water are positive.
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Figure 5.3: Sensitivity of modeled silver sulfide concentration in the moving water
compartment to a duplication of selected parameters (see eq. 5.3 p. 46).

5.1.5 Original Model with Altered Parameter Values

Based on the gained understanding of the model, some parameters are altered to
obtain a steeper decline of the silver sulfide concentration in the water compartment
(see Tab. 5.4 p. 48). It is made sure the values lie in a realistic range relying on
the work done by Pfister [2000] where a comparison of model parameters used by
various authors is presented.

For a control settling velocities are calculated for the data measured by Adams
and Kramer [1999] and Shafer et al. [1998] assuming an average river depth of 5
m and a water flow velocity of 1 m·s−1. In order to lose 30 − 60% of the total
silver within 100 m [Shafer et al., 1998], a minimal settling velocity of 0.015− 0.03
m·s−1 is necessary. For the data (19% loss within 250 m) collected by Adams and
Kramer [1999] a minimal settling velocity of 0.004 m·s−1 can be derived. These
are surprisingly high velocities compared to the information given by Reichert and
Mieleitner [2006]. They report ranges of settling velocities for algae, dead organic
particles, clay (< 4 µm) and silt particles (4 − 63 µm). For the first 3 categories
these velocities lie between 0.0 − 2.8 · 10−5 m·s−1, for silty particles a range of
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3.5 · 10−5 − 3.5 · 10−4 m·s−1 is given. If a lower average river depth of 2 m is
assumed for the calculation of the settling velocities, empirical data by Adams and
Kramer [1999] lead to a result 1 order of magnitude higher than the maximal value
reported by Reichert and Mieleitner [2006]. For Shafer et al. [1998] this difference
reaches even 2 orders of magnitude. Here, the settling velocity is increased by a
factor of 5, resulting in a realistic value of 2.9 · 10−5 m·s−1.

Instead of 1000, a sediment density of 2500 kg·m−3 is taken as it is proposed
by Schwarzenbach et al. [1993]. Furthermore the exchange rate between the two
compartments of moving and stagnant water is altered to 0.1 s−1 which is 4 orders
of magnitude higher than the original value. This exchange rate is a theoretical
parameter only, without empirical data that can be used as default. Therefore the
assumption of a very strong connection between W1 and W2 is made here. For all
other parameters the original value is kept in order to avoid unrealistic rates6.

Table 5.4: Altered model parameters.

Parameter Symbol Unit Original Value Altered Value

Density of sediment ρsed kg·m−3 1000 2500

Settling velocity used m·s−1 5.787 · 10−5 2.8935 · 10−5

Exchange rate W1 → W2 kexch12 s−1 1 · 10−5 1 · 10−5

Applying these modified parameter values, the silver sulfide concentration in
W1 of box number 1 drops slightly to 4.7 µg·L−1 for the Realistic scenario. The
loss of silver sulfide between the first and the second box increases to about 7% (see
Tab. 5.5 p. 53). Fig. 5.5 on page 51 shows the concentrations in the moving water
compartment simulated along the 70 boxes (Realistic scenario only). Due to the
faster decline of the silver sulfide concentration in water (which corresponds better
to the empirical data), further versions of the model were run with these altered
parameter values. Maximum sediment concentrations are 28.9 (Minimal Release
scenario), 90.9 (Realistic) and 190.3 mg·kg−1 (Worst Case scenario; see Tab 5.5
p. 53 & Fig. 5.6 p. 52). This is about a factor 2 higher than levels observed under
the Original Model. The reason is the increase of the sediment density from 1000
to 2500 kg·m−3.

5.1.6 Simulation of Bed Load Shift

One characteristic of the model is the connection between the particle settling
velocity and the burial rate: with a fivefold settling velocity the fraction of silver
sulfide transferred into the permanent sediment increases slightly (99.9% of input in

6To refer to the original model implying the parameter values given in Tab. 5.4 the

abbreviation OMa is used.
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OMa versus 99.2% under the Original Model). This fraction is treated as a model
output and thus the persistence and the spatial range of the substance decrease
(see Tab. 5.5 p. 53).

In order to simulate sudden high water occurring during snowmelt period in
the Alps and the following bed load shift downwards, a sediment transfer process
into the subsequent box is incorporated in the river model. Instead of major abrupt
events, the movement of the sediment is modeled continuously at an average inten-
sity. The new process is included in the mass balance equation (cp. equ. (5.2) on
page 43) valid for the sediment compartment:

used · [SPM ] · (1− 2 ·OFw)−µresusp · (1− 2 ·OFs)− (µburial2 + µtransfer) = 0 (5.4)

with
µburial2 = 0.1 · µburial · (1− 2 ·OFs) (5.5)

and
µtransfer = 0.9 · µburial · (1− 2 ·OFs) (5.6)

Thereby the original burial process is split into a burial and a sediment transfer
process at a ratio of 1:9. To refer to this model version the abbreviation M1 is used.

Under M1 the persistence of silver sulfide in the total system (applying the
altered parameter values) rises up to about 7 years. The main reason is the smaller
burial rate constant (µburial2 = 0.1 · µburial) which leads to a lower silver sulfide
output via burial into deeper sediment layers. The higher amount of silver sulfide
in sediment under M1 also increases the resuspension of silver sulfide into water.
The amount of silver sulfide that leaves the considered system at box 70 is elevated
in M1 because of the lower silver sulfide outputs. The outflow of the model cannot
outcompete the effects of burial and resuspension, so that silver sulfide remains
much longer in the system and the overall persistency of silver sulfide increases.

Maximum silver sulfide concentrations in the compartment of the moving water
and the course of the concentration curve along the boxes are both virtually identical
to the corresponding results achieved with OMa. No relevant difference between
the OMa and the M1 can be observed for the moving water compartment (see
Fig. 5.5 on page 51). For the sediment concentrations the situation for M1 looks
quite different compared to the results found for the OMa (see Fig. 5.6 on page 52).
The maximum concentration is observed in box number 10 (363.5 mg·kg−1 for
the Realistic scenario), while with OMa it occurs in the first box (90.9 mg·kg−1;
Realistic scenario). This effect can be attributed to the sediment transfer process
downward the boxes. The maximum value develops where sedimentation equals
resuspension, burial and sediment transfer process. Downstream maxima also have
been observed by Stroebe [2004].
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5.1.7 Modification of Connection Between Compartments

Another attempt to get a steeper decline in the silver sulfide concentration in water
is made by connecting the compartments in a different way (see Fig. 5.4). In this
model version (index M2) a new settling process originates from the moving water
into the stagnant water, followed by the known sedimentation process from the
stagnant water into the sediment. Resuspension is similarly modeled in 2 steps:
Sed → W2 → W1. In addition, the bulk exchange between moving and stagnant
water is limited to the dissolved fraction. Sediment shift into the subsequent box
is not considered in M2.

No substantial difference between the observed water concentrations under M2
and the ones under OMa or M1 could be found (see Fig. 5.5 p. 51 & Tab. 5.5 p. 53).
The spatial range and persistence of silver sulfide lie in the same range as the values
resulting under the OMa. The course of the concentration in the sediment follows
the one observed in the water, with a maximum concentration of 92.4 mg·kg−1

occurring in the first box for the Realistic scenario.

Figure 5.4: Processes simulated in model version M2.
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5.1.8 Summarized Results for one Silver Sulfide Input

Fig. 5.5 shows the water concentrations resulting if the different model versions are
run with one silver sulfide source only, the corresponding curves for the sediment are
given in Fig. 5.6 on page 52. The input amount used represents the total expected
silver quantity entering the natural aquatic system in EU25 in the year 2010 under
the Realistic scenario. Therefore the maximum concentrations given in Tab. 5.5
on page 53 are unrealistically high values. It can be seen that the OMa, M1 and
M2 predict a steeper decline of the silver sulfide concentrations in water than the
Original Model. Considering the measurement published by Shafer et al. [1998]
and Adams and Kramer [1999] a steeper decline seems more realistic and, therefore
simulations in the following sections will not include the Original Model version.

Looking at the silver sulfide levels expected in the sediment, the downward
shift incorporated in M1 produces a peak concentration in box number 10. No
difference between OMa and M2 is found. For the simulation of a more realistic
silver input situation (representative amount for Rhine river, several sources) the
Original Model with altered parameters (OMa) and the model version considering
a bed load shift (M1) are used.
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Figure 5.5: Predicted steady state silver sulfide concentrations in the moving water
compartment for the Realistic scenario in 2010 (1 source).
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Figure 5.6: Predicted steady state silver sulfide concentrations in the sediment
compartment for the Realistic scenario in 2010 (1 source).
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Table 5.5: Summary of results for the different model versions and scenarios (1
source).

Model version/Parameter Unit Minimal Release Realistic Worst Case

Original Model

Max. conc. W1 (box 1) µg·L−1 1.6 5.0 10.4

Lossa % 2.9 2.9 2.9

Min. conc. W1 (box 70) µg·L−1 0.2 0.6 1.3

Max. conc. Sed (box 1) mg·kg−1 12.4 39.1 82.0

Min. conc. Sed (box 70) mg·kg−1 1.6 5.0 10.4

τtotal
b d 283.9 283.9 283.9

τW1W2
c d 6.4 6.4 6.4

Spatial ranged km 598.4 598.4 598.4

OMa

Max. conc. W1 (box 1) µg·L−1 1.5 4.7 9.9

Loss % 7.3 7.3 7.3

Min. conc. W1 (box 70) µg·L−1 0.008 0.02 0.05

Max. conc. Sed (box 1) mg·kg−1 28.9 90.9 190.3

Min. conc. Sed (box 70) mg·kg−1 0.2 0.4 1.1

τtotal d 265.2 265.2 265.2

τW1W2 d 2.2 2.2 2.2

Spatial range km 381.9 381.9 381.9

M1

Max. conc. W1 (box 1) µg·L−1 1.5 4.7 9.9

Loss % 7.31 7.31 7.31

Min. conc. W1 (box 70) µg·L−1 0.01 0.03 0.07

Max. conc. Sed (box 10) mg·kg−1 115.4 363.5 761.7

Min. conc. Sed (box 70) mg·kg−1 3.5 10.6 22.4

τtotal d 2553.0 2553.0 2553.0

τW1W2 d 2.3 2.3 2.3

Spatial range km 400.8 400.8 400.8

M2

Max. conc. W1 (box 1) µg·L−1 1.5 4.7 9.9

Loss % 7.3 7.3 7.3

Min. conc. W1 (box 70) µg·L−1 0.008 0.02 0.05

Max. conc. Sed (box 1) mg·kg−1 29.3 92.4 193.6

Min. conc. Sed (box 70) mg·kg−1 0.2 0.4 1.1

τtotal d 269.4 269.4 269.4

τW1W2 d 2.2 2.2 2.2

Spatial range km 381.5 381.5 381.5

aLoss of silver sulfide in the compartment of moving water between box 1 & 2
bPersistence of substance considering the whole system.
cPersistence of substance considering the compartments of moving and stagnant water

alone.
dThe spatial range is calculated as the 95th-percentile of the spatial distribution of the

steady state concentrations in the compartment W1.
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5.1.9 Water and Sediment Concentrations in Scenarios for

2010: Simulation with Several Silver Sulfide Inputs

The goal of the next step is to simulate the situation of the Rhine river as realisti-
cally as possible considering an adequate amount and representative sites of silver
inputs along the river.

ICPR [2005] report 50 Mio inhabitants living in the watershed of the Rhine.
Thus 11% of the total silver entering natural waters (see Agwater,input in Tab. 4.6
on page 24) in Europe in 2010 is used as input amount (Minimal Release scenario:
2.2 t; Realistic: 7.0 t; Worst Case: 14.7 t). The selection of cities along the Rhine
(between Basel and Lobith) was based on Spiess [2005]. 45 cities with more than
10’000 inhabitants are chosen (see appendix B). The input quantity was adjusted
for every city relative to its size of population and the input entered the model at
the box relative to the city’s position along the Rhine.

For OMa and M1 the resulting water concentration curves (Realistic emission
scenario) are shown in Fig. 5.7 on page 56, corresponding findings for the sediment
are shown in Fig. 5.8 on page 57. The results are given for models run with the
maximum, average and minimum partition coefficient reported by Kramer et al.
[2002]. As expected, a lower partition coefficient leads to higher water concentra-
tions and vice versa for the sediment. It can be seen that in general M1 predicts
higher water as well as sediment concentrations compared to OMa. One exception
is the sediment concentration predicted with a partition coefficient of 104.0 L·kg−1.
For the sediment the predictions of M1 are much more sensitive to a variation of
Kp than the ones produced with OMa. For the silver sulfide concentration in wa-
ter OMa reacts more sensitively to a variation of Kp. The reasons have not been
assessed. The lower silver sulfide output via burial process is seen as the main rea-
son for higher silver sulfide levels resulting in water and sediment under M1. The
sediment shift leads to a downward accumulation of the substance in the river bed.

In Tab. 5.6 (p. 56 and Tab. 5.7 (p. 57) the predicted maximum silver sulfide
concentrations are shown for the moving water compartment and the sediment
derived with OMa and M1. The water concentrations (20 − 341 ng·L−1; data for
all three scenarios) lie in the range of reported empirical water concentrations by
Kramer et al. [2002] (< 0.01 − 496.8 ng·L−1; data for sites close to point source
discharges7). Their conclusion that STP effluents can exceed natural background
levels of silver (0.5−5.4 ng·L−1) by up to 3 orders of magnitude is in agreement with
predicted concentrations in the river model. Also the sediment concentrations (0.1−
16.5 mg·kg−1, data range for all three scenarios) come under the ranges of empirical
data reported: 0.04 − 7.0 mg·kg−1 (mostly contaminated sites7 [Kramer et al.,
2002]) and 0.1 − 150 mg·kg−1 (measured in sediments from highly industrialized

7It is unclear if the reported range in Kramer et al. [2002] is the total range of measured

data or the 95% confidence interval of summarized concentrations.
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areas8, cited in Call et al. [1999]). Natural background levels for silver in sediments
lie between 22 − 216 ng·L−1 [Kramer et al., 2002], hence about 3 to 6 orders of
magnitude lower than predicted concentrations for the sediment of the Rhine.

For the risk characterization in chapter 7 the silver sulfide concentrations in
the interstitial water of the sediment are more useful than concentrations in the
solid fraction of the sediment. This is because toxicological data available for ben-
thic organisms were obtained for silver compounds in solution. Maximal expected
concentrations for the interstitial water of the sediment are derived as follows:

Csed,interstitial =
Csed

Kp
(5.7)

Parameter Explanation of Symbols Unit

Csed,interstitial silver sulfide concentration in interstitial water of sed-

iment

µg·L−1

Csed silver sulfide concentration in solid fraction of sediment µg·kg−1

Kp solids-water partition coefficient L·kg−1

PECs in the aqueous fraction of the sediment under scenarios for 2010 are given
in Tab. 5.13 on page 65.

8It is unclear if the reported range in Call et al. [1999] is the total range of measured

data or the 95% confidence interval of summarized concentrations.
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Figure 5.7: Predicted silver sulfide concentrations in water for a realistic input
setting with several sources along the Rhine in 2010. Simulations with OMa and
M1 are shown for the Realistic scenario applying a maximum, an average and a
minimum partition coefficient (index Kp).

Table 5.6: Max. water concentrations observed for OMa and M1 considering three
emission scenarios and several representative silver sulfide sources along the Rhine
in 2010. The models were run applying reported partition coefficients by Kramer
et al. [2002]: 106.6 L · kg−1 (= max. Kp), 105.3 (= ∅ Kp) and 104.0 (= min. Kp).
Data in ng · L−1.

Model version/Partition coefficient Minimal Release Realistic Worst Case
OMa
max. Kp 20 64 134
∅ Kp 25 77 164
min. Kp 45 143 301

M1
max. Kp 42 133 280
∅ Kp 44 140 297
min. Kp 50 161 341
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Figure 5.8: Predicted silver sulfide concentrations in sediment for a realistic input
setting with several sources along the Rhine in 2010. Simulations with OMa and
M1 are shown for the Realistic scenario applying a maximum, an average and a
minimum partition coefficient (index Kp).

Table 5.7: Max. sediment concentrations observed for OMa and M1 considering
three emission scenarios and several representative silver sulfide sources along the
Rhine in 2010. The models were run applying reported partition coefficients by
Kramer et al. [2002]: 106.6 L · kg−1 (= max. Kp), 105.3 (= ∅ Kp) and 104.0 (=
min. Kp). Data in mg·kg−1.

Model version/Partition coefficient Minimal Release Realistic Worst Case
OMa

max. Kp 0.56 1.79 3.78
∅ Kp 0.47 1.49 3.14
min. Kp 0.12 0.37 0.78

M1
max. Kp 2.46 7.82 16.49
∅ Kp 1.86 5.93 12.51
min. Kp 0.27 0.85 1.79
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5.1.10 Water and Sediment Concentrations in Scenario 2015

Silver sulfide concentrations in water and sediment are also modeled for the silver
input expected under the steady state market scenario assumed for 2015. Like in
the assessment for 2010 Agwater,input (see Tab. 4.12 on page 37) was devided by 9 to
get a realistic input amount for the Rhine river. The setting with 45 cities along the
Rhine is used to run OMa and M1. In Tab. 5.8 the maximal concentrations expected
in water are shown, additionally the maximal silver sulfide levels in sediment are
presented. The simulations are run considering empirically determined minimal,
average and maximum partition coefficients that are reported by Kramer et al.
[2002].

Maximal silver sulfide concentrations expected for 2015 lie between the concen-
trations calculated in the Realistic and the Worst Case scenario for 2010. In order
to predict the silver sulfide levels resulting in 2015 taking into account the Worst
Case assumptions, the concentrations in Tab. 5.8 have to be multiplied by a factor
2.1, for forecasts for 2015 under the Minimal Release assumptions a factor of 0.31
has to be applied9 (Data for Minimal Release and for Worst Case scenario are not
shown in Tab. 5.8).

The highest expected silver sulfide concentration in water results under M1
considering Worst Case assumptions and a Kp of 104.0: 580 ng·L−1. The lowest
(34 ng·L−1) is predicted with OMa applying the maximum Kp and Minimal Release

9Factors were determined by the ratios ”results Worst Case 2010” ÷ ”results Realistic

2010” (2.1) and ”results Minimal Release 2010” ÷ ”results Realistic 2010” (0.31; see

Tab. 5.6 on page 56).

Table 5.8: Max. water and sediment concentrations of silver sulfide observed for
OMa and M1 considering the emission scenario for 2015 (Realistic assumptions).
Simulated are several representative silver sulfide sources along the Rhine. The
models were run applying reported partition coefficients for silver by Kramer et al.
[2002]: 106.6 L·kg−1 (= max. Kp), 105.3 (= ∅ Kp) and 104.0 (= min. Kp).

Model version max. Kp ∅ Kp min. Kp

Max. Silver Sulfide Concentrations in Water [ng·L−1]

OMa 109 132 244

M1 228 241 276

Max. Silver Sulfide Concentrations in Sediment [mg·kg−1]

OMa 3.06 2.55 0.63

M1 13.38 10.14 1.45
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assumptions. 580 ng·L−1 exceeds the empirically found maximum value by a factor
1.2 (497 ng·L−1; reported by Kramer et al. [2002]). In the sediment a range of 0.20−
28.10 mg·kg−1 can be derived from the results for the Realistic scenario10. These
silver sulfide levels in sediment lie in the range reported for highly industrialized
areas by Call et al. [1999] (0.1−−150 mg·kg−1).

Same as for scenarios in 2010, for 2015 also the silver sulfide concentrations in
the interstitial water of the sediment are calculated. They are shown for 2015 in
Tab. 5.13 on page 65.

5.1.11 Uncertainty Analysis

MacLeod et al. [2002] introduce a straightforward method to address uncertainty in
outputs of environmental fate models. It is especially appropriate for preliminary
simulations that are done for large geographic areas when input parameters might
vary within the system. The analysis is based on three assumptions:

• existence of a linear relationship between inputs and outputs,

• independence of input parameters, and

• log-normal distributions of input parameters.

In a first step the variation of the log-normally distributed parameters is expressed
applying the confidence factor (Cf). 95% of all values in the distribution lie between
1

Cf and Cf times the median:

probability{ µ

Cf
< X < Cf · µ} = 0.95 (5.8)

Confidence factors and sensitivities (S) of the input parameters (subscript I)
are then used to express the confidence factor of the model output (subscript O):

CfO = exp[S2
I1(lnCfI1)

2 + S2
I2(lnCfI2)

2 + ... + S2
In(lnCfIn)

2]
1
2 (5.9)

The confidence factors derived for each parameter in this uncertainty analysis
can be found in Tab. 5.9 on page 60. Additionally the parameter ranges used for
the calculation of Cf are given. Sensitivities were calculated for the OMa and M1
by a change of 0.1% in the individual parameters. They are shown in Tab. 5.9
(SOMa and SM1).

For the output of OMa a confidence factor of 4.4 results. Therefore a factor of 5
is chosen to determine the range of silver sulfide concentrations in water with OMa.
Like this the highest expected water concentrations under OMa can be derived. It
has to be noted that the Cf -dependent calculation of the upper bound of PECs is
only feasible for concentrations simulated with a Kp of 105.3 (see Kp* in Tab. 5.11

10Multiplying the sediment concentrations under the Realistic scenario by 2.1 for Worst

Case and by 0.31 for Minimal Release concentrations.
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p. 63 & Tab. 5.12 p. 64). Otherwise the contribution of Kp to the variance of the
model output is counted twice. The CfO for M1 is 4.2 indicating that also here a
multiplication by 5 can be chosen for resulting water concentrations in order to get
the highest PECs. The same multiplier is applied to the sediment concentrations,
even though a specific sensitivity analysis for this compartment has not been carried
out. PECs in water and sediment are given in Tab. 5.11 p. 63 & Tab. 5.12 p. 64.

The contribution of each individual input parameter (Ij) to the confidence factor
of the model output (Cfo) can be calculated applying the formula:

(lnCfIj)
2S2

Ij∑n
k=1(lnCfIk)2S2

Ik

(5.10)

In Fig. 5.9 on page 61 the percent contribution of the most influential parameters to
the variance in the model outputs are illustrated for OMa and M1. For both model

Table 5.9: Confidence factors and sensitivities of selected model parameters.

Parameter [unit] Range [µ] Cf SOMa
a SM1

b

used [m·d−1] 0.1− 3.0c [2.0] 10.8 5.72 · 10−1 5.50 · 10−1

Kp [L·kg−1] 104.0 − 106.6d [105.3] 20.0 1.81 · 10−1 1.76 · 10−1

u [m·s−1] 0.57− 1.64e [1.4] 1.7 4.51 · 10−1 4.66 · 10−1

[SPM ] [kg·m−3] 1.1 · 10−3 − 14.8 · 10−3f [0.01] 12.0 3.50 · 10−3 1.61 · 10−2

µresusp [kg·m−2·d−1] 2.2· 10−5-4.6·10−4g [1 · 10−4] 4.6 2.94 · 10−3 1.35 · 10−2

Φ [-] 0.75− 0.95h [0.9] 1.1 5.00 · 10−3 2.30 · 10−2

ρsed [kg·m−3] 1000− 2500i [2500] 1.8 5.56 · 10−4 2.55 · 10−2

aSOMa is the sensitivity of the model output to a change in the considered parameter

in OMa.
bSM1 is the sensitivity of the model output to a change in the considered parameter in

M1.
cRange of settling velocities based on reported values for algae, dead organic particles

and clay [Reichert and Mieleitner, 2006]. Velocities of silty particles (3.0− 30 m·d−1) are

disregarded in the calculation of Cf .
dReported by Kramer et al. [2002].
eFlow velocities measured in the Rhine at one point and one date by Kos et al. [2000]
fConcentrations of suspended matter measured at different locations in the Rhine by

ICPR [2003].
gRange of resuspension rate is derived under consideration of the value reported in

MacLeod et al. [2002] for the ChemCAN 4.0 southern Ontario model.
hRange for sediment porosity is based on values given in MacLeod et al. [2002] for the

ChemCAN 4.0 southern Ontario model and Omlin et al. [2001] for a simulation of the lake

Zürich.
iRange for sediment density is based on Pfister [2000].
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versions the main critical parameter is the settling velocity of particles (≈ 80%).
In order to reduce the variance of the simulated water concentrations this variable
should be studied in more detail. However, the Rhine model is a generic model
for a preliminary assessment without intention to represent the situation along 700
km very precisely. The partition coefficient of silver is another key parameter,
even though it influences the variance of the output to a much smaller extent than
used (≈ 13%). The effect of a variation of Kp has been considered by running the
model versions under a minimal, an average and a maximal partition coefficient
(see Fig. 5.7 p. 56 & 5.8 p. 57, as well as Tab. 5.6 p. 56 & Tab. 5.7 p. 57). The
water flow velocity makes about 3% of the calculated variance in the model outputs,
further parameters show minor contributions and are not shown in the graph.

Water flow velocity; 3.0

Partition coefficient; 13.6

SPM; 0.1

Water flow velocity; 2.6

Partition coefficient; 13.4

Settling velocity; 83.3

Settling velocity; 84.0
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Percent contribution to CfO 

OMa

M1

Figure 5.9: Percent contribution of most influential parameters to output variance
of OMa and M1 for the silver sulfide concentration in water.

5.1.12 Summarized PECs in Water and Sediment Compart-

ments

Tab. 5.10, 5.11, 5.12 and 5.13 (on following pages) show PECs in STPs, water,
sediment and interstitial water of the sediment. PECs in water and sediment are
obtained under OMa and M1 considering a Minimal Release, a Realistic and a Worst
Case emission scenario for 2010 as well as 2015 and a realistic silver input setting
at the Rhine. Also an average, upper and lower bound partition coefficients are
taken into account. Kp∗ makes an allowance for the variance of the model output
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(CfO) applying a Kp of 105.3. The listed concentrations are used in chapter 7.

Table 5.10: PECs in water in scenarios for 2010 and 2015.

PECs in STPs in scenarios for 2010 [µg·L−1]

Minimal Release Realistic Worst Case

2.2 9.3 17.9

PECs in STPs in scenarios for 2015 [µg·L−1]

Minimal Release Realistic Worst Case

3.7 15.7 30.2
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Table 5.11: PECs in water in scenarios for 2010 and 2015.

PECs water in scenarios for 2010 [ng·L−1]

Model version/Partition Coefficient Minimal Release Realistic Worst Case

OMa

Kp∗a 125 385 820

max. Kp 20 64 134

∅ Kp 25 77 164

min. Kp 45 143 301

M1

Kp∗ 220 700 1485

max. Kp 42 133 280

∅ Kp 44 140 297

min. Kp 50 161 341

PECs water in scenarios for 2015 [ng·L−1]

Model version/Partition Coefficient Minimal Release Realistic Worst Case

OMa

Kp∗ 205 660 1386

max. Kp 34 109 229

∅ Kp 41 132 277

min. Kp 76 244 512

M1

Kp∗ 374 1205 2531

max. Kp 71 228 479

∅ Kp 75 241 506

min. Kp 86 276 580

aFor Kp∗ the max. concentration is derived under consideration of the model output

variance. This highest PEC is determined by multiplying concentrations obtained with

an average Kp of 105.3 by a factor of 5 based on the confidence factor of the output (CfO

see section 5.1.11 on page 59).
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Table 5.12: PECs in sediment in scenarios 2010 and 2015.

PECs sediment in scenarios for 2010 [mg·kg−1]

Model version/Partition Coefficient Minimal Release Realistic Worst Case

OMa

Kp∗a 2.34 7.45 15.72

max. Kp 0.56 1.79 3.78

∅ Kp 0.47 1.49 3.14

min. Kp 0.12 0.37 0.78

M1

Kp∗ 9.31 29.65 62.53

max. Kp 2.46 7.82 16.49

∅ Kp 1.86 5.93 12.51

min. Kp 0.27 0.85 1.79

PECs sediment in scenarios for 2015 [mg·kg−1]

Model version/Partition Coefficient Minimal Release Realistic Worst Case

OMa

Kp∗ 3.96 12.76 26.80

max. Kp 0.95 3.06 6.43

∅ Kp 0.79 2.55 5.36

min. Kp 0.20 0.63 1.33

M1

Kp∗ 15.72 50.72 106.52

max. Kp 4.15 13.38 28.10

∅ Kp 3.14 10.14 21.3

min. Kp 0.45 1.45 3.05

aFor Kp∗ the max. concentration is derived under consideration of the model output

variance. This highest PEC is determined by multiplying concentrations obtained with

an average Kp of 105.3 by a factor of 5 based on the confidence factor of the output (CfO

see section 5.1.11 on page 59).
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Table 5.13: PECs in interstitial water of the sediment in scenarios 2010 and 2015.

PECs interstitial water of sediment in scenarios for 2010 [ng·L−1]

Model version/Partition Coefficient Minimal Release Realistic Worst Case

OMa

Kp∗a 11.74 37.37 78.79

max. Kp 0.15 0.46 0.95

∅ Kp 2.34 7.46 15.75

min. Kp 11.50 37.11 78.12

M1

Kp∗ 46.66 148.62 313.39

max. Kp 0.61 1.97 4.14

∅ Kp 9.33 29.73 62.71

min. Kp 26.69 84.63 178.81

PECs interstitial water of sediment in scenarios for 2015 [ng·L−1]

Model version/Partition Coefficient Minimal Release Realistic Worst Case

OMa

Kp∗ 19.83 63.95 134.30

max. Kp 0.24 0.76 1.61

∅ Kp 3.97 10.85 26.86

min. Kp 19.75 63.36 133.02

M1

Kp∗ 78.81 254.22 533.86

max. Kp 1.04 3.36 7.05

∅ Kp 15.75 50.84 106.79

min. Kp 44.92 144.96 304.45

aFor Kp∗ the max. concentration is derived under consideration of the model output

variance. This highest PEC is determined by multiplying concentrations obtained with

an average Kp of 105.3 by a factor of 5 based on the confidence factor of the output (CfO

see section 5.1.11 on page 59).
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5.2 Terrestrial Environment

The prediction of silver concentrations in soils, interstitial and ground water are
based on ECB [2003]. Paths of soil contamination included in the assessment are
the application of sewage sludge in agriculture and dry and wet deposition from the
atmosphere. The silver emissions from the Minimal Release, the Realistic and the
Worst Case scenario for 2010 are used. The uncertainty contained in parameters
proposed by ECB [2003] is not assessed in the exposure assessment for the terrestrial
system.

As proposed in ECB [2003] one exposure assessment is carried out for soil in
general (index soilgeneral) to characterize the risk for the terrestrial ecosystem and
its organisms. A second exposure assessment is done for agricultural soils (index
soilagriculture) in order to estimate the risk for humans resulting from crop consump-
tion. The third exposure assessment focusses on grasslands (index soilgrassland)
where grazing of the cattle leads to an indirect exposure of human via milk and
meat consumption. The three categories differ in the considered mixing depth, the
application rate of sewage sludge and the time period for averaging the concentra-
tions.

In accordance with ECB [2003] concentrations in soil are predicted for a sewage
sludge application period of 10 years. As a long-term forecast concentrations are
also presented for a sewage sludge application period of 50 years.

The contamination of soil resulting from silver in the leachate of landfills is
treated qualitatively in the end of this section.

5.2.1 Description of the Soil Model

The assessment is carried out with a simplified model where the top layer of the
soil compartment is described as a box. The following processes are included:

• an annual average continuous influx through aerial deposition,

• one annual sludge application event at the beginning of growth period which
is determined as the beginning of the year, and

• a continuous removal from top soil by leaching.

The expected soil silver levels in the course of the first year due to these three
processes are described by:

C1soil1(t) =
Dair

k
− [

Dair

k
− C1soil2(0)] · e−kt (5.11)

C1soil2(0) is the silver concentration in the considered soil layer caused by one
sewage sludge application alone, previous aerial deposition is neglected. Soil con-
centrations in following years are derived by applying eq. 5.11 in an iterative way.
In these subsequent calculations C1soil2(0) is substituted by the silver concentration
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Parameter Explanation of Symbols Unit

C1soil1(t) predicted Ag concentration resulting from air deposi-

tion & sewage sludge application at a specific point of

the first year

mg·kg−1

Dair aerial deposition flux per kg of soil mg·kg−1·d−1

k first order rate constant for removal from top soil d−1

C1soil2(0) predicted Ag concentration resulting from one sewage

sludge application at the beginning of the year

mg·kg−1

t time d

Cxsoil1(0) predicted Ag concentration resulting from air deposi-

tion & sewage sludge application at the beginning of

the year x|x>1

mg·kg−1

C(x − 1)soil1(365) predicted Ag concentration resulting from air deposi-

tion & sewage sludge application at the end of the year

x-1|x>1

mg·kg−1

expected at the end of the preceding year (resulting from previous sewage sludge
applications, aerial deposition and removal process via leaching; C(x−1)soil1(365))
in combination with the concentration caused by another sewage sludge application:

Cxsoil1(0) = C(x− 1)soil1(365) + C1soil2(0) (5.12)

The derivation of Dair, k and C1soil2(0) are found in appendix C. The assump-
tions contained in these calculations are briefly described here.

Assumptions for Dair:

• Volatilization of silver from STPs is neglected (vapor pressure of Ag at 285
K is minimal; 10−6 Pa at 957 K [Etris, 2004]).

• Considered is a continuous aerial emission from one big TWT plant:

– Incineration capacity: 520’000 t·a−1, representing 0.03% of total waste
generated in EU25 under the assumption that 3’500 kg of waste11 are
produced per person and year (data for 2005 from Eurostat [2005b]).

– Included in 520’000 tonnes of waste are:

∗ Silver amount expected in 520’000 tonnes of solid waste.

∗ 0.03% of the silver amount in sewage sludge that is expected to be
incinerated (AgSS,TWT; see Tab. 4.8 on page 29).

– The aerial emission from this specific TWT plant is calculated accord-
ing to a transfer coefficient in TWT for silver of 1% (cp. Tab. 4.7 on
page 28).

11Included in this number are municipal and industrial waste.
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• The aerial deposition is based on the emission of a point source at a source
strength of 1 kg·d−1, averaged over a surrounding area of 1 km.

• Background levels of silver in the lower atmosphere which are reported to be
0.04− 0.12 ng·m−3 [Eisler, 2000], are disregarded in this assessment.

Assumptions for Csoil1(0):

• Depending on the goal of the assessment different sewage sludge application
rates and considered soil depths vary:

– For soilgeneral and soilagriculture a sewage sludge application rate of 5’000
kg·ha−1·a−1 (dry sewage sludge; one single event) are used. Mixing
depth of the soil is set to 20 cm because this layer is characterized by
the highest root density and because it represents the ploughing depth.

– For soilgrassland the application rate is 1’000 kg ·ha−1·a−1 (dry sewage
sludge; one single event). Mixing depth is 10 cm because grassland is
usually not ploughed.

• In order to derive silver concentration in sewage sludge 0.45 kg suspended
matter per m3 in the STP inflow and 0.011 kg surplus sludge in the STP per
inhabitant and day are assumed according to ECB [2003].

Assumptions for k:

• Removal processes by volatilization and degradation are neglected for sil-
ver because its vapor pressure is ≈ 0 at environmental temperatures and
biodegradation of a metal does not occur.

• Calculated is a pseudo first-order constant for leaching assuming a rain rate of
1.92·10−3 m·a−1 of which a fraction of 0.25 infiltrates into soil (data suggested
by ECB [2003]).

• Considered are varying depth of soil layers:

– 20 cm for soilgeneral and soilagriculture

– 10 cm for soilgrassland.

As suggested by ECB [2003] silver concentrations in soil are calculated consid-
ering a consecutive sewage sludge application of 10 years (index C10soil1). By this
a realistic worst case exposure scenario is described. Additionally in section 5.2.4
on page 73 silver levels after 50 years of sewage sludge application are assessed in
order to have an indication of long-term impact of such a treatment.

Soil concentrations are averaged over a certain period of the year depending
on the goal of the assessment (index Csoil1). For soilgeneral this period is 30 days
after the application of sewage sludge in order to assess risk resulting from chronic
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exposure of soil organisms to silver. For soilagriculture and soilgrassland silver concen-
trations are averaged over 180 days, representing a characteristic growth period of
crops.

Finally Csoil is derived by addition of background concentrations measured in
uncontaminated soils to the concentration in soil resulting after ten years under the
influence of the described processes (Csoil1). Depending on the scenario different
background levels of silver were used: 0.09 mg·kg−1 for the Minimal Release, 0.13
mg·kg−1 for the Realistic, and 0.16 mg·kg−1 for the Worst Case scenario. Data
stem from uncontaminated loessic soils in France [Sterckeman et al., 2002] and
correspond well to the crustal abundance of silver (0.1 mg·kg−1; Eisler [2000]).

5.2.1.1 Derivation of Pore Water and Groundwater Concentra-
tions

For the calculation of the expected silver concentration in pore water of soils the
following equation is used:

Cporewater =
Csoil · ρsoil

Ksw · 1000
(5.13)

Parameter Explanation of Symbols Unit

Cporewater predicted Ag concentration in pore water mg·kg−1

Csoil predicted Ag concentration in soil mg·kg−1

ρsoil bulk density of wet soil kg·m−3

Ksw soil-water partition coefficient m3·m−3

As a worst case assumption the concentration expected in the pore water of
contaminated soils is also taken for groundwater which is relevant as drinking water
source.

5.2.2 Model Prediction for Behavior of Silver in Soil

A minimal accumulation of silver takes place during the year (aerial deposition)
and a strong impact of sewage sludge is projected at the moment of its application
(see Fig. 5.10 p. 70). The removal rate is extremely low due to the strong binding of
silver to particles12. This means that under a consecutive sewage sludge application
a ceaseless accumulation of silver in soils is expected.

In Fig. 5.10 it becomes apparent, that averaging of concentrations over certain
time periods after sewage sludge application is negligible for silver because the effect
from sewage sludge application strongly dominates over atmospheric deposition and
leaching. As a consequence concentrations for soilgeneral and soilagriculture are equal.

12A Kp of 105.3 is used in these calculations.
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Silver levels increase in the course of a year only within the low µg range (data
not shown). Observed is a minimal elevation of the silver concentrations within
one year, this means that aerial deposition exceeds removal via leaching in this soil
model.
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Figure 5.10: Predicted silver concentrations in soil considering one annual input
by sewage sludge, a continuous aerial deposition, and a continuous removal process
due to leaching. Csoil1 is shown for soilgeneral and soilagriculture (same data) under
the Minimal Release scenario. Graph derived with eq. 5.11 p. 66 and eq. 5.12 p. 67.

5.2.3 Concentrations in Soil and Interstitial Water

Selected intermediate results for each scenario are shown in Tab. 5.14 on page 71
(derivation of values in appendix A). In sewage sludge a concentration of 6.2
mg·kg−1 results for the Minimal Release, 21.9 mg·kg−1 for the Realistic and 36.6
mg·kg−1 for the Worst Case scenario. Note that anaerobic sludge degradation is
neglected in this calculation. Predicted concentrations lie in the same range as the
13.5 mg·kg−1 measured by Hirsch [1998] in anaerobically digested sewage sludge
from an STP in New York State, USA13, but are 1 to 2 orders of magnitude lower
than the ones cited in Eisler [2000] (225− 960 mg·kg−1).

13The plant treats waste water that is not impacted by major sources of industrial

effluents.
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The concentrations in solid waste (Cwaste: 0.4 − 1.0 mg·kg−1) are compared
to concentrations derived based on reported empirical data by Scott et al. [2005]
for bottom ash (4.1 − 14 mg·kg−1) and fly ash (31 − 95 mg·kg−1) in municipal
solid waste incinerator plants. Under consideration of the residual mass of ≈22%
resulting from incinerated waste in slag and fly ash [KVA Buchs, 2000], the range of
the reference silver concentration in waste based on the data by Scott et al. [2005]
can be derived: 7.5− 24.014 mg·kg−1. In comparison with these reference data the
here calculated Cwaste seems to be 1 to 2 orders of magnitude too low. A reason
could be that the 3’500 kg of waste produced per person and year in EU25 is too
high.

Table 5.14: Predicted silver concentrations in sewage sludge and solid waste, and
leaching rate constant.

Parameter Unit Minimal Release Realistic Worst Case

CSS mg·kg−1 6.2 21.9 36.6

Cwaste mg·kg−1 0.4 0.7 1.0

Parameter Unit soilgeneral soilagriculture soilgrassland

kleach d−1 8.02 · 10−9 8.02 · 10−9 1.60 · 10−8

Comparing the calculated silver concentrations in soil (0.1−0.7 mg·kg−1; Tab. 5.15
p. 124) to empirical reference values from other studies (sewage sludge amended
soils: 1.7−13.3 mg·kg−1; Tab. 5.16 p. 73) the results seem to be at least one order of
magnitude too low. Especially if one takes into account that the model incorporates
a consecutive sewage sludge application over the time period of 10 years.

For pore water concentrations reference data is scanty. Tyler and Olsson [2001]
report 0.12 µg·L−1 and McBride et al. [1999] 0.17 µg·L−1 in soil solution. This
indicates that calculated values (6.8 · 10−4 − 3.4 · 10−3 µg·L−1) also might lie 1 to
2 orders of magnitude too low.

This range is also used as groundwater silver sulfide concentrations. They are
clearly below the tolerance value15 of 0.1 mg·L−1 for drinking water given by the
Swiss government [Schweizerische Bundesbehörden, 2005].

14Compared to the 0 − 15 mg·kg−1 in municipal solid waste cited in Lanzano et al.

[2006] this range seems to be rather high.
15The tolerance value is the maximum concentration, comestibles that exceed this

value are estimated to be contaminated or their worth is reduced [Schweizerische Bun-

desbehörden, 2005].
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Table 5.15: Results and intermediate results for the terrestrial environment. Dair

is the aerial deposition flux. C10soil1(0) is the silver concentration in soil expected
just after the 10th sewage sludge application. Csoil1 is the averaged silver con-
centration over the first 30 days for soilgeneral, over 180 days for soilgrassland and
soilagriculture. Csoil is the final silver concentration after adding background silver
concentrations in soil. Cporewater is the predicted silver concentration in the inter-
stitial water of the soil.

Parameter Unit soilgeneral soilagriculture soilgrassland

Minimal Release scenario

Dair mg·kg−1·d−1 1.97 · 10−7 1.97 · 10−7 3.94 · 10−7

C10soil1(0) mg·kg−1 9.02 · 10−2 9.02 · 10−2 3.72 · 10−2

Csoil1 mg·kg−1 9.02 · 10−2 9.02 · 10−2 3.72 · 10−2

Csoil mg·kg−1 1.80 · 10−1 1.80 · 10−1 1.27 · 10−1

Cporewater
a µg·L−1 9.68 · 10−4 9.68 · 10−4 6.83 · 10−4

Realistic scenario

Dair mg·kg−1·d−1 3.26 · 10−7 3.26 · 10−7 6.53 · 10−7

C10soil1(0) mg·kg−1 3.09 · 10−1 3.09 · 10−1 1.25 · 10−1

Csoil1 mg·kg−1 3.09 · 10−1 3.09 · 10−1 1.25 · 10−1

Csoil mg·kg−1 4.39 · 10−1 4.39 · 10−1 2.80 · 10−1

Cporewater µg·L−1 2.36 · 10−3 2.36 · 10−3 1.37 · 10−3

Worst Case scenario

Dair mg·kg−1·d−1 4.53 · 10−7 4.53 · 10−7 9.06 · 10−7

C10soil1(0) mg·kg−1 4.74 · 10−1 4.74 · 10−1 1.92 · 10−1

Csoil1 mg·kg−1 4.74 · 10−1 4.74 · 10−1 1.92 · 10−1

Csoil mg·kg−1 7.28 · 10−1 7.28 · 10−1 3.52 · 10−1

Cporewater µg·L−1 3.41 · 10−3 3.41 · 10−3 1.89 · 10−3

aCgroundwater is assumed to be equal to Cporewater.

5.2.3.1 Influence of Soil Parameters

Because the assessment does not consider the varying soil conditions in the envi-
ronment, some indications on the influence of the most relevant soil parameters are
given. Higher silver levels in soil associated with lower Ag concentrations in pore
water are expected in soils with the following characteristics:

• high SOM content,

• elevated CEC,

• intermediate pH (≈ 6− 7),

• finely textured (large clay and/or silt fraction),

• rich in Fe or Mn oxides.
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Table 5.16: Empirical silver concentrations reported from various soils. Data
in mg·kg−1. Asterisks indicate that the 95% confidence interval is given. Refer-
ences: A=Eisler [2000]; B=Tyler and Olsson [2001]; C=Hou et al. [2006]; D=Jones
et al. [1984]; E=Sterckeman et al. [2002]; F=Shacklette and Boerngen [1984];
G=Tsiouris et al. [2002]; H=Moral et al. [2005]; I=McBride et al. [1999].

Concentration Sample location Reference

0.1 Earth’s Crust A

0.86− 0.90∗ Uncultivated grassland, South Sweden B

0.069− 0.29 Uncontaminated soils (grassland, forest, veg. garden), Japan C

0.01− 1 Uncontaminated soils, Wales D

0.09− 0.16 Uncontaminated agricultural soils, France E

2− 5 Organic soils, United States F

0.015− 0.093 Soils from areas subjected to cloud seeding with AgI, Greece G

0.12− 2.38 Agricultural soils near 2 smelters, France E

1.7− 3.5 Sewage sludge amended soils, Spain H

8.7− 13.3∗ Sewage sludge amended soil samples, NY United States I

Li et al. [2004] suspect humic acids, iron oxides (goethite and ferrihydrite)
and charcoal to represent important silver sinks in soil due to their slow silver
desorption kinetics observed in a 0.01 M Ca(NO3)2 solution. They also found slower
silver desorption rates from goethite and humic acids after an extended adsorption
period. This finding suggests that even if silver accumulates in agricultural soils
in the course of time due to continuous aerial deposition and consecutive sewage
sludge application, residence time of silver in soil might have an inhibiting effect on
the mobility of Ag and therefore also on its availability to plants and soil organisms.

5.2.4 Long-Term Forecast for Soil Concentrations

In Tab. 5.17 on page 74 the predicted silver levels in soil after 50 years of consecutive
sewage sludge application are shown. Calculated silver soil concentrations seem to
be too low, considering that an extremely long sewage sludge application period
of 50 years is assumed. They tightly reach the levels reported for typical sludge-
amended soils in Spain [Moral et al., 2005] (see Tab. 5.16), where a sewage sludge
application period of 50 years in unrealistic. Also pore water concentrations are
still 1 to 2 orders of magnitude too low considering data reported by McBride et al.
[1999] and Tyler and Olsson [2001].
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Table 5.17: Soil and pore water concentrations resulting after 50 years of sewage
sludge application under the three emission scenarios for 2010. Expected Ag concen-
trations in soilgeneral are equal to those in soilagriculture as averaging over a specific
time period has only a minimal influence.

Soil concentrations [mg·kg−1]
Parameter Minimal Release Realistic Worst Case

soilgeneral 0.54 1.68 2.53
soilgrassland 0.28 0.77 1.12

Pore water concentrations [µg·L−1]
Parameter Minimal Release Realistic Worst Case

soilgeneral 2.9 · 10−3 9.0 · 10−3 1.4 · 10−2

soilgrassland 1.5 · 10−3 4.1 · 10−3 6.0 · 10−3

5.2.5 Reasons for Low PECs in soil

Because calculated silver concentrations in soil seem to be 1 to 2 orders of magnitude
too low if compared to empirical reference data, possible reasons for this discrepancy
are briefly discussed in a qualitative manner.

The reliability of the parameters used for the calculation of the three processes
that influence silver concentration in soil has to be assessed:

• application of sewage sludge (expected to have the strongest influence on
silver levels in soil),

• aerial deposition (source: TWT),

• removal by leaching.

The only factor included in the calculation of sewage sludge application on
soils that does not stem ECB [2003] is the silver concentration in sewage sludge.
Calculated silver levels in sewage sludge are in the range reported by Hirsch [1998],
but 1− 2 orders of magnitude lower than the one presented in Eisler [2000]. More
empirical reference data is needed to determine the quality of the calculated CSS.
If silver concentrations in sewage sludge are estimated too low, this has a strong
(positively correlated) impact on the predicted concentration in soil.

Aerial deposition is mainly influenced by the silver amount found in solid waste
incinerated. The concentrations found in waste were compared with concentrations
derived from empirical data for slag and fly ash. Provided that information from
Scott et al. [2005] and KVA Buchs [2000] are correct, the here calculated Cwaste

is 1 to 2 orders of magnitude too low. Another factor that has to be considered
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are the transfer coefficients used for the determination of the silver amount emitted
to the atmosphere. The only measurement available for silver transfer coefficients
in TWT is reported by Schneider [1987]. Even though in the opinion of experts
the 1% of silver that is found in aerial emissions seems to be appropriate, further
measurements of silver emissions would be desirable. Even if Cwaste is adjusted to
the value derived from data by Scott et al. [2005], aerial transfer coefficient for silver
in TWT needs to be very underestimated in order to increase soil concentrations
about 1 to 2 orders of magnitude.

Looking at the findings from Tsiouris et al. [2003] who concluded that silver
has a very low mobility in soil, the pseudo first-order leaching rate constant is
not considered to be too high. The leaching rate constant needs to be extremely
overestimated in order to offset the effect of sewage sludge application on silver
levels.

It seems that the situation for soils has not been understood in enough detail
in this assessment. In order to find the critical parameters, an examination of CSS

should serve as a starting point, followed by Cwaste.

5.2.6 Leachate from Landfills

Hellweg [personal communication] characterizes the threat posed from different
types of landfills as follows:

• Residue landfills (RL): No leaching is expected from solidified fly ashes.

• Incinerator ash landfills (IAL) and solid waste landfills (SWL): A col-
lapse of the drainage system for the control of leachate is likely after about
70 years. After this time period a contamination of soil and groundwater via
leachate is possible.

Leachate composition varies depending on waste type, rainfall conditions, landfill
design, operation and landfill age [Brandl, 2003]. Processes leading to leachate
formation (e.g. dilution, sorption, ion exchange, precipitation, redox reactions,
degradation processes) take place within a diameter of 1 km from the landfill. For
metals the concentrations expected in leachate are generally in the low mg·L−1

range [Ward et al., 2005], below the ones observed in household sewage [Brandl,
2003]. Brandl [2003] cites a case study done for landfill ”Ritzer” near the city of
Aarau, Switzerland. This specific landfill has been used since 1959 for the disposal
of waste from households, hospitals, industry, sludge from neutralization processes
(iron chloride, calcium chloride), bitumen, contaminated soil and sand. It was
closed in 1974. In an investigation in 1998, metals occurred in the leachate only
below limit values of legal regulations.

The potential for contaminant release from landfills is estimated to be upward
of a century [Scott et al., 2005]. The time period required for a landfill to reach
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a stabilized state16 depends on landfill operation. One important operation prac-
tice involves dry entombment, another one implies saturation of the waste. Dry
entombment is used rather for residue and incinerator ash landfills to prevent a
mobilization of salts and heavy metals via moisture. Waste saturation e.g. via
leachate recirculation is increasingly applied to municipal solid waste landfills in
order to accelerate degradation processes so that the landfill achieves a stabilized
state in a shorter time.

Lining of landfills means the protection of the surrounding soil accomplished
using an impervious material (e.g. clay or high-density polyethylene) to cover the
base and the sides of the cell. Liners have been found to fail after only several
years, before a stabilized state of the landfill is reached. Therefore landfills pose a
threat to surrounding soil and groundwater [Scott et al., 2005].

Data for silver concentrations in leachate summarized by Scott et al. [2005]
have a range of 0− 1.96 mg·L−1.

16A landfill is described as reaching a stabilized state when monitoring of released pol-

lutants is no longer required [Scott et al., 2005].



Chapter 6

Dose-Response Assessment

In order to assess the toxicological risk of silver compounds, toxicological studies
are reviewed, suitable species identified and reliable data selected. In the following
chapter the sensitivities of humans, bacteria in STPs, freshwater animals, terrestrial
animals and terrestrial plants are discussed. Toxicological data and qualitative
outcomes will be used in the risk characterization. The second topic in this chapter
is the bioaccumulation potential of silver and silver compounds (section 6.2).

6.1 Toxicity of Silver

Most toxicological studies in the past used silver nitrate (AgNO3) as test substance
which forms free silver ions in aqueous solution1. As discussed under section 3.4 on
page 12, Ag+ occurs only in extremely low concentrations in the environment. The
environmentally most relevant forms of silver are organic and inorganic silver sulfide
compounds. The environmental chemistry of silver has not been taken into account
in toxicological tests until recently. Only few toxicological data on silver sulfide
compounds have been found. Therefore also data obtained with silver nitrate had to
be considered knowing that results from such studies overestimate the toxicological
potential of silver under environmental conditions.

It has to be mentioned that the various ligands present in the test solution are
often not monitored. Therefore, in these cases it is unclear which form of silver
(dissolved or ligand-bound) was tested. Only recently more attention has been
payed on the potential covalent, colloidal and complex bonds silver might build
with other substances.

1It is an urgent requirement of environmental risk assessments on substances, that

studies provide toxicological data for environmentally predominant forms of the specific

substance. There is no use in assessing the sensitivities of organisms to environmentally

irrelevant forms of substances, as done here with AgNO3.

77
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6.1.1 Humans

No information is found for the specific toxicity of environmentally relevant silver
sulfide to humans.

Oral ingestion of silver nitrate leads to acute toxic effects such as violent ab-
dominal pain, abdominal rigidity, vomiting, and severe shock. Skin contact with
silver compounds may cause mild allergic reactions such as rash, swelling and in-
flammation. Colloidal silver compounds may interfere with nasal ciliary activity
[Eisler, 2000].

Chronic exposure of humans to silver or silver compounds frequently resulted
in generalized argyria2, localized argyria3, or argyrosis (argyria of the eye). In
severe cases of argyria, the skin can become black with a metallic luster, argyrosis
can lead to visual disturbance, and the respiratory tract can be impaired [Eisler,
2000]. There is no evidence for carcinogenicity, neurotoxicity, or reproductive or
developmental toxicity from exposure to silver [Campbell et al., 2002].

6.1.2 Microbial community in STPs

After Ag+ release into waste water, the first organisms of concern regarding silver
toxicity are the microbial communities in STPs. Pavlostathis and Maeng [1998]
have assessed the biodegradation of photoprocessing waste water using activated
sludge. No adverse effect could be found for a silver influent concentration as high as
1.85 mg·L−1 added as Ag-thiosulfate. In a second study by Pavlostathis and Maeng
[2000] the anaerobic biodegradability of a silver-bearing, waste activated sludge has
been examined. They found that silver added in the form of AgNO3, Ag2S or Ag-
thiosulfate does not evoke an inhibitory effect in the microbial activity up to at least
100 mg Ag · L−1. This can be explained with the high complexing capacity of the
anaerobic digester mixed liquor which results in extremely low concentrations of free
silver ion. A reduction of 90% in methanogenesis and 40% inhibition in acidogenesis
under silver thiosulfate addition could be clearly attributed to thiosulfate and not
to silver.

It is difficult to draw generalized conclusions from from studies carried out
with specific microbial biocoenoses in sludge samples. The selection of populations
and shifts in species composition in sludge of various STPs may lead to different
sensitivities to silver [Ratte, 1999].

2Generalized argyria is the slate-gray pigmentation of the skin and hair caused by

deposition of extremely small silver sulfide particles [Reichl, 1997].
3Localized argyria is if limited areas of pigmentations occur, usually associated with

medicinal silver applications.
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6.1.3 Freshwater Organisms

6.1.3.1 Data Selection

Acute and chronic toxicity data for freshwater organisms considering various silver
compounds are shown in Tab. 6.3 (p. 87) and Tab. 6.4 (p. 88). Trophic levels and
associated aquatic species included in this study are:

• Fish:

– Anguilla anguilla (European eel)

– Carassius auratus (goldfish)

– Gasterosteus aculeatus (stickleback)

– Ictalurus punctatus (channel catfish)

– Micropterus salmoides (largemouth bass)

– Oncorhynchus mykiss (rainbow trout)

– Pimephales promelas (fathead minnow)

– Poecilia reticulata (guppy)

– Salmo trutta (brown trout)

– Salmo spp. (several species of the genus Salmo)

• Amphibians:

– Ambystoma opacum (marbled salamander)

– Bufo woodhousei fowleri (fowler’s toad)

– Gastrophryne caroliensis (Eastern narrow-mouthed toad)

– Rana catesbeiana (American bull frog)

– Rana hexadyctyla (green pond frog)

– Rana palustris (pickerel frog)

– Rana pipiens (Northern leopard frog)

• Invertebrates:

– Ceriodaphnia dubia (water flea)

– Daphnia magna (water flea)

• Algae:

– Chlamydomonas reinhardtii

– Pseudokirchneriella subcapitata

– Scenedesmus acutiformis
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– Selanastrum capricornutum

• Benthic organisms:

– Chironomus tentans (larval stage of midge)

– Hyalella azteca (amphipod)

– Philodina acuticornis (rotifer)

– Tubifex tubifex (tubificid worm)

It is made sure the majority of the selected species are either introduced, in-
troduced and well-established, or native in Europe. This is not true for Poecilia
reticulata which originally lives in South American and Carribean freshwaters4 and
for most of the amphibians: only Rana catesbeiana is also found in Europe. Unfor-
tunately no data for a European amphibian could be found.

Benthic organims are exposed to silver via dermal contact to sediment particles
and interstitial water of the sediment, via ingestion of sediment particles and also
via exposure to overlying water (water column). Data were only available for water
contact, oral uptake of sediment particles is neglected. It should be noted that
the common use of epibenthic amphipod Hyalella azteca for sediment toxicity and
bioaccumulation tests is questioned, because its behavior in a natural surrounding
makes exposure via water column more probable than via sediment [Wang et al.,
2004]. The risk characterization in chapter 7 will therefore compare both PECs in
the water column and PECs in the interstitial water of the sediment to effect levels
of silver compounds to benthic organisms.

Not for every species acute and chronic toxicological data was available, only
few recent studies considered besides AgNO3 also silver sulfide compounds.

The separation between acute and chronic data is done according to the one
in Wood et al. [2002]: the lethal concentration for 50% of test organisms (LC50)
is taken as acute effect, while the lowest-observed-effect-concentration (LOEC)
and no-observed-effect-concentration (NOEC) are defined as parameters describ-
ing long-term toxicity. In studies where LC50 is given for various time periods,
LC50 obtained under the longest test period is used. According to the suggestion
in ECB [2003] for algae the median effective concentration (EC50) for growth rate
is used as acute toxicity data, EC50 for algae obtained for a test period longer than
72 h is considered a long-term toxicity indicator.

4An introduction of Poecilia reticulata to Mediterranean areas of Europe is possible.
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6.1.3.2 Acute Toxicity

The acute sensitivity to free Ag+ ion increases in the following order: invertebrates
> algae > fish > amphibians with Ceriodaphnia dubia being the most sensitive
among the selected species (Fig. 6.1). For silver sulfide compounds the correspond-
ing ranking is: invertebrates > fish. It has to be noted that only few data were
available for these trophic levels. For amphibians and algae no data for toxicity of
silver sulfide compounds could be found.

Short-term tests performed with AgNO3 suggest Hyalella azteca being the most
sensitive among benthic organisms, followed by Tubifex tubifex, Chironomus tentans
and the rather resistant Philodina acuticornis (data not included in Fig. 6.1).
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Figure 6.1: Acute toxicity of silver compounds (LC50) for various freshwater or-
ganisms. The solid line indicates the cumulative distribution of effect levels obtained
with AgNO3. The dashed line indicates the cumulative distribution of effect levels
obtained with silver sulfide compounds. Data listed in Tab. 6.3.
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6.1.3.3 Chronic Toxicity

For the chronic toxicity of the free silver ion the ranking of sensitivities is not
so clear: fish > invertebrates > algae with the invertebrate Ceriodaphnia dubia
being the most sensitive of the tested species (NOEC 0.001 µg·L−1 and LOEC
0.01 µg·L−1; see Fig. 6.2). Chronic toxicity data of silver sulfide compounds are
only available for invertebrates and algae. Again Ceriodaphnia dubia is the most
sensitive species out of the three tested ones. Interestingly chronic effects of the
silver thiol complexes (Ag glutathionate and Ag cysteinate; lowest three points in
graph) occur at the same concentration as chronic effects of the free silver ion.

Chronic toxicity data (AgNO3) were only available for two benthic species:
Hyalella azteca (NOEC: 4 µg·L−1) and Chironomus tentans (NOEC: 125 µg·L−1).
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Figure 6.2: Chronic toxicity of silver compounds (NOEC and LOEC) for various
freshwater organisms.The solid line indicates the cumulative distribution of effect
levels obtained with AgNO3. The dashed line indicates the cumulative distribution
of effect levels obtained with silver sulfide compounds. Data listed in Tab. 6.4.
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6.1.3.4 Toxicity of Environmentally Relevant Silver Compounds

Data for Ceriodaphnia dubia indicate that the toxicity of silver compounds decreases
in the following order (see Tab. 6.3 on page 87): silver nitrate (LC50: 0.5 − 0.79
µg·L−1) > silver glutathionate (LC50: 2.5 µg·L−1) > silver cysteinate (LC50: 4.7
µg·L−1) > silver thiosulfate (LC50 > 12’000 µg·L−1)5. Data from Daphnia magna
suggests that Ag2S has an even lower toxicity than silver thiosulfate (LC50 >

1’000’000 µg·L−1)6. Silver chloride (AgCl) is not included in the assessment because
this silver complex is only relevant in seawater7. The following silver compounds
are environmentally relevant:

• Ag2S: Metastable sulfide has been reported in oxic water systems at concen-
trations from less than 1 nM up to several hundred nanomolar in rivers and
a few thousand nanomolar in STP effluent receiving waters — exceeding at
both locations nearly always the environmental concentration of silver [Mann
et al., 2004].

• Ag thiosulfate: Thiosulfate is probably of importance in sediment pore
waters, hydrothermal waters and also in photo-finishing industry effluents
[Hiriart-Baer et al., 2006]. In STPs silver thiosulfate is most likely converted
to silver sulfide [Purcell and Peters, 1998].

• Ag cysteinate: Cysteine has been measured in the environment at .9 −
291′840 µg·L−1. It occurs in aquatic systems due to protein degradation
processes [Bielmyer et al., 2002].

• Ag glutathionate: The reported range for glutathione in the aquatic en-
vironment is 12.25 − 3′798 µg·L−1. Like cysteine it originates from protein
degradation [Bielmyer et al., 2002].

As expected NOEC/LOEC values are lower than LC50. An illustration of the
cumulative distributions of both, acute and chronic effect levels to freshwater organ-
isms, for silver nitrate and for silver sulfide compounds are shown in appendix D.

6.1.3.5 Parameters Influencing Aquatic Toxicity of Silver

Water chemistry parameters (water hardness, pH, concentration of DOC, Ca2+,
Cl−) influence the toxicological potential of silver compounds.

A strong protective effect against acute silver toxicity is reported for dissolved
organic carbon (DOC) in a study on Oncorhynchus mykiss and Pimephales prome-
las [Bury et al., 1999]. This finding is approved for Pimephales promelas by Er-
ickson et al. [1998] and for Daphnia magna by Glover et al. [2005]. Feeding the

5Data not used in assessment. Reference: Rodgers et al. [1997]
6Data not used in assessment. Reference: Ratte [1999].
7Acute toxicity of AgCl lies probably between the ones of silver cysteinate and silver

thiosulfate: LC50 > 1930 µg·L−1. Reference: Ratte [1999].
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test organisms and static instead of flow-through conditions also decrease the tox-
icological effect of silver, likely as a result of accretion of organic carbon [Erickson
et al., 1998]. Silver was much less toxic in river water than in laboratory water for
Pimephales promelas and Daphnia magna, probably due to a higher organic carbon
content of the natural freshwater [Erickson et al., 1998].

Increasing water hardness lowers the chronic toxicity of silver for Oncorhynchus
mykiss at early life stages [Morgan et al., 2005] and acute toxicity for Pimephales
promelas [Erickson et al., 1998].

An elevation of pH protects Pimephales promelas against silver, the reasons are
not clear [Erickson et al., 1998].

A further parameter influencing aquatic toxicity of silver is the concentration
of calcium (Ca2+). Bury et al. [1999] found its protective effect in a study on
Oncorhynchus mykiss and Pimephales promelas.

Higher chloride levels resulted in higher LC50 for Oncorhynchus mykiss (=
decrease of toxicity), but not for Pimephales promelas [Bury et al., 1999].
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Acute toxicity data for freshwater organisms (μg·L-1 )

Species Ag compound LC50 Comment Time Ref.
Fish
Anguilla anguilla AgNO3 100 24h A
Carassius auratus* AgNO3 20 >6d A
Gasterosteus aculeatus Ag+ 3 n/a A
Ictalurus punctatus AgNO3 17.3 flow through 96h B
Ictalurus punctatus* AgNO3 10 >6d A
Micropterus salmoides AgNO3 110 >6d A
Oncorhynchus mykiss AgNO3 15 96h C
Oncorhynchus mykiss AgNO3 5.3 n/a D
Oncorhynchus mykiss AgNO3 6 flow through 96h E
Oncorhynchus mykiss AgNO3 6.2 n/a D
Oncorhynchus mykiss AgNO3 6.9 n/a D
Oncorhynchus mykiss AgNO3 8.1 n/a D
Oncorhynchus mykiss AgNO3 8.4 n/a D
Oncorhynchus mykiss AgNO3 8.6 n/a D
Oncorhynchus mykiss AgNO3 9.2 n/a D
Oncorhynchus mykiss AgNO3 9.7 n/a D
Oncorhynchus mykiss AgNO3 9.7 n/a D
Oncorhynchus mykiss AgNO3 11.5 n/a D
Oncorhynchus mykiss AgNO3 13 n/a D
Oncorhynchus mykiss AgNO3 14 n/a D
Oncorhynchus mykiss AgNO3 17.87 n/a D
Oncorhynchus mykiss AgNO3 240 n/a D
Oncorhynchus mykiss AgNO3 170 n/a D
Oncorhynchus mykiss AgNO3 12 static 96h A
Oncorhynchus mykiss AgNO3 9.1 static 168h A
Oncorhynchus mykiss* AgNO3 10 >6d A
Oncorhynchus mykiss Ag+ 3.2 static 168h A
Oncorhynchus mykiss Ag-ZnS cluster 40.7 96h C
Oncorhynchus mykiss Ag thiosulfate 161000 96h A
Oncorhynchus mykiss Ag thiosulfate 137000 168h A
Pimephales promelas AgNO3 10.4 96h F
Pimephales promelas AgNO3 106 river water 96h F
Pimephales promelas AgNO3 9.2 flow through 96h A
Pimephales promelas AgNO3 6.5 static; aerated 96h A
Pimephales promelas AgNO3 16 flow through 96h A
Pimephales promelas AgNO3 16 flow through 96h A
Pimephales promelas AgNO3 14 static 96h A
Pimephales promelas AgNO3 6.7 flow through 96h A
Pimephales promelas AgNO3 11.6 pond water 96h G
Pimephales promelas AgNO3 7.8 n/a D
Pimephales promelas AgNO3 3.9 n/a D
Pimephales promelas AgNO3 5 n/a D
Pimephales promelas AgNO3 5.3 n/a D
Pimephales promelas AgNO3 5.6 n/a D
Pimephales promelas AgNO3 6.3 n/a D
Pimephales promelas AgNO3 6.7 flow through 96h B
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Acute toxicity data for freshwater organisms (μg·L-1 ) (continued)

Species Ag compound LC50 Comment Time Ref.
Fish
Pimephales promelas AgNO3 7.4 n/a Book
Pimephales promelas AgNO3 9 flow through 96h E
Pimephales promelas AgNO3 10.7 n/a D
Pimephales promelas AgNO3 10.98 n/a D
Pimephales promelas AgNO3 11.1 n/a D
Pimephales promelas AgNO3 11.75 n/a D
Pimephales promelas AgNO3 14 static 96h B
Pimephales promelas AgNO3 16 n/a D
Pimephales promelas AgNO3 110 n/a D
Pimephales promelas AgNO3 150 n/a D
Poecilia reticulata Ag+ 4 n/a A
Poecilia reticulata AgNO3 6.44 n/a D
Salmo spp Ag+ 3.5 n/a A
Salmo trutta AgNO3 1.17 n/a D
Amphibians
Ambystoma opacum AgNO3 240 n/a A
Bufo woodhousei fowleri AgNO3 230 n/a A
Gastrophryne caroliensis AgNO3 10 n/a A
Rana catesbeiana AgNO3 20 n/a A
Rana hexadactyla AgNO3 25.7 n/a D
Rana palustris AgNO3 10 n/a A
Rana pipiens AgNO3 10 n/a A
Invertebrates
Ceriodaphnia dubia AgNO3 0.5 96h H
Ceriodaphnia dubia AgNO3 0.92 pond water 96h G
Ceriodaphnia dubia AgNO3 0.79 n/a D
Ceriodaphnia dubia Ag glutathionate 2.5 96h H
Ceriodaphnia dubia Ag cysteinate 4.7 96h H
Daphnia magna AgNO3 0.58 48h F
Daphnia magna AgNO3 35 river water 48h F
Daphnia magna AgNO3 2.85 6h I
Daphnia magna AgNO3 0.33 24h I
Daphnia magna AgNO3 0.52 24h I
Daphnia magna AgNO3 0.18 48h I
Daphnia magna AgNO3 0.26 48h I
Daphnia magna AgNO3 5 96h A
Daphnia magna AgNO3 0.29 48h J
Daphnia magna AgNO3 1.06 96h K
Daphnia magna AgNO3 0.9 48h E
Daphnia magna Ag-ZnS cluster 1.47 48h I
Daphnia magna Ag-ZnS cluster 0.75 6h I
Algae**
Chlamydomonas reinhardtii AgNO3 1.63 Growth rate n/a K
Chlamydomonas reinhardtii AgNO3 1.43 Growth rate n/a K
Chlamydomonas reinhardtii AgNO3 1.3 Growth rate 6h L
Pseudokirchneriella subcapitata AgNO3 2.34 Growth rate n/a K
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Species Ag compound LC50 Comment Time Ref.
Algae**
Pseudokirchneriella subcapitata AgNO3 0.62 Growth rate n/a K
Pseudokirchneriella subcapitata AgNO3 2.81 Growth rate 6h L
Benthic organisms
Chironomus tentans* AgNO3 676 Pond water 96h G
Chironomus tentans* AgNO3 63 10d A
Hyalella azteca AgNO3 6.8 Pond water 96h G
Hyalella azteca AgNO3 1.9 n/a D
Philodina acuticornis AgNO3 1400 n/a D
Philodina acuticornis AgNO3 1700 n/a D
Tubifex tubifex AgNO3 31 n/a D

Acute toxicity data for freshwater organisms (�g�L-1 ) (continued)

Figure 6.3: Acute toxicity of silver compounds expressed as LC50 for various
freshwater organisms. Data in µg ·L−1.
*Test organisms at embryo-larvae stage
**For algae EC50 is included in accordance to suggestions in ECB [2003].
References: A=Ratte [1999]; B=Holcombe et al. [1983]; C=Mann et al. [2004];
D=Wood et al. [2002]; E=Holcombe et al. [1987]; F=Erickson et al. [1998];
G=Rodgers et al. [1997]; H=Bielmyer et al. [2002]; I=Bianchini et al. [2002];
J=Glover et al. [2005]; K=Hiriart-Baer et al. [2006]; L=Lee et al. [2005].



Dose-Response Assessment 88

Species Ag compound Value Comment Time Ref.
Fish
Oncorhynchus Mykiss AgNO3 NOEC 0.36 n/a A
Oncorhynchus Mykiss AgNO3 LOEC 0.51 n/a A
Oncorhynchus Mykiss AgNO3 NOEC 0.09 n/a A
Oncorhynchus Mykiss AgNO3 LOEC 0.17 n/a A
Oncorhynchus Mykiss AgNO3 NOEC 0.15 n/a A
Oncorhynchus Mykiss AgNO3 LOEC 0.22 n/a A
Pimpephales promelas AgNO3 NOEC 0.37 survival 28d B
Pimpephales promelas AgNO3 LOEC 0.65 survival 28d B
Salmo Trutta AgNO3 LOEC 0.2 n/a A
Salmo Trutta AgNO3 NOEC 0.25 n/a A
Invertebrates
Ceriodaphnia Dubia AgNO3 NOEC 0.001 fecundity 8d C
Ceriodaphnia Dubia AgNO3 LOEC 0.01 fecundity 8d C
Ceriodaphnia Dubia AgNO3 LOEC 1.14 reproduction 10d D
Ceriodaphnia Dubia AgNO3 NOEC 0.53 pond water, survival 10d D
Ceriodaphnia Dubia Ag glutathionate NOEC 0.1 fecundity 8d C
Ceriodaphnia Dubia Ag glutathionate LOEC 0.6 fecundity 8d C
Ceriodaphnia Dubia Ag cysteinate LOEC 0.001 fecundity 8d C
Daphnia Magna AgNO3 NOEC 20 reproduction 21d E
Daphnia Magna AgNO3 LOEC 41 reproduction 21d E
Daphnia Magna AgNO3 NOEC 10.5 reproduction 21d E
Daphnia Magna AgNO3 LOEC 21.2 reproduction 21d E
Daphnia Magna AgNO3 NOEC 8.8 reproduction 21d E
Daphnia Magna AgNO3 LOEC 19.4 reproduction 21d E
Daphnia Magna AgNO3 NOEC 3.4 reproduction 21d E
Daphnia Magna AgNO3 LOEC 8 reproduction 21d E
Daphnia Magna AgNO3 NOEC 2.7 reproduction 21d E
Daphnia Magna AgNO3 LOEC 3.9 reproduction 21d E
Daphnia Magna AgNO3 NOEC 1.6 reproduction 21d E
Daphnia Magna AgNO3 LOEC 4.1 reproduction 21d E
Daphnia Magna AgNO3 NOEC 0.8 reproduction 10d D
Daphnia Magna AgNO3 LOEC 1.22 reproduction 10d D
Algae**
Green Algae Ag thiosulfate NOEC 5000 n/a F
Scenedesmus acutiformis AgNO3 EC50 7.56 Growth 8d G
Scenedesmus acutiformis AgNO3 EC50 20.52 Growth 8d G
Selanastrum capricornutum AgNO3 EC50 6.37 Growth 14-21d G
Selanastrum capricornutum Ag thiosulfate NOEC 10000 Cell number 7d F
Benthic organisms
Chironomus tentans* AgNO3 NOEC 125 pond water, survival 10d D
Hyalella azteca AgNO3 NOEC 4 pond water, survival 10d D

Chronic toxicity data for freshwater organisms (�g�L-1 )

Figure 6.4: Chronic toxicity of silver compounds expressed as NOEC and LOEC
for various freshwater organisms. Data in µg ·L−1.
*Test organisms at larvae stage
**For algae EC50 for test period >72 h is included in accordance to suggestions in
ECB [2003].
References: A=Wood et al. [2002]; B=Holcombe et al. [1983]; C=Bielmyer et al.
[2002]; D=Rodgers et al. [1997]; E=Nebeker [1982]; F=Ratte [1999]; G=Lee et al.
[2005].
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6.1.4 Terrestrial Animals

The only endogenous species for which toxicological data could be found is Lum-
briculus terrestris (earthworm). Ratte [1999] report a study where the NOEC
measured was 62 mg·kg−1 artificial soil. Survival, growth, and bioaccumulation of
silver were monitored under increasing concentrations of Ag2S during 28 days.

6.1.5 Terrestrial Plants

Toxicological data for the following plants were available:

• Lactuca sativa (lettuce)

• Lolium perenne (ryegrass)

• Rhaphanus sativus (radish)

• Zea mays (maize)

NOECs for AgNO3 and Ag-thiosulfate that are used for the risk characterization
in chapter 7 are given in Tab. 6.5 on page 90. Plant species were more sensitive to
AgNO3 than to Ag thiosulfate. No effects with respect to growth or germination
could be found during the test period of 7 days for Ag2S and AgCl [Ratte, 1999].

The sensitivity of terrestrial plant species exposed to silver varies. Data from
Ratte [1999] suggest a decrease in sensitivity in the following order: Lactuca sativa
> Zea mays > Rhaphanus sativus > Lolium perenne > Tagetes patula (marigold,
not included in the risk characterization because an absolute NOEC could not be
determined under the tested range of concentrations).

The ranking of the environmental relevance of the different silver compounds
in soil is expected to be: silver nitrate < silver chloride < silver thiosulfate < silver
sulfide. Schachtschabel et al. [1998] report for humid climates 3.1·10−3 − 1.6 · 10−2

mol sulfur per kg soil. These values exceed the amount of silver calculated here
(1.7 ·10−6−5.9 ·10−6 mol Ag·kg−1; Tab. 5.15 on page 72 and Tab. 5.17 on page 74)
and reference values from other studies (9.3·10−8−1.3·10−4 mol Ag·kg−1; Tab. 5.16
on page 73) by at least 1 order of magnitude. Of course not all sulfur will be
prevalent in the reduced form (S2−) which builds the strongest bindings with silver.
Still the major part of silver in soils is expected to be bound to S2− and therefore
other silver compounds may be less important.
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Species Ag compound Endpoint NOEC
Lactuca sativa AgNO3 Germination 0.75
Lactuca sativa AgNO3 Growth 75
Lactuca sativa Ag thiosulfate Germination 100
Lactuca sativa Ag thiosulfate Growth 10
Lolium perenne AgNO3 Germination 75
Lolium perenne Ag thiosulfate Germination 100
Rhaphanus sativus AgNO3 Germination 7.5
Rhaphanus sativus AgNO3 Growth 7.5
Zea mays AgNO3 Growth 7.5
Zea mays Ag thiosulfate Growth 10

Chronic toxicity data for terrestrial plants (mg�L-1)

Figure 6.5: NOECs for terrestrial plants obtained under AgNO3 and Ag thiosulfate
treatment. Data in mg ·L−1. Reference: Ratte [1999].

6.2 Bioaccumulation

Bioaccumulation is the uptake of substances via body surface (bioconcentration)
and through food uptake (biomagnification) [Ratte, 1999]. The bioconcentration
factor (BCF) is defined as the ratio between the concentration of a chemical in an
organism and that in the surrounding medium or food. Examining the bioaccu-
mulation of a substance is important in order to understand the distribution via
different trophic levels. In addition, the accumulation of a chemical to high con-
centrations in tissues gives rise to concern about possible sublethal effects, which
can be detected only with great effort [Ratte, 1999].

6.2.1 Microflora

Bioaccumulation of silver can be studied only with silver-tolerant bacteria species
or at low silver levels because silver ion is very toxic to most of them [Ratte,
1999]. Charley and Bull [1979] found a multispecies community of bacteria with
an extraordinary high tolerance for silver. The species mainly responsible for this
characteristic was the genus Pseudomonas. A bioaccumulation capacity of > 300 g
Ag·kg−1 dry weight was observed giving rise to the idea of using these bacteria in
silver recycling.

6.2.2 Freshwater Organisms

Algae represent the base of the aquatic food chain. Therefore it is alarming to
find that algae possess an extraordinary potential to accumulate dissolved silver
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(BCF up to 42·104 wet weight), although for silver thiosulfate the BCF drops to
6’818 (wet weight). The reason for this accumulation is seen in adsorption to the
cell surface rather than to active uptake into cell. It could be shown that neither
mechanical disruption of the algal cells, low pH, nor enzymatic degradation (as it
happens by digestion) is able to remove the silver from the cell walls. Therefore,
no biomagnification of silver in algal herbivores is expected [Ratte, 1999].

Bioconcentration in daphnids is markedly lower than in algae (BCF: 9 for
AgNO3, 61 for Ag-thiosulfate) and substantial bioaccumulation is not probable
[Ratte, 1999]. Accumulation of silver was greater in daphnids exposed to AgNO3

in the presence of sulfide than in its absence [Bianchini et al., 2002]. This is mainly
attributed to sulfide-bound silver in the digestive tract of the daphnids [Bianchini
et al., 2005].

Fish show a relatively low bioaccumulation potential for silver (e.g. Pimephales
promelas with BCF of 1.8 for Ag-thiosulfate, field measurement) compared to that
of their prey (e.g. daphnids). A higher BCF was found for Oncorhynchus mykiss
(335 for Ag-thiosulfate), although it has to be noted that this was a laboratory
experiment. Silver obviously does not readily move up the whole food chain and
enter the top carnivores. The concentration of most metals seems to be positively
correlated with the intensity of physical sediment contact or the sediment contact
of the prey, rather than with the trophic position in the food chain [Ratte, 1999].
An increased accumulation of silver at the gills of Oncorhynchus mykiss exposed to
AgNO3 was measured in presence of sulfide [Mann et al., 2004].
Benthic invertebrates can take up silver in three principal ways:

1. by direct contact of the body surface with contaminated sediment particles,

2. from the interstitial water, and

3. from sediment particles being ingested and digested in the intestine.

Measured BCFs for Chironomus sp. are: 1’100 (110AgCN, via water), 0.67 (110AgCN,
via sediment) and 0.5 (Ag-thiosulfate). This indicates that bioaccumulation in chi-
ronomids is more pronounced than in daphnids. BCFs suggest a rapid silver ab-
sorption to the body surface of Chironomus sp. in water only exposure and silver
uptake from ingested and digested sediment particles [Ratte, 1999].

6.2.3 Terrestrial Animals

With a BCF of 1 for Ag2S the bioaccumulation potential of Lumbriculus terrestris
seems to be rather low.

Silver concentrations in tissues of domestic animals which also apply to humans
were relatively low (0.004−0.012 mg·kg−1 in meat of cow, pig and sheep). In studies
investigating the kinetics of silver uptake (via intravenous or intramuscular injection
and by a gastrointestinal tube) and depuration, silver was absorbed by only 0.1%
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within 15 d, after a preceding period of higher accumulation in the liver, kidney,
spleen, skin, bones and muscles. It can be concluded that there is no substantial
potential for silver bioaccumulation in mammals [Ratte, 1999].

6.2.4 Terrestrial Plants

For plants an accumulation of silver is only expected in contaminated areas (ap-
plication of silver-containing sewage sludge, tailings from silver mines and areas
subjected to cloud seeding [Ratte, 1999]). In an experiment with grasses grown
on experimentally amended soils (sewage sludge plus silver sulfide) BCFs between
0.06 − 5.04 (plant/soil) have been observed [Ratte, 1999]. Concentrations in agri-
cultural crops8 had silver concentrations < 1 µg·kg−1 of dry weight in the above
ground parts. In the roots 2.0 − 33.8 µg·kg−1DW were measured [Hirsch, 1998].
Several studies show that the root system of plants accumulates silver to a far
greater extent than other parts of the plant [Ratte, 1999].

8Included were corn, lettuce, oat, turnip and soybean



Chapter 7

Risk Characterization

In this chapter calculated exposure data from chapter 5 is compared to empirical
effect concentrations presented in chapter 6. This way risk can be quantitatively
characterized for the microorganisms in STPs, for the aquatic and the terrestrial
organisms. Findings with respect to bioaccumulation via food chain are included
in a qualitative manner in the risk characterization. Limitations of the assessment
are discussed.

7.1 Sewage Treatment Plants

PECs of silver sulfide in STPs (2.2−30.2 µg·L−1; Tab. 5.10 on page 62) are at least
2 orders of magnitude lower than the 1’850 µg Ag·L−1 (added as Ag-thiosulfate)
reported by Pavlostathis and Maeng [1998] having no effect on the aerobic degra-
dation of sewage sludge. Empirical data for the sensitivity of the anaerobic sludge
treatment to silver (> 100′000 µg Ag·L−1 added as AgNO3, as Ag2S or as Ag-
thiosulfate [Pavlostathis and Maeng, 2000]) are even more than 4 orders of magni-
tude higher. Therefore no inhibitory effect of silver on the microbial community in
STPs is expected.

It has to be noted that the sensitivity of microbiocenosis is difficult to assess.
The composition of the bacterial populations may vary among different treatment
plants, and a generic conclusion is therefore not possible. Even though the toxico-
logical risk from silver to the successful operation of waste water treatment plants
is estimated to be low.

7.2 Aquatic Environment

In Fig. 7.1 on page 94 the cumulative distributions of LC50 for silver nitrate and
for silver sulfide compounds for different trophic levels are shown together with
the cumulative distributions of PECs in water under scenarios for 2010 and 2015.

93
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Considering data for AgNO3 it can be seen that for several invertebrates and algae
scenarios with higher PECs indicate a toxicological risk. As mentioned earlier
free silver ion is not the relevant silver form in the environment. Therefore more
attention should be payed to LC50 obtained for silver sulfide compounds (black
dashed line). The red dashed line indicates an example for the most sensitive
species to silver sulfide (Daphnia magna with LC50 for Ag-ZnS-cluster of 0.75
µg·L−1): 88% of the scenarios for 2015 do not exceed this specific LC50, or in other
words, 12% of the scenarios for 2015 do exceed the concentration where 50% of the
test organisms died.

Fig. 7.2 (p. 95) differs from Fig. 7.1 in that NOEC and LOEC are used in the
cumulative distribution of the sensitivity of species instead of acute toxicological
data. This has the advantage of indicating the part of species that is not endangered
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Figure 7.1: Cumulative distributions of acute effect levels (LC50) for silver ni-
trate and silver sulfide compounds to freshwater organisms together with cumula-
tive distributions of PECs in water. The black dashed line indicates the cumulative
distribution of effect levels obtained with silver sulfide compounds. The solid line
indicates the cumulative distribution of effect levels obtained with AgNO3. The red
dashed line illustrates the fraction of PECs in water that exceed the effect level of
the most sensitive organism to a silver sulfide compound.
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Figure 7.2: Cumulative distributions of chronic effect levels (NOEC/LOEC) of
silver nitrate and silver sulfide compounds to freshwater organisms together with
cumulative distributions of PECs in water. The dashed line indicates the cumulative
distribution of effect levels obtained with silver sulfide compounds. The solid line
indicates the cumulative distribution of effect levels obtained with AgNO3.

considering no-observed-effect-concentrations and lowest-observed-effect concentra-
tions. At these data points lethality is not expected for the selected species. It can
be seen that under every scenario the calculated PEC in water exceeds the NOEC
or LOEC of certain species. In appendix E corresponding graphs are shown with
labels for individual species.

In order to characterize the toxicological risk in a more apparent way, the
information contained in Fig. 7.1 and Fig. 7.2 is illustrated in an exceedence plot.
Fig. 7.3 on page 96 shows the percentage of test organisms that is endangered
plotted against the percentage of PECs in water of the scenarios for 2010 that
exceed the LC50 or NOEC/LOEC. Fig. 7.4 shows the corresponding situation found
for PECs in water under the scenarios for 2015.
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Figure 7.3: Exceedence plot: Percentage of endangered species plotted against
percentage of scenarios for 2010 that exceed toxicity data.
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Figure 7.4: Exceedence plot: Percentage of endangered species plotted against
percentage of scenarios for 2015 that exceed toxicity data.



Risk Characterization 97

It has to be considered that PECs in water do not only represent the bioavailable
part of silver sulfide. PECs for the water column are based on total expected
silver sulfide amounts. They include all sizes of silver compounds (particle-bound,
colloidal, dissolved1) which are bioavailable to different extents, also depending on
the species considered. The implication is that a sole comparison of PECs in water
column derived in this study to effect levels of silver sulfide compounds to aquatic
species might overestimate the risk.

Based on the findings for the bioaccumulative potential of silver compounds
(presented in section 6.2.2 on page 90) the risk of a movement of silver via food
chain up to freshwater top carnivores is estimated to be low2.

7.2.1 Benthic Organisms

Fig. 7.5 on page 98 shows the cumulative distributions of acute and chronic toxico-
logical data for some species of the benthic community together with the cumulative
distributions of PECs in the interstitial water of the sediment and in the water col-
umn for 2010 and 2015. Available data suggest little risk for the selected species:
An exceedence of LC50 is only seen under the highest concentration in water column
predicted for 2010 for the most sensitive species Hyalella azteca.

On one hand the effect levels describe the concentration where 50% of the test
organisms died, no effect concentrations are expected to be even lower3. This leads
to the conclusion that the toxicological risk for benthic species might be higher
than indicated in Fig. 7.5. On the other hand, tests were performed with the envi-
ronmentally irrelevant AgNO3 which leads to an overestimation of the toxicological
risk. For silver sulfide compounds the situation might be different4. Furthermore

1Ratte [1999] suggests as a rule that max. 25% of the total silver exists in natural

waters in a biologically effective form, dissolved as ion, colloid, and complex.
2An exception for silver bioaccumulation in the marine environment seem to be beluga

whales (Delphinapterus leucas). Silver levels in livers of marine mammals generally range

from about 0.01 to 1 µg·g−1 of wet weight. Mackey et al. [1996] and Becker et al. [1995]

found in livers of Delphinapterus leucas 6− 40 µg Ag·g−1 of wet weight. Except one all of

the examined animals originated from subsistence hunts by native Alaskans at to villages

on the Chukchi Sea coast of Alaska.
3The NOEC found for Hyalella azteca exceeds the lower of the two LC50 available

for this benthic species. This indicates that more toxicological tests (acute and chronic)

are necessary to describe biological implications of silver exposure for benthic organisms

sufficiently. These further tests should be carried out with the environmentally relevant

silver forms (silver sulfide or silver thiol complexes).
4For other species acute toxicity of silver sulfide compounds is usually less than the

one of silver nitrate. The decrease in sensitivity depends mainly on the type of silver

sulfide compound considered. Chronic data for silver sulfide compounds is not studied well

enough, but available NOECs/LOECs indicate that Ag thiol complexes do have sublethal

effects.
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water column concentrations (PECs) do not reflect the bioavailable part of silver,
but include dissolved, colloidal and particle-bound silver. By contrast PECs cal-
culated for the pore water of the sediment only include the dissolved fraction5 of
silver which is more likely to be taken up. Therefore a comparison of toxicological
data to PECs in the interstitial water of the sediment characterize the risk in a
more realistic way.

Model calculations predicted for carp (Cyprinus carpio) a worst case bioaccu-
mulation of silver via benthic prey (e.g. chironomid larvae and gammarids) and
plant food a silver transfer of 80% after 60 d. This way chronic silver contamina-
tion in the sediment could lead to a silver redistribution in the ecosystem, and the
sediment would act as a permanent source for contaminating the aquatic system.
The validity of these model results has not been confirmed [Ratte, 1999].
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Figure 7.5: Cumulative distributions of effect levels (LC50 and NOEC) of silver
nitrate to benthic organisms together with cumulative distributions of PECs in water
and in interstitial water of the sediment. Filled tags represent LC50, empty ones
NOEC.

5PECs in the interstitial water of sediment are derived based on Kp.
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7.3 Terrestrial Environment

7.3.1 Terrestrial Animals

The only toxicological data for a terrestrial animal that was available for a compar-
ison with PECs in soil, was a NOEC obtained under addition of Ag2S to artificial
soil tested on Lumbriculus terrestris. Fig. 7.6 shows that under consideration of
the available data no risk is expected from silver exposure in soil for this species.

No conclusive risk characterization can be presented for the terrestrial fauna,
toxicological data is insufficient and the difference between calculated PECs in soil
and empirical data indicate that exposure concentrations are not reliable.

Bioaccumulation for Lumbriculus terrestris is estimated to be rather low. Also
for terrestrial mammals tissue concentrations and kinetics of silver uptake (see
section 6.2.3 on page 91) indicate a low accumulative potential for silver.
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Figure 7.6: NOEC of Ag2S for Lumbriculus terrestris and cumulative distribu-
tions of PECs in soil. PECs are shown for the situation expected after 10 years of
sewage sludge application and the situation after 50 years of sewage sludge applica-
tion. Empirical data suggest that PECs in soil are 1 to 2 orders of magnitude too
low.
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7.3.2 Terrestrial Plants

PECs in pore water of the soil compartment are used in the risk characterization
for plants. Fig. 7.7 shows that no effect with regard to germination or growth of
the selected species is expected. Between the highest exposure concentrations and
the lowest NOECs lie more than 5 orders of magnitude. Toxicological data used
in Fig. 7.7 were obtained under addition of AgNO3 and Ag thiosulfate. For the
selected plant species no effect of the environmentally relevant silver sulfide (Ag2S)
was observed up to a concentration of 771’000 µg·L−1 [Ratte, 1999]. PECs in pore
water are considered to be 1 to 2 orders of magnitude too low.

Bioaccumulation of silver mainly takes place in the root system of plants. There-
fore as a precaution it might be recommendable not to plant vegetables building
tubers for consumption on sludge-amended soils. Although data do not suggest a
negative effect of oral silver uptake for mammals.
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Figure 7.7: Cumulative distributions of NOECs for terrestrial plants and PECs in
porewater of soil. Filled tags represent NOECs obtained under addition of AgNO3,
empty tags stand for a treatment with Ag thiosulfate. PECs are shown for the
situation expected after 10 years of sewage sludge application and the situation
after 50 years of sewage sludge application. Empirical data suggest that PECs in
pore water are 1 to 2 orders of magnitude too low.



Chapter 8

Conclusions and Outlook

8.1 Relevance of Biocidal Products for Silver Emis-

sion

The relevance of the silver emission triggered by the use of silver-containing nanofunc-
tionalized products in EU25 was assessed in a comparison with a reference silver
emission from other silver uses. It could be shown that the use of biocidal products
increases the emission into waste water by about 68%, assuming a hypothetical
steady state market situation for the year 2015. For the silver flow into solid waste
the corresponding value is ≈ 16%. Two points have to be considered with respect
to these findings:

• Data for reference flows into waste water and solid waste from other silver
uses have only low to medium reliability [Lanzano et al., 2006].

• Projection of the silver amount used for biocidal products in 2015 contain
the economical uncertainty for a future market situation.

Therefore values used for the quantification of the relevance of silver emission from
silver-based biocidal products have to be used with caution. Still it can be stated
that the use of biocidal products will result in a substantial increase of the silver
emission in EU25 – especially the emission via waste water — if the projected
market growth in this sector actually takes place.

8.2 Summarized Risk Characterization

No risk is expected from the predicted silver load in waste water with respect to the
functioning of sewage treatment plants. It has to be considered that drawing gener-
alized conclusions based on toxicological studies carried out with specific microbial
biocoenoses in sewage sludge samples — which is done here — is problematical.
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The reason is that populations of bacteria and their sensitivities to substances may
vary among sludges of different sewage treatment plants. Nevertheless the risk for
bacteria in sewage treatment plants is estimated to be low. 2 orders of magnitude lie
between the predicted silver sulfide concentrations in waste water and the highest
tested concentration of silver thiosulfate that still had no inhibitory effect.

In the aquatic environment invertebrates and fish might be at risk under the
highest environmental concentrations of silver sulfide compounds predicted for
EU25 in the years 2010 and 2015. Note that only few studies were available de-
scribing the toxicological potential of predominating silver forms in natural waters
like for example silver sulfide or silver thiol complexes to freshwater species. Due
to the lack of such studies, it was not possible to assess the risk for every trophic
level of the aquatic food chain.

A comparison between predicted silver sulfide levels in the interstitial water of
the sediment and toxicological data of four benthic species tested on silver nitrate
indicate that no risk is expected for this ecosystem. No data was found describing
the sensitivity of benthic organisms to silver sulfide compounds. A more detailed
risk characterization for the benthic ecosystem is desirable because sediment is
believed to be the main sink of silver in natural waters. The risk for the marine
ecosystem was not assessed.

For the terrestrial ecosystem no reliable risk characterization could be done.
Predicted silver concentrations are 1 to 2 orders of magnitude too low compared
to field data of sludge amended soils. Nevertheless, due to the high immobility of
silver in soil, a strong accumulation of the metal is expected in fields subject to
continuous sewage sludge applications. The long-term threat from silver in landfills
via leaching into subjacent soil and groundwater bodies was not studied in detail.

Whether there are cumulative effects on organisms from an exposure to silver
sulfide in combination with the impact of other problematical substances remains
an open question.

8.3 Recommendations for Further Research

In order to allow a better risk characterization for silver in the aquatic system,
the most important step is to assess the toxicological potential of the environmen-
tally relevant silver sulfide compounds to various freshwater organisms. Even more
important are such data to evaluate the risk for the benthic ecosystem, where an
accumulation of silver occurs. A risk assessment should also be carried out for the
marine ecosystem.

Another attempt to determine silver input amounts into the terrestrial system
and dependent exposure concentrations in soil is desirable, especially if the use
of sewage sludge for agriculture and soil conditioning is planned in future. Data
showing the sensitivity of a larger number of terrestrial indicator species to silver
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sulfide compounds are needed in order to characterize the risk with respect to silver
loads in soils.

Two important questions should be discussed in context with the benefit of
silver-containing nanofunctionalized products:

• Will resistant strains of bacteria emerge if the market is flooded with silver
nanoparticles?

• What is the environmental cost/utility ratio of silver-based biocidal products
– or in other words – how much environmental risk should be accepted in
order to make use of this new technology in relation to the profit gained from
antimicrobial textiles and plastics?
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Appendix A

Formulas for Dependent

Model Parameters

Parameter Formula

Transport rate constant d = u · AW1;j+1
VW1;j

Burial rate µburial = used · [SPM ] · 1−2·OFw
1−2·OFs

− µresusp

Exchange rate constant W2 → W1 kexch21 = kexch12 · VW1
VW2

Fraction of silver sulfide on particles
(water column)

fpw = 1− Vwater
Vwater+Kp·[SPM ]

Fraction of silver sulfide on particles
(sediment)

fps = 1− Vsediment

Vsediment+Kp·ρΦ̇

Sedimentation rate constant ksed = used
hW2

· fpw

Resuspension rate constant kresusp = µresusp
(1−Φ)·ρ·hS

· fps

Burial rate constant kburial = µburial
(1−Φ)/ρ/hS

· fps

Diffusive exchange rate constant Sed →
W2

kdiffsw = kdiffws · hW2
hS

· (1−fps)
(1−fpw)
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Appendix B

Selected Cities for the Rhine

Model

City km km Model Box No Population Year of Census % Population

Basel 0 0.00 1 166095 2005 2.72
St. Louis 2 1.91 1 20321 ? 0.33
Breisach 55 52.52 6 13954 2004 0.23
Graffenstaden 110 105.05 11 23815 1999 0.39
Kehl 118 112.69 12 34303 2005 0.56
Strasbourg 120 114.60 12 272800 Estimation 2004 4.46
Schiltigheim 122 116.51 12 30841 1999 0.50
Rastatt 142 135.61 14 47603 2005 0.78
Karlsruhe 162 154.71 16 284686 2005 4.66
Germersheim 177 169.03 17 20906 2004 0.34
Speyer 195 186.22 19 50479 2005 0.83
Schwetzingen 210 200.55 21 22436 2005 0.37
Mannheim 233 222.51 23 324787 2005 5.31
Ludwigshafen 233 222.51 23 163574 2005 2.68
Worms 253 241.61 25 81457 2005 1.33
Mainz 308 294.13 30 193669 2006 3.17
Wiesbaden 316 301.77 31 286000 2005 4.68
Bingen 338 322.78 33 26100 2006 0.43
Koblenz 398 380.08 39 106637 2005 1.74
Neuwied 419 400.14 41 66455 2005 1.09
Andernach 426 406.82 41 29416 2005 0.48
Bad Honnef 456 435.47 44 25329 2005 0.41
Königswinter 463 442.16 45 43678 2005 0.71
Bonn 473 451.71 46 314020 2005 5.14
Bornheim 498 475.58 48 48262 2005 0.79
Niederkassel 503 480.35 49 37388 2006 0.61
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City km km Model Box No Population Year of Census % Population

Wesseling 511 487.99 49 37178 2004 0.61
Köln 523 499.45 50 975907 2005 15.97
Leverkusen 528 504.23 51 162267 2005 2.66
Dormagen 537 512.82 52 63558 2006 1.04
Monheim 538 513.78 52 42994 2005 0.70
Hilden 548 523.33 53 56524 2004 0.92
Neuss 568 542.43 55 152633 2005 2.50
Düsseldorf 578 551.98 56 577416 2005 9.45
Krefeld 603 575.85 58 239402 2005 3.92
Duisburg 618 590.18 60 500914 2006 8.20
Moers 626 597.82 60 108497 2005 1.78
Oberhausen 626 597.82 60 218756 2005 3.58
Dinslaken 646 616.92 62 70314 2005 1.15
Voerde 656 626.47 63 38952 2005 0.64
Wesel 671 640.79 65 64837 2005 1.06
Xanten 686 655.12 66 22360 2005 0.37
Kalkar 706 674.22 68 14295 2005 0.23
Emmerich 724 691.41 70 29276 2003 0.48

Total population:
6111091
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Appendix C

Derivation of Parameters for

Soil Model

C.1 Aerial Deposition Flux (Dair)

The aerial deposition flux per kg of soil (Dair) can be derived from the annual
average of the total deposition flux:

Dair =
DEPtotalann

hsoil · ρsoil
(C.1)

Parameter Explanation of Symbols Unit

DEPtotalann annual average total deposition flux mg·m−2·d−1

hsoil mixing depth of soil m

ρsoil wet bulk density of soil kg·m−3

In the calculation of the total deposition flux, TWT plants are considered to be
the only emitter of silver to air. The silver release to atmosphere from STPs is set to
zero because the vapor pressure of silver at an average environmental temperature
of 285 K is minimal (10−6 Pa at 957 K; Etris [2004]) and volatilization is therefore
unlikely.

The amount of silver emitted to air by a big TWT plant (annual incineration
capacity 520’000 tonnes; index TWT*) was calculated via silver concentration ex-
pected per kg of waste in Europe in 2010. Eurostat [2005b] report 3’500 kg of
municipal and industrial waste generated per person and year in EU25 in 2004. It
was presumed that this value will remain constant for 2015. Based on the popula-
tion data for EU25 (see Tab. 4.1 on page 17) and the numbers for Agwaste,ref1 (see
Tab. 4.8 on page 29) the silver concentration in solid waste can be calculated:
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Cwaste =
Agwaste,ref1

WASTEpercapita · POP
(C.2)

Parameter Explanation of Symbols Unit

Cwaste Ag concentration in solid waste mg·kg−1

Agwaste,ref1 Ag in waste caused by uses other than biocidal prod-

ucts. Ag in sewage sludge is not considered.

kg

WASTEpercapita Solid waste generated per person and year kg·p−1·a−1

POP population in EU25 in 2010 p

A silver level of 0.4 mg silver per kg of solid waste (excluding the share of
sewage sludge that is incinerated) in the Minimal Release, 0.7 in the Realistic
and 1.0 mg·kg−1 in the Worst Case scenario results (see Cwaste in Tab. C.2 on
page 123). In an annual incineration of 520’000 tonnes of waste approximately
229.2 kg of silver (Minimal Release), 385.8 kg (Realistic) and 545.2 kg of silver
(Worst Case) will be included1 (see Agsolidwaste,TWT∗ in Tab. C.2 on page 123).
The solid waste incinerated in the considered TWT* plant represents 0.03% of
total solid waste produced in EU25. The amount of AgSS,TWT (see Tab. 4.8 on
page 29) that is burned in the TWT* plant is derived via this percentage rate.
14.9 (Minimal Release), 18.9 (Realistic) and 16.9 (Worst Case) kg of silver contained
in sewage sludge are added to the amounts contained in solid waste (see AgSS,TWT∗

in Tab. C.2 on page 123). Under consideration of the transfer coefficient for silver
emission to the atmosphere from TWT plants (1%; see Tab. 4.7 on page 28) direct
aerial emission rates (ETWT∗) of 6.7 (Minimal Release), 11.1 (Realistic) and 15.4
g Ag·d−1 (Worst Case) can be derived. The background level of silver in the lower
atmosphere which is reported to be 0.04–0.17 ng·m3 [Eisler, 2000], is disregarded
in the assessment. The calculation considers the deposition of aerosol-bound silver
as well as the gaseous fraction. A standardized source strength of 1 kg·d−1 is
hypothesized.

DEPtotalann = (ETWT∗+ESTP)·(faerosol·DEPaerosol+(1−faerosol·DEPgas) (C.3)

All silver in air is particle-bound if the approximation of zero for vapor pressure
is used:

faerosol =
JUNGE ·Aaerosol

V P + JUNGE ·Aaerosol
(C.4)

1The share of sewage sludge incinerated in the TWT plant is disregarded in this cal-

culations up to here.
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Parameter Explanation of Symbols Unit

DEPtotalann annual average total deposition flux mg·m−2·d−1

ETWT∗ direct emission rate to air from TWT* kg·d−1

ESTP indirect emission rate to air from STP kg·d−1

faerosol fraction of Ag bound to aerosol -

DEPaerosol deposition flux of aerosol-bound Ag at a standardized

source strength of 1 kg·d−1

mg·m−2·d−1

DEPgas deposition flux of gaseous compounds having a Henry’s

Law constant 6 10−2 at a standardized source

strength of 1 kg·d−1

mg·m−2·d−1

JUNGE constant of Junge equation Pa·m
Aaerosol surface area of aerosol particles m2·m−2

V P vapor pressure Pa

C.2 Removal Rate Constant (k)

The removal rate constant from the top soil layer is calculated based on the three
processes of volatilization, leaching and biodegradation.

k = kvolat + kleach + kbiodeg (C.5)

Parameter Explanation of Symbols Unit

k first order rate constant for removal from top soil d−1

kvolat pseudo-first order rate constant for volatilization soil d−1

kleach pseudo-first order rate constant for leaching from top

soil

d−1

kbiodeg pseudo-first order rate constant for biodegradation in

soil

d−1

For silver volatilization (V P ≈ 0 Pa) and biodegradation can be assumed to be
zero. A pseudo first-order rate constant for leaching is given by:

kleach =
finfiltation ·RAINrate

Ksw · hsoil
(C.6)

with

Ksw = fsoil,aqueous + fsoil,solid ·
Kp

1000
· ρsolid (C.7)

excluding the gaseous phase due to an approximation of vapor pressure ≈ 0 for
silver.
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Parameter Explanation of Symbols Unit

kleach pseudo-first order rate constant for leaching from top

soil

d−1

finfiltation fraction of rain water that infiltrates into soil -

RAINrate rate of wet precipitation (700 mm·a−1) m·a−1

Ksw soil-water partition coefficient m3·m−3

hsoil mixing depth of soil m

fsoil,aqueous fraction of water in soil m3·m−3

fsoil,solid fraction of solids in soil m3·m−3

Kp solids-water partition coefficient L·kg−1

ρsolid density of the solid phase kg·m−3

C.3 Concentration in Soil After 1st Sewage Sludge

Application (C1soil2(0))

The following formula is applied:

C1soil2(0) =
CSS ·APPLsludge

hsoil · ρsoil
(C.8)

The calculation for silver levels of soilsgeneral and for soilsagricultural considers
one single sludge application per year at a rate of 5’000 kg·ha−1·a−1, while for
soilgrassland the application rate is 1’000 kg·ha−1·a−1 only (dry sewage sludge).
The mixing depth of the soilgeneral and soilagricultural is set to 20 cm due to the
highest root density in this layer and because it represents the ploughing depth.
For soilgrassland it is only 10 cm because they are usually not ploughed.

The concentrations of silver in dry sewage sludge are given by:

CSS =
fremoval ·AgWW,STP · 106

2
3 · SMinfl ·WWSTP + SSsurplus · POP

(C.9)

Parameter Explanation of Symbols Unit

C1soil2(0) predicted Ag concentration resulting from one sewage

sludge application at the beginning of the year

mg·kg−1

CSS concentration of Ag in dry sewage sludge mg·kg−1

APPLsludge dry sludge application rate kg·m−2·a−1

hsoil mixing depth of soil m−1

ρsoil wet bulk density of soil kg·m−3

fremoval Ag removal rate in STPs -

AgWW,STP amount of Ag entering STPs kg·d−1

SMinfl concentration of suspended matter in STP influent kg·m3

WWSTP waste water entering STPs m3·d−1

SSsurplus surplus sludge per inhabitant kg·d−1·p−1

POP population in EU25 in 2010 p
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C.4 Parameter Values Used, Intermediate and Fi-

nal Results

Table C.1: Parameter values used in soil model calculations.

Parameter Unit Value

WASTEpercapita kg·p−1·a−1 3’500

ρsoil kg·m−3 1’700

faerosol - 1

DEPaerosol
a mg·m−2·d−1 1 · 10−2

DEPgas
b mg·m−2·d−1 5 · 10−4

ESTP kg·d−1 0

JUNGE ·Aaerosol Pa 10−4

kvolat d−1 0

kbiodeg d−1 0

Kp L·kg−1 105.3

ρsolid kg·m−3 2’500

fsoil,aqueous m3
water·m

−3
soil 0.2

fsoil,solid m3
solid·m

−3
soil 0.6

Ksw m3·m−3 105.5

finfiltration - 0.25

RAINrate m·a−1 1.92 · 10−3

SMinfl kg·m3 0.45

SSsurplus kg·d−1·p−1 0.011

aValue for a standard deposition flux of aerosol-bound compounds at a source strength

of 1 kg·d−1

bValue for a standard deposition flux of gaseous compounds with Henry’s Law constant

6 10−2 at a source strength of 1 kg·d−1

Table C.2: Scenario dependent values used in soil model calculations.

Parameter Unit Minimal Release Realistic Worst Case

POP Mio p 468.6 464.1 459.7

Cwaste mg·kg−1 0.4 0.7 1.0

Agsolidwaste,TWT∗ kg·a−1 229.2 385.8 545.2

AgSS,TWT∗ kg·a−1 14.9 18.9 16.9

ETWT∗ kg·d−1 0.0067 0.0111 0.0154

DEPtotalann mg·m−2·d−1 6.7 · 10−5 11.1 · 10−5 15.4 · 10−5

fremoval - 0.99 0.94 0.85

AgWW,STP kg·d−1 458 734 904

WWSTP Mio m3·d−1 231.1 92.8 63.0

CSS mg·kg−1 6.1 20.9 32.1

Cbackground mg·kg−1 0.09 0.13 0.16
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Table C.3: Exposure assessment type dependent parameter values used in soil
model calculations.

Parameter Unit soilgeneral soilagriculture soilgrassland

hsoil m 0.2 0.2 0.1

T d 30 180 180

APPLsludge kg·m−2·a−1 0.5 0.5 0.1

kleach d−1 8.02 · 10−9 8.02 · 10−9 1.60 · 10−8

facc - 1.000 1.000 1.000

Table C.4: Intermediate and final results for soil model.

Parameter Unit soilgeneral soilagriculture soilgrassland

Minimal Release scenario

Dair mg·kg−1·d−1 1.97 · 10−7 1.97 · 10−7 3.94 · 10−7

C1soil2(0) mg·kg−1 8.95 · 10−3 8.95 · 10−3 3.58 · 10−3

C10soil1(0) mg·kg−1 9.02 · 10−2 9.02 · 10−2 3.72 · 10−2

Csoil1 mg·kg−1 9.02 · 10−2 9.02 · 10−2 3.72 · 10−2

Csoil mg·kg−1 1.80 · 10−1 1.80 · 10−1 1.27 · 10−1

Cporewater
a µg·L−1 9.68 · 10−4 9.68 · 10−4 6.83 · 10−4

Realistic scenario

Dair mg·kg−1·d−1 3.26 · 10−7 3.26 · 10−7 6.53 · 10−7

C1soil2(0) mg·kg−1 3.08 · 10−2 3.08 · 10−2 1.23 · 10−2

C10soil1(0) mg·kg−1 3.09 · 10−1 3.09 · 10−1 1.25 · 10−1

Csoil1 mg·kg−1 3.09 · 10−1 3.09 · 10−1 1.25 · 10−1

Csoil mg·kg−1 4.39 · 10−1 4.39 · 10−1 2.80 · 10−1

Cporewater µg·L−1 2.36 · 10−3 2.36 · 10−3 1.37 · 10−3

Worst Case scenario

Dair mg·kg−1·d−1 4.53 · 10−7 4.53 · 10−7 9.06 · 10−7

C1soil2(0) mg·kg−1 4.72 · 10−2 4.72 · 10−2 1.89 · 10−2

C10soil1(0) mg·kg−1 4.74 · 10−1 4.74 · 10−1 1.92 · 10−1

Csoil1 mg·kg−1 4.74 · 10−1 4.74 · 10−1 1.92 · 10−1

Csoil mg·kg−1 7.28 · 10−1 7.28 · 10−1 3.52 · 10−1

Cporewater µg·L−1 3.41 · 10−3 3.41 · 10−3 1.89 · 10−3

aCgroundwater is assumed to be equal to Cporewater.
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Appendix D

Acute and Chronic Aquatic

Toxicity Data
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Figure D.1: Cumulative distributions of chronic and acute effect levels of AgNO3

and silver sulfide compounds to freshwater organisms.
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Appendix E

Toxicological Risk for

Aquatic Species
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Figure E.1: Cumulative distributions of acute effect levels (LC50) for silver ni-
trate and silver sulfide compounds to individual freshwater species together with
cumulative distributions of PECs in water. The dashed line indicates the cumula-
tive distribution of effect levels obtained with silver sulfide compounds. The solid
line indicates the cumulative distribution of effect levels obtained with AgNO3.
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Figure E.2: Cumulative distributions of chronic effect levels (NOEC/LOEC) for
silver nitrate and silver sulfide compounds to individual freshwater species together
with cumulative distributions of PECs in water. The dashed line indicates the
cumulative distribution of effect levels obtained with silver sulfide compounds. The
solid line indicates the cumulative distribution of effect levels obtained with AgNO3.
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Appendix F

List of Parameters

Parameter Explanation of Symbols Unit

A1 cross sectionW1 (beginning of box 1; river model) m2

Aaerosol surface area of aerosol particles m2·m−2

Agplastics,EU25 Ag amount used for biocidal plastics in EU25 t·a−1

Agplastics,HeiQ Ag amount in additives from HeiQ Materials used for

plastics

t·a−1

Agpool amount of silver contained within a product g

AgSS Ag amount in sewage sludge t·a−1

AgSS,agriculture Ag amount in sewage sludge applied in agriculture t·a−1

AgSS,SWL Ag amount in sewage sludge directed into solid waste

landfill

t·a−1

AgSS,TWT Ag amount in sewage sludge directed into thermal

waste treatment

t·a−1

Agtextiles,EU25 Ag amount used for biocidal textiles in EU25 t·a−1

Agtextiles,HeiQ Ag amount in additives from HeiQ Materials used for

textiles

t·a−1

Agwaste,biocidal Ag amount directed into waste incineration plants and

solid waste landfills caused by biocidal products

t·a−1

Agwaste,ref1 Ag amount in solid waste due to silver applications

other than biocidal products, directed either into

waste incineration plants or solid waste landfills

t·a−1

Agwaste,ref2 Agwaste,ref1 plus AgSS directed either into waste incin-

eration plants or solid waste landfills caused by silver

applications other than biocidal products

t·a−1

Agwater,input total Ag amount reaching natural waters t·a−1

AgWW,biocidal Ag amount released by biocidal products into waste

water

t·a−1

AgWW,HeiQ Ag amount released into waste water by biocidal prod-

ucts containing additives from HeiQ Materials

kg·a−1

AgWW,ref1 Ag amount released into waste water by Ag applica-

tions other than biocidal products neglecting water

disinfection

t·a−1
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Parameter Explanation of Symbols Unit

AgWW,ref2 Ag amount released into waste water by water disin-

fection

t·a−1

AgWW,reftot Ag amount released into waste water by Ag applica-

tions other than biocidal products (including water

disinfection)

t·a−1

AgWW,STP total Ag amount in sewage treatment plant inflows t·a−1

AgWW,total total Ag amount released into waste water by biocidal

products and other Ag applications (including water

disinfection)

t·a−1

AgWW,untreated total Ag amount released into natural waters via un-

treated waste water

t·a−1

APPLsludge dry sludge application rate kg·m−2·a−1

Cf confidence factor -

Cporewater predicted Ag concentration in pore water mg·kg−1

Csed silver sulfide concentration in solid fraction of sediment µg·kg−1

Csed,interstitial silver sulfide concentration in interstitial water of sed-

iment

µg·L−1

Csoil predicted Ag concentration in soil mg·kg−1

C1soil1(t) predicted Ag concentration resulting from air deposi-

tion & sewage sludge application at a specific point of

the first year

mg·kg−1

C1soil2(0) predicted Ag concentration resulting from one sewage

sludge application at the beginning of the year

mg·kg−1

CSS concentration of Ag in dry sewage sludge mg·kg−1

CSTP silver sulfide concentration in STP µg·L−1

Cwaste Ag concentration in solid waste mg·kg−1

CWW silver sulfide concentration in waste water µg·L−1

Cxsoil1(0) predicted Ag concentration resulting from air deposi-

tion & sewage sludge application at the beginning of

the year x|x>1

mg·kg−1

C(x − 1)soil1(365) predicted Ag concentration resulting from air deposi-

tion & sewage sludge application at the end of the year

x-1|x>1

mg·kg−1

d transport rate constant s−1

Dair aerial deposition flux per kg of soil mg·kg−1·d−1

DEPaerosol deposition flux of aerosol-bound Ag at a standardized

source strength of 1 kg·d−1

mg·m−2·d−1

DEPgas deposition flux of gaseous compounds having a Henry’s

Law constant 6 10−2 at a standardized source

strength of 1 kg·d−1

mg·m−2·d−1

DEPtotalann annual average total deposition flux mg·m−2·d−1

ESTP indirect emission rate to air from STP kg·d−1

ETWT∗ direct emission rate to air from TWT with incineration

capacity of 520’000 t·a−1

kg·d−1

faerosol fraction of Ag bound to aerosol -

finfiltation fraction of rain water that infiltrates into soil -

fps fraction of silver sulfide on particlessed -

fsoil,aqueous fraction of water in soil m3·m−3

fsoil,solid fraction of solids in soil m3·m−3

fpw fraction of silver sulfide on particleswater -

fremoval fraction of Ag removed in STPs -
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Parameter Explanation of Symbols Unit

fSTP fraction of waste water treated in STPs -

hS depth of sediment m

hsoil mixing depth of soil m

hW1 depth of moving water m

hW2 depth of stagnant water (average) m

JUNGE constant of Junge equation Pa·m
kbiodeg pseudo-first order rate constant for biodegradation in

soil

d−1

k first order rate constant for removal from top soil d−1

kburial burial rate constant s−1

kdiffsw diffusive exchange rate constant Sed → W2 s−1

kdiffws diffusive exchange rate constant W2 → Sed s−1

kexch12 exchange rate constant W1 → W2 s−1

kexch21 exchange rate constant W2 → W1 s−1

Kf complex formation constants

kleach pseudo-first order rate constant for leaching from top

soil

d−1

Kp partition coefficient (particle-bound versus dissolved

fraction)

L·kg−1

krelease Ag+ release rate g Ag+·g Ag−1·d−1

kresusp resuspension rate constant s−1

Ks solubility product mol·L−1

ksed sedimentation rate constant s−1

Ksw soil-water partition coefficient m3·m−3

kvolat pseudo-first order rate constant for volatilization soil d−1

L river length in box model km

l length of box in river model km

µburial burial rate into surface mixed sediment layer kg·m−2·s−1

µresusp resuspension rate kg·m−2·s−1

n number of boxes in river model -

OFs organic fraction in particlessediment -

OFw organic fraction in particleswater -

Φ Porosity of sediment -

POP population in EU25 p

RAINrate rate of wet precipitation (700 mm·a−1) m·a−1

ρsed density of sediment kg·m−3

ρsoil bulk density of wet soil kg·m−3

ρsolid density of the solid phase kg·m−3

S sensitivity of model output to a variation of one model

input parameter

-

SMinfl concentration of suspended matter in STP influent kg·m3

[SPM ] concentration of suspended particulate matter kg·m−3

SSsurplus surplus sludge per inhabitant kg·d−1·p−1

T time period used for averaging soil concentrations d

twatercontact period of water contact d

u water flow velocity m·s−1

used settling velocity of particles m·s−1

V P vapor pressure Pa

WASTEpercapita Solid waste generated per person and year kg·p−1·a−1

WWpercapita waste water generated per person & year m3·p−1·a−1

WWSTP waste water entering STPs m3·d−1
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