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Executive summary
Nanotechnology is said to be THE technology of the 21st century. The range of possible
applications of nanoparticles is immense: electronics, optics, energy production/storage, food
safety and consumer products such as sporting equipment, band-aids and sunscreen – to name
just a few. Even though some nanoparticles are already produced on a big scale, there is still a
lack of knowledge about the risk posed by free nanoparticles in the environment. Neither the
behaviour of nanoscale particles in the environment nor their toxicity to organisms is presently
known. The challenge in assessing the predicted environmental concentration (PEC) is that there
are no standardized measuring methods for nanoparticles in the environment to this day. Further
more there is no regulation and duty of declaration for nanoparticles and the production volumes
of most companies are confidential. Also investigating the predicted no effect concentration
(PNEC) of nanoparticles is challenging as their toxicity depends on many factors such as surface
coatings and size.
This is the first study to model the expected concentrations of selected nanoparticles (nano
silver, nano titanium dioxide, carbon nanotubes) in the environment. The quantification is based
on the estimated worldwide production volume and a substance flow analysis from nanoparticle
containing products to the three environmental compartments air, soil and water. The timeframe
is one year. Accumulation was not considered. The study is done for Switzerland only and
focuses on the diffuse emissions caused by the use and disposal of nanomaterials. Emissions
from production, handling and transport are not considered. The model assumes two scenarios –
a realistic and a high exposure scenario. The predicted environmental concentrations (PEC)
received from modelling are then compared with the predicted no effect concentrations (PNEC)
derived from literature to estimate a possible risk.
It was found that nano titanium dioxide particles may presently pose a risk to water organisms.
The PECTiO2-values for the water compartment (0.73 !g/l and 15.83 !g/l) were near the
PNECTiO2-value (<1 !g/l) in both scenarios. The risk quotients (PEC/PNEC) for carbon nanotubes
and nanosized silver were much smaller than 1 or could not be determined. Therefore, no
adverse effect on organisms in air, water and soil are expected at the time for nano silver and
carbon nanotube - particles. It has to be noticed though that the current data is inadequate for a
sound risk assessment. Further more, the use of nanoparticles in consumer goods is expected to
rise significantly in the next years.
This thesis allows a first risk estimation for nano silver, nano titanium dioxide and carbon
nanotubes based on the comparison of the predicted environmental concentrations (in air, water
and soil) with the toxicological data. It also gives an idea on the flows of nanoparticles from
different products to the environmental compartments and identifies the flows and processes that
have to be investigated more closely. The study further shows that more research is needed
urgently on the (eco)toxicity of nanoparticles, the nanoparticle production and the release of
nanoparticles from products.
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Glossary
CFU – Colony Forming Units
CNT – Carbon Nanotubes
Eawag - Swiss Federal Institute of Aquatic Science and Technology
EC50 – Effective Concentration (50% casualties)
ECB – European Chemicals Bureau
HE – High Exposure (scenario)
LB – Lysogeny Broth also known as Luria-Bertani
LC50 – Lethal Concentration (50% casualties)
LDH – Lactate Dehydrogenase
LOEC – Lowest Observed Effect Concentration
MWCNT – Multi-Wall Carbon Nanotubes
NOEC – No Observed Effect Concentration
nAg – Nanoscale silver particles
NP – Nanoparticles
nTiO2 – Nanoscale titanium dioxide particles
PEC – Predicted Environmental Concentration
PMxx – Particulate Matter (xx !m in diameter or smaller)
PNEC – Predicted No Effect Concentration
RE – Realistic Exposure (scenario)
ROS – Reactive Oxygen Species
RQ – Risk Quotient
STP – Sewage Treatment Plant
SWCNT – Single-Wall Carbon Nanotubes
WIP – Waste Incineration Plant
wt% - weight percentage
WWI – Nanotechnology Consumer Product Inventory of the Woodrow Wilson Institute
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1 Introduction
1.1

General background

How about self-cleaning windows? How about a bike that weighs not more than a bottle of
water? How about a battery that lasts for 20 years, clothes that never wrinkle, and
strawberries that stay fresh for 14 days? Nanotechnology is hoped for lighter, smaller,
stronger material that needs less resources, is cheaper, and easier to make, lasts longer, and
has less environmental impact. Stain, wrinkle, and water resistance, antistatic properties,
flame-retardance, antibacterial and UV-absorbency properties are strived for with no
discernible alteration of aesthetics. Since 1999 governmental investments in nanotechnology
research have increased worldwide by a 7-fold, reaching $3.4 billions in 2005 (BISWAS and
WU, 2005). Similar amounts are spent by the industry (CERUTTI, 2006). The nanotechnologyhype has generated a business volume of around $80 billions in 2006 – CHF 150 Mio in
Switzerland only (CERUTTI, 2006). In the next years this number is expected to increase with
an annual growth rate of 20-40% (WIESNER et al., 2006) to $300 (€220) billions (OTTERSBACH
et al., 2005) or even $1000 billions in 2010 to 2015 (CERUTTI, 2006; ROCO, 2003; WIESNER et
al., 2006).
Some nanoparticles (Carbon Black) were already used by our early ancestors in cavepaintings. In the middle age nanoscale gold flakes were used to colour glass red
(OTTERSBACH et al., 2005). Silica and iron oxide nanoparticles have a commercial history
spanning half a century or more (BORM et al., 2006a; RITTNER, 2002). But the actual
breakthrough of the nanotechnology came with the realisation of the scanning tunnelling
microscope in the early 1980ies. A few years later (1991), the incidental discovery of carbon
nanotubes by Prof. Sumio Iijima gave rise to great expectations and speculations in what
nanotechnology could achieve.
Today’s applications range from medicine to varnish for cars and from electronic devices to
cosmetics. In the future, Aitken et al. (AITKEN et al., 2006) sees the best opportunities for
broad scale application of nanomaterials in health care and electronics. However, the energy
generation and storage sector is expected to have a more near-term impact within the next
three years (AITKEN et al., 2006). Finally, nanotechnology should not only prevent us from
energy scarcity, but also solve the problem of unequal distribution of water by providing safe
drinking water throughout the world and cure us efficiently from cancer, HIV and other
diseases. In brief, nanotechnology is supposed to be the answer to the Millennium
Development Goals. Dr. Richard Smalley (BALL, 2001) expects nanotubes “to do wonders for
humankind”. But despite the big potential there are still many technical challenges to
overcome for a large-scale production of most nanoparticles.
In theory, nanoparticles (NP) can be produced from nearly any chemical (ALLIANZ and
OECD). According to Rittner (RITTNER, 2002) the commercially most important
nanoparticulate materials are currently simple metal oxides such as silicon dioxide (SiO2),
titanium dioxide (TiO2), aluminium oxides (Al2O3), iron oxides (Fe3O4, Fe2O3), zinc oxide
(ZnO), cerium dioxide (CeO2) and zirconium dioxide (ZrO2). The most common materials
mentioned in the product descriptions of the Nanotechnology Consumer Product Inventory of
the Woodrow Wilson Institute (WWI) (WOODROW WILSON INSTITUTE, 2006) are: silver (47
products), carbon, which includes fullerenes and nanotubes (40 products), silicon dioxide
(18), zinc oxide (17), titanium dioxide (13), and cerium dioxide (1). Against the background
that 356 products are listed in the WWI, there is only a small set of materials explicitly
referenced. Almost one third of the products do not mention the nanoparticulate ingredient. Of
the products listed most originate from the USA (197), 78 come from East Asia and 60 from
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Europe (WOODROW WILSON INSTITUTE, 2006). Six products are from Switzerland (WOODROW
WILSON INSTITUTE, 2007c). They are skin care (Juvena and Bergdorf Goodman), water
purifier (Plaston), self-cleaning textile coating (Schoeller Textiles) and luggage (Victorinox).
While the production of nanomaterials is
increasing, governments have so far failed to
define, characterize and regulate the
handling of nanoparticles accordingly. The
reason for the “wait-and-see attitude” (TÜRK
et al., 2005b) of governments is that they
don’t want to hinder nanotechnological
inventions and thus economical profit due to
overregulation (HELLAND et al., 2006).
Additionally, it is difficult to find a sound
definition (see textbox). Nanoparticulate
materials are new but not new. The chemical
composition may be the same as with bulk
material, but nanoparticles display totally
new characteristics due to the high surfaceto-volume ratio and there small size
(OBERDÖRSTER et al., 2005) at which
quantum mechanics come into play. For
example TiO2 has been used as a white
pigment in paints with a high opacity for a
long time. By contrast, nanoscale TiO2
particles seem transparent as visible light
(wavelength 400-800 nm) can not be
reflected by the particles. Aluminium in a can
is harmless whereas nanoscale aluminium is
highly explosive and can be used as a
catalyst in rocket fuels (CERUTTI, 2006).
CaCO3 in form of a chalk is quite soft while
nanoscale CaCO3 makes the shell of the
Abalone mussel extremely strong (CERUTTI,
2006). The OECD report (ALLIANZ and
OECD) states: “The same reason that
makes
nanoparticles
technologically
interesting leads to the fact that they
represent a new category of (potentially)
toxic substances.”

Definition of Nanotechnology
So far there is no definition commonly
agreed on of the terms nanotechnology and
nanomaterials. The difficulties (in view of a
regulation based on the definition) are:
Nanoparticles may also occur naturally. How
could
those
be
distinguished
from
synthetically produced particles?
Some nanoparticles are in commerical use
for years. Would they be affected by a new
regulation for nanomaterials?
Does a physical dimension justify a new
technology term? (SCHMID, 2005)
Schmid (SCHMID, 2005) suggests a definition
that does not include a size range but rather
focusses on the novelty of the displayed
characteristics of the particle. His definition
would explicitly exclude applications such as
the lotus effect or SiO2 nanoparticles in
ketchup to improve viscosity. Still most
definitions include the dimention “nano”:
“Nanotechnologies
are
the
design,
characterisation, production and application
of structures, devices and systems by
controlling shape and size at nanometer
scale.” (RS/RAENG, 2004)
“Nanotechnology is defined as: research and
technology development at the atomic,
molecular, or macromolecular levels using a
length scale of approximately 1-100nm in
any dimension; the creation and use of
structures, devices and systems that have
novel properties and functions because of
their small size, and the ability to control or
manipulate matter on an atomic scale.”
(EPA, 2007)

The wait-and-see attitude of governments
regarding regulation results in a lack of
information
on
production
quantities,
applications, development and on the toxicity
of nanoparticulate material. If nanoparticles
were treated as new chemical substance,
short term toxicity test on fish, daphnia and
algae would be a standard requirement according to the Technical Guidance Document on
Risk Assessment of the European Commission (ECB, 2003).
The lack of definition and regulation is followed by uncontrolled declaration and use of the
term “nano”. Thomas (THOMAS et al., 2006) states: “It appears that few (if any) cosmetic
8

products found in retail stores contain nanoparticles at this time. One large cosmetic company
advertises on its U.K. web site that one of its products contains ‘‘nanosomes,’’ but the U.S.
web site for the same product says that product ingredients are ‘‘encapsulated”.’’ On the other
hand it is also possible to advertise with “nano”, even though the product does not contain
nanoparticles. This was the case with the sealing spray “magic nano” that did not contain any
nanoparticles, but came into media in Germany because of its toxicity.
There is only a limited number of studies examining the (eco)toxicity of nanoparticles (COLVIN,
2003). These studies suggest generally: the smaller a particle the more toxic (ALLIANZ and
OECD, ; DONALDSON et al., 1996; NEMMAR et al., 2003; WARHEIT, 2004; WIESNER et al.,
2006). Particles smaller than 50 nm can easily enter most cells (ALLIANZ and OECD). It is
thus not possible to extrapolate toxicity data from bulk material to nanoparticles based on the
mass. However, Oberdörster found that there was no difference in the response when the
data was normalized to the particle surface area (OBERDORSTER, 2001). Still there are many
unknowns about the toxicity of nanoparticles to humans and the environment. Factors such
as composition, structure, molecular weight, melting/boiling point, octanol-water partition
coefficient, water solubility, activity, particle aggregation/disaggregation potential, and surface
coatings and structure may be important variables influencing the toxicity of different particles
and their behaviour in the environment (EPA, 2007; MEILI et al., 2007; OBERDÖRSTER et al.,
2005; WARHEIT, 2004; WIESNER et al., 2006). Analogies from incidentally produced
nanoparticles are seen to ultra-fine particles (by-product from incomplete combustion) and
asbestos (carbon nanotubes) (BALBUS et al., 2007; HUCZKO et al., 2001; OBERDÖRSTER et al.,
2005).
Possible routes of entry of NP are inhalation, through the skin or ingestion and in aquatic
organisms also via gill or surface epithelia. Depending on the organism examined, the most
probable routes of exposure are very different. For air breathing animals the lung is the most
critical organ for nanoparticle uptake due to its big surface and the small tissue barrier
between air and blood (MEILI et al., 2007). For organisms living mainly in the water
compartment, nanoparticle uptake via gills or for filter feeders via guts is very likely
(OBERDÖRSTER et al., 2006). The diffusion of nanoparticles through the skin of animals in the
water has not been examined at all. Also the uptake of nanoparticles by singe-cell organisms
such as algae needs to be studied further especially with regard to bioaccumulation.
Only little is known about the degradation, transformation and mobility of nanoparticles within
an organism. The actual dose that an organism’s organs are exposed to depends on the
uptake (route and amount) and the excretion/transformation rate within the organism
(SCHLATTER, 2005). A high external exposure may not necessarily lead to a high internal
dose. For example metals are usually excreted when taken up through the gastrointestinal
tract while they are well absorbed in the lungs (SCHLATTER, 2005). So far, it is not known what
the most critical uptake routes of NP are for different organisms.
Once entered the body, nanoparticles may penetrate cells, as eukaryotes (as opposed to
prokaryotes like bacteria) have highly developed mechanisms for the internalization of
supramolecular and colloidal particles across the cell wall (MOORE, 2006). Nanoparticles can
penetrate cells and tissues within seconds to minutes gaining access to cell organelles and
the nucleus (MEILI et al., 2007). Intracellular uptake was found to be non-saturable and
therefore not receptor mediated (WILHELM et al., 2002). Different authors suggest the main
process to be fluid-phase endocytosis (BERRY et al., 2004; BROWN et al., 2001). (The
transport mechanisms for particles <40 nm is unknown (MEILI et al., 2007).) Thus the small
size of the particles allows access to sites where they would not normally go (BERRY et al.,
2004). Within the cell, the large surface area of nanoparticles can result in direct generation of

9

reactive oxygen species (ROS) that cause cell injury by attacking DNA proteins and
membranes (BROWN et al., 2001).
Against this background and in the sense of the precautionary principle, this paper treats
nanoscale materials as new chemical substances and attempts to assess the possible risk
posed by nanoparticles according to the EU technical guideline for environmental risk
assessment (ERA) (ECB, 2003).
The risk emanating from a nanomaterial is not only determined by its potential hazard (such
as toxicity), but also by the extend the material will come into contact with an organism
(COLVIN, 2003; WIESNER et al., 2006). The base for a sound risk assessment of a possibly
hazardous substance is thus a comparison between the exposure (concentration in the
environment) and the effect of the substance in the relevant environmental compartments
(dose-response relationship) (SCHLATTER, 2005; UMWELTBUNDESAMT, 2007). Usually the
concentration of a new substance in the environment is not known at the time of the
assessment. Therefore expected concentrations have to be modelled with the help of
extrapolations and analogies (ECB, 2003). The value derived from such modelling is the PEC
(predicted environmental concentration). It is compared to the PNEC (predicted no effect
concentration) which extrapolates (based on toxicological studies) the concentration at which
no adverse effect on organisms (and ecosystems) is to be expected (UMWELTBUNDESAMT,
2007). An ingredient is judged to be environmentally compatible if the PEC/PNEC ratio is
smaller than 1.

1.2

Objectives and containment of the subject

This is the first study to investigate the risk posed by nanoparticles based on PEC/PNEC
modelling. So far, no modelling or measuring of nanoparticle concentrations in the
environment has been conducted. As there are no (standardized) measurement methods of
nanoparticles (LEAD and WILKINSON, 2006), there is almost no data about nanoparticles in the
environment.
This thesis focuses on the following substances (For the term “nanoparticle”, the definition of
the U.S. Environmental Protection Agency (EPA, 2007) is used in this thesis.):
!
!
!

Nano silver (nAg): Nanoparticle with wide application in consumer products
Nano titanium dioxide (nTiO2): Nanoparticle with wide application in consumer and
industrial products
Carbon Nanotubes (CNT): Nanoparticle with great expectancies

Nanoparticles may also occur naturally in small amounts or may accrue as by-product in
industrial processes or combustion. In this paper only intentionally produced nanoparticles
are considered. Further more a steady state situation is assumed with continuous emissions.
Seasonal variations and peaks (e.g. accidents) are not discussed.
The risk assessment is carried out for the three inland environmental compartments: aquatic
environment, terrestrial environment and air. The marine environment is not studied in this
paper as the focus lays on Switzerland which has no access to the sea. The study is
restricted to one country because the use of nanoparticulate material and the
environmental/technical situation differs largely between countries.
Life-cycle stages covered in this paper are “use” and “disposal”. Production/Manufacture,
industrial use/handling and transportation/storage are not considered. The reason for the
explicit exclusion is that emissions from production sites are more local and can be controlled
more easily than the diffuse emissions resulting from private use and disposal. In addition,
10

there is not enough accessible data to quantify emissions from transportation.
The goal of this work is to develop a tool to efficiently model the expected environmental
concentrations of carbon nanotubes, nano titanium dioxide, and nano silver. Based on this
model, a first assessment of the potential risk posed by the three nanoparticles mentionned
above in the three environmental compartments air, water and soil is conducted comparing
the PEC to the PNEC.
The principle research questions are:
Model: How can the expected diffuse concentration of the selected nanoparticles best be
modelled with the limited information presently known?
PEC: What are the concentrations of the selected nanoparticles to be expected in air, soil and
water?
PNEC: What are the concentrations of the selected nanoparticles at which no adverse effect
on organisms are to be expected?
PEC/PNEC: Is there a risk posed by any of the three substances analysed?

11

2 Method
2.1

Literature and web review

Around 1000 papers were screened looking for information relevant for the environmental risk
assessment (ERA). The papers were provided by PD Dr Bernd Nowack or identified during
the web based review. The scientific database used was mainly the Web of Knowledge
(http://portal.isiknowledge.com/). Information was needed on the production volume of the
selected nanoparticles, their environmental behaviour and their ecotoxicity.
Only a few – mainly country specific reports – contained information about the production
quantities of nanoparticles. Most numbers found did not indicate any mass but rather sales in
dollars per year or were not accurate anymore as the nanomaterial-market is growing fast.
Also the papers addressing the ecotoxicity of the selected nanoparticles were scarce. Only
little data on tests with fish, daphnia and algae was found.
The additional web review aimed at finding information on production quantities of the
selected nanoparticles and product information. For the latter the inventory of the Woodrow
Wilson Institute (WOODROW WILSON INSTITUTE, 2007b) turned out to be very useful.

2.2

Personal communication

As only little helpful information was available on web sites and in the literature, it was
necessary to contact firms and experts directly. More than 100 requests were sent out by email or phone targeting operators of waste incineration and sewage treatment plants,
nanoparticle producers, operators of recycling facilities, scientists, and governmental bodies.

2.3

Environmental Risk Assessment (ERA)

The estimation of risk according to the ratio PEC/PNEC is an established method in the
process to authorize new chemical substances in the EU described in details in the Technical
Guidance Document on Risk Assessment (ECB, 2003). The assessment is based on
representative measured data and/or model calculations. The exposure is measured by the
PEC whereas the PNEC estimates the expected toxicity. In principle, human beings as well
as ecosystems in the aquatic, terrestrial and air compartment are to be protected (ECB,
2003).
Additionally the Technical Guidance Document on Risk Assessment (ECB, 2003) states: “If it
is not possible to conduct a quantitative risk assessment, either because the PEC or the
PNEC or both cannot be derived, a qualitative evaluation is carried out of the risk that an
adverse effect may occur”.

2.3.1 PEC
As there are almost no measurements of nanoparticles in the environment to this day, it was
necessary to develop a model based on the estimated substance flow (chapter 2.4).
Analogies to other substances were not possible as nanoparticles display new characteristics.
Generally the most realistic information available should be given preference (ECB, 2003).
However, initial exposure assessments based on worst-case assumptions are acceptable
especially in the absence of sufficiently detailed data (ECB, 2003). In this study a realistic and
a high exposure scenario were developed (chapter 2.6).
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2.3.2 PNEC
The PNEC is derived from ecotoxicologial data such as the No Observed Effect
Concentration (NOEC). The extrapolation-factor from the NOEC to the PNEC is one
thousandth to one tenth (ECB, 2003; GISBAU) depending on the accuracy of the data. As
there were only few studies available on the ecotoxicity of nanoparticles, a high extrapolationfactor was applied for all compartments and substances. Analogies to other substances could
not be drawn (explanation see introduction). !

2.3.3 Interpretation of the PEC/PNEC ratio
The PEC/PNEC ratio is used as an indicator of risk and is called risk quotient (SCIENCE-INTHE-BOX, 2005). Depending on its value the authority in charge considers the following
decisions (UMWELTBUNDESAMT, 2007):!
PEC/PNEC <1: The substance is not of immediate concern and has to be reconsidered only
when new information is presented.
PEC/PNEC >1, <10: The substance is of concern. The responsible authority decides to what
extend additional data is required to verify the assessment.
PEC/PNEC >10: The substance is of immediate concern. More detailed information is
required to validate the result.
If PEC/PNEC >1 and no additional data is available, the substance is of concern and the
authorities in charge need to take measures immediately to reduce the risk.

2.4

Substance Flow Analysis

To derive a PEC value, a substance flow analysis was conducted based on model
assumptions and information from experts. In a first step for each selected nanoparticle a
system chart was drawn showing the flow of the nanoparticle from a product to the three
environmental compartments (air, water, soil), the waste incineration plant (WIP), the landfill
and/or sewage treatment plant (STP) respectively. The flow was in a second step quantified
for each substance in an excel-sheet.
For the flows between the different environmental compartments and the flows to and from
the WIP/STP, it was assumed that they are the same for all nanoparticles studied, if not
indicated else. Modelling was done for the technical/legal standard and flows of
waste/wastewater in Switzerland.

2.5

Allocation of data

2.5.1 Extrapolation from the worldwide production volume to the amount
of nanoparticles used in Switzerland
The worldwide production quantity of the respective particle is broken down to the amount
ending up in Switzerland based on the population. It is assumed that the total amount of
nanoparticles is distributed within the developed world (EU, USA, Japan, Norway,
Switzerland, South Korea and 10% of China). The total population of these countries together
is about 1 billion with Switzerland contributing 0.7% (detailed numbers and source see
attachment).
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2.5.2 Allocation of the nanoparticle volume to the product categories
According to the Technical Guidance on Risk Assessment (ECB, 2003), the production
volume for substances that have more than one application has to be broken down to every
application separately. This is the case for all three of the selected nanoparticles. ECB
suggests basing the allocation on data from industry. This is not possible with nanoparticles
as the industry does not readily provide data on the production volume, and emission factors
are not known. Therefore the following approach is used.
The total amount of nanoparticles (NP) used in Switzerland can be expressed by the following
equation:
NP tot = NP cat 1 + NP cat 2 + NP cat 3 + … + NP cat x
With NP tot being the total amount of nanoparticles used in Switzerland [t] and NP cat x being
the amount of nanoparticles used in Switzerland in category x.
The amount of NP per category (NP cat x) depends on the amount of NP per article in the
category and the number of articles sold from this category. As the absolute number of
articles per category is not known, a top down approach was applied in this paper using
relative coefficients (weighting factors). NP cat x is obtained by multiplying the total amount of
NP in Switzerland with two weighting factors (WF).
Amount of NP in category x [ng] = NP tot [ng] * WF “weight” * WF “article”
The WF “weight” emends the bias of unequal amounts of NP in an average article in the
category and the WF “article” corrects the bias of unequal amounts of articles sold per
category.
Data about the sales of nanoparticle containing products are not available. The weighting
factor “article” had thus to be based on an extensive web search on products. In a first step,
the Swiss trade register (www.easymonitoring.ch) was searched for the keyword “nano”. 52
entries were found. About half of these actually related to nanotechnology. Some companies
were listed more than once. Unfortunately, most companies listed could not be followed up,
as it was not possible to find more information on the company in the yellow pages and a web
search. Five companies were contacted to obtain more information on the products; but no
answers were received. The search in the yellow pages for the keyword nano showed 11
results. Almost all of them traded with sealings and did not indicate the nanoparticulate
substance in their products.
Finally a Google search was conducted with the terms nano and the respective particle. Each
article was only counted once irrespective of the times it was mentioned. An article was only
counted if it was a concrete product of a company. Reports about products in general were
not included. Also master batches and nanoparticles not in consumer products were
disregarded. In some cases where a company offered many similar products and did not
specify them, product groups were counted as one (e.g. underwear, skin care). Please note
that the products found were not verified. It is not known whether the advertised “nano”
specification is actually referring to a particle size between 1-100 nm. Several products were
found claiming to contain nanoparticles but indicating later in details that the particle size was
up to 4!m (depending on the product).
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The absolute number of nanoparticles in a product is also not known. The amount of
nanoparticles per article depends on the concentration in the article and the weight of the
article. For each category an average weight and a medium concentration were assumed.
The assumptions were based on information found in the web search where available.

2.6

Scenario building

Two scenarios were developed due to the high uncertainty of the data. The realistic scenario
is based on the most realistic information received and will be called RE-scenario (realistic
exposure). The worst case scenario relies on estimations that would lead to higher
concentrations in the environment including higher production quantities and higher release
rates. This scenario will be called HE-scenario (high exposure). Both scenarios are calculated
with current data. No extrapolation for future scenarios was conducted.
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3 Model environment
In this study, three primary environmental compartments were studied: air, soil and water.
These three compartments can be looked at as boxes with an in- and outflow of
nanoparticles. Figure 1 shows the flows between the environmental compartments.

Air

WIP

STP

landfill
Soil

Water
Groundwater
Sediments

Fig 1: Substance flows between the environmental compartments, the waste incineration plant (WIP),
the sewage treatment plant (STP) and the landfill

The following assumptions were made:
!
!
!

The compartments are homogenous and well mixed as suggested by ECB (ECB,
2003) for modelling of the regional PEC.
The natural background concentration of particles is neglected.
Biodegradation is not relevant for the substances looked at. (TiO2 and Ag as metal(oxide) are not biodegradable (K=0). Carbon nanotubes are hydrophobic and very
stable.

For the reason of simplicity, it was further assumed that the system is in a steady state. This
assumption is most probably not realistic for the particles studied. It has to be expected that
the production of nanoparticles rises – resulting in an accumulation in the environment. nAg
and nTiO2 may be in steady state within ten years (heiQ personal communication in (BLASER,
2006)). For nanotubes the market cannot yet be estimated. Extrapolation of data to the future
would have further increased the uncertainty of the data. It still has to be kept in mind when
comparing the PEC to the PNEC that the amount of the selected nanoparticles in the society
(and the environment) has not reached steady state and the accumulation is still ongoing.

3.1

Flow coefficients

It was assumed that the substance flow rates (coefficients) between the different
environmental compartments are the same for all nanoparticles looked at if not specified else.
The identified flows are shown in Figure 2. Dashed arrows are flows that may be significant
internationally, but do not apply for Switzerland. Dotted arrows are flows that are disregarded
in this paper (explanation follows).
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Fig 2: Flows between the environmental compartments, the waste incineration plant (WIP), the sewage
treatment plant (STP) and the landfill. The legend to the numbers is found below.
1

Air to Soil (dry/wet deposition)

9

2
3

Air to Water (dry/wet deposition)
WIP to Air (particle emission from WIP
after filtration)
WIP to Landfill (sludge, fly ashes)

10
11

4
5

STP to WIP (sewage sludge, refuse caught
in the rack and oils from oil separation to
be burned in WIP)
STP to Landfill (possible deposition of
sewage sludge in a landfill)
STP to Soil (possible dispersal of sewage
sludge on agricultural land)
STP to Water (treated waste water
released to rivers)

6
7
8

12
13

(STP) to Water (untreated waste water
released to rivers – overflow at heavy
rainfall)
Landfill to Soil (possible landfill leachate)
Water to Soil (irrigation with water from
rivers/lakes, flooding)
Water to Sediment (Sedimentation of
particles)
Water to Groundwater (groundwaterinfiltration)

14

Sediment to Water (Resuspension)

15

Soil to Water (surface erosion)

16

Soil to Groundwater (wash out of particles
from soil)

From these 17 flows, number 6, 7 and 10-16 are neglected in this paper.
!
!
!
!

Secondary compartments (sediment and groundwater) were not studied: flows 12
(sedimentation), 13 (groundwater infiltration), 14 (resuspension), 16 (soil wash out to
groundwater).
Internationally relevant flows are not considered as outlined in the introduction: flows 6
(STP to landfill), 7 (STP to soil (sludge application on soil is prohibited in Switzerland
since 2006)).
Irrigation (11) and landfill leachate (10) were considered to be small and difficult to
quantify. They were thus neglected.
Surface erosion (15) depends largely on the slope and is mainly relevant for
agricultural soil. For the reason of time and the dependency on local characteristics,
surface erosion was not considered.
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The adjusted graph is shown here (Figure 3):

Fig 3: Flows between the environmental compartments investigated in this thesis. The legend to the
numbers is found below Figure 2.

In the Technical Guidance Document on Risk Assessment (ECB, 2003), there are no
estimation methods for particle distribution. Partition coefficients have therefore to be
estimated for the special case of nanoparticles. The following chapters derive the coefficients
used for the PEC modelling in this thesis.

3.1.1 Waste Incineration Plants (WIP)
In Switzerland there are 28 waste incineration plants handling around 900’000t of waste per
year (VBSA, 2004). The WIPs are equipped with different types of filters; but all WIPs have a
multistage flue gas cleaning system consisting of electrofilters, a (acid/alkaline) flue gas
scrubber, a catalytic NOx/furans/dioxins removal and possibly a fabric filter (Ringmann;
Schmoch; Schnieper, personal communications). Dust particles are intercepted to about 99%
in the electric filter (Schnieper, personal communication). As an example, the WIP Lucerne
emits < 0.1 mg/m3 particles (<0.004 kg/h) resulting in less than 70 kg PM2.5 per year with a
volume of around 85'000 t of waste (Schnieper, personal communication).
According to Figure 4, most particles in the raw gas are around 100 nm in diameter (108
particles per cm3). In the electrofilter this concentration is lowered by around 99.9% to 105
particles per cm3 and in the subsequent wet filter by another 95% to less than 104 particles
per cm3. The total efficiency of the WIP filter systems for 100nm-particles is thus around
99.999% (Figure 4) (BRUNNER, 2007). Burtscher suggests an average efficiency for PM0.1 of
99.9% (Burtscher, personal communication).
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Fig 4: Concentration of particles in the raw gas (top line), after the electric filter (middle line) and in the
pure gas (lowest line) of a WIP (BURTSCHER et al., 2002).

The high filter efficiency for particles with less than 100 nm in diameter is due to the Brownian
diffusion caused by collisions between particles and air molecules. Collisions lead to random
motions which increase the probability of a particle to contact the filter and adhere to the
surface by Van der Waals forces. Nanoparticles are thus well filtratable from air (MEILI et al.,
2007). The highest penetration is found for particles around 300 nm (AITKEN et al., 2004;
MEILI et al., 2007). Experimental results from Huang and Chen (HUANG and CHEN, 2002)
indicate that aerosol penetration through single- and two-stage ESPs (Electrostatic
Precipitators) increase significantly for particles below 20 and 50 nm. Aitken states that
particles smaller than 2 nm may have a higher penetration rate because of thermal rebounds
(AITKEN et al., 2004).
There is not much evidence about the behaviour of nanoparticles in a WIP. It is unknown,
what nanoparticle fraction stays in the slag and what percentage remains volatile. A study
about the behaviour of silver in WIPs states 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
(SCHNEIDER, 1987). Ludwig and Fahrni state in Blaser (BLASER, 2006) that “finely dispersed
silver - as in nanofunctionalized products - could show a higher tendency to result in fly
ashes” caused by the large surface area of nanoparticles that favours oxidation or other
reactions with gaseous substances. In the case of CNT, theoretically all particles should be
burned in a WIP as the temperature is higher than the burning temperature of CNT. In WIPs
waste is incinerated in the presence of oxygen at a temperature of more than 850°C (KÖHLER
et al., 2007). SWCNT oxidate at 600°C (in the presence of O2), MWCNTs at a temperature of
570°C and if coated with silicon at a temperature of 680°C (WANG et al., 2006). These
numbers underline that the nanoparticles’ behaviour also strongly depends on their coatings.
However, CNT may persist when not exposed to oxygen such as in the interior of a steel can
(battery) (KÖHLER et al., 2007).
In this thesis, the following coefficients are assumed in the RE-scenario: The fraction of
incombustible nanoparticles (nAg, nTiO2) becoming volatile during the incineration process is
50%. For CNT, it is assumed that 50% are burned, 25% survive in the slag and 25% become
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volatile. 99.9% (BURTSCHER et al., 2002) of the volatile particles are caught in the WIP filters
leaving 0.1% to enter the atmosphere.
In the high HE-scenario it is assumed that 100% of all particles (nTiO2, nAg) become volatile
during the incineration process and 1% of the volatile particles are released to the
atmosphere. CNT are assumed to burn (25%), stay in the slag (25%) and become volatile to
50% of which 1% is released to the atmosphere
Table 1: Coefficients for the WIP for the two scenarios

Fraction becoming nAg
volatile in the WIP
nTiO2
CNT
Filter efficiency

RE-scenario

HE-scenario

50%

100%

50%
25%

50%

99.9%

99%

3.1.2 Sewage Treatment Plants (STP)
Connection to a sewage treatment plant is nearly 100% for Switzerland. Municipal waste
water treatment in Switzerland usually involves five steps (AWEL).
!

Mechanical treatment and primary sedimentation: Filtering of the waste water by a
rack to remove solids such as wood, leaves, paper etc. and separation of oil, sand and
silts by physical processes

!

Biological treatment: Degradation of organic substance under oxic conditions by
bacteria and micro-organism; nitrification; denitrification and sedimentation in the
secondary settlement tank

!

Chemical treatment/phosphate elimination: Flocculation of phosphate with Fe- or Alsalts

!

Flocculation filtration: Additional precipitation

!

Filtering in sand or fabric filter: Retention of suspended solids and metallic phosphate

In the subsequent sludge treatment, the sludge is concentrated, filtered, sanitized, and gas is
produced. The end product is discharged in a WIP or in an accordingly equipped cement
factory.
The fate of nanosized particles in wastewater treatment plants is poorly studied (EPA, 2007;
MEILI et al., 2007). It is also not know if nanoparticles have an impact on the microorganisms
responsible for the biological degradation of the organic substance in the wastewater
treatment. The ability to immobilize the particles by the processes described above will
depend on the characteristics of the particle (see chapter 3.2.2) and the residence time in the
STP.
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The Technical Guidance Document (ECB, 2003) suggests using measured Kp- (partitioning
coefficient) values to receive an estimated filter efficiency of the STP. But the Kp-values for
nanoparticles are not yet available. It was neither possible to receive measured data on the
occurrence of nanoparticles in STPs as no such data exists. A first study at the EAWAG
(Swiss Federal Institute of Aquatic Science and Technology) is assessing the clearance
efficiency of cerium dioxide nanoparticles in a STP (study not yet published). Therefore the
following findings and theoretical models have to be considered for the derivation of the
clearance coefficient of a STP.
O’Melia (OMELIA, 1980) modelled the behaviour of small particles in water. He states that
Brownian diffusion, gravitation and fluid shear (laminar or turbulent) are the three driving
forces for particle movement. For particles smaller than 1!m in diameter Brownian diffusion is
the predominant process to transport and remove particles while larger particles are
transported by interception and gravity (OMELIA, 1980). Brownian diffusion is merely a
function of kT, the product of the Boltzmann’s constant and the temperature (OMELIA, 1980).
Transport by Brownian diffusion thus depends on thermal effects only.
He found that small particles are efficiently removed in packed-bed filters (OMELIA, 1980). A
region of minimum removal efficiency was shown for particles in the size range of 0.1-1 !m.
Submicron particles (0.1 !m) – including viruses - can be effectively removed (97%) (OMELIA,
1980). He states that “small particles exert much more substantial head losses than larger
ones when comparisons are based on similar masses of material removed from suspension”.
Additionally, removal efficiency increased markedly with time.
O’Melia found that flocculation basins in STPs induce extensive coagulation which is - for
small particles - mainly due to the Brownian diffusion. Wiesner et al. (WIESNER et al., 2006)
corroborate these results: “Even the most mobile of these materials are likely to be removed
in filters during water treatment suggesting that current water treatment infrastructure can
handle nanoparticles. Conditions such as high ionic strength and presence of even small
quantities of divalent ions tend to increase the retention of nanoparticles by porous media.” It
has to be considered though that functionalization of the particles may prohibit agglomeration
and absorption.
The EPA White Paper (EPA, 2007) states that nanosized particles are most likely to be
affected by sorption processes (for example in primary clarifiers) while according to the
Technical Guidance Document (ECB, 2003), the main physical process in STPs is settling of
suspended matter (also removing adsorbed material). Absorption and settling are closely
liked processes (MEILI et al., 2007). Generally, the rate of gravitational settling depends on
the particle diameter, and nanosized particles settle very slowly. But due to the big surface,
nanoparticles may sorb to organic substances such as proteins, lipids and natural colloids
(MOORE, 2006; NURMI et al., 2005) or in the case of hydrophobic substances agglomerate to
bigger particles (BISWAS and WU, 2005; OBERDÖRSTER et al., 2006; SONDI and SALOPEKSONDI, 2004). These processes result in bigger particles that settle faster and may be
removed in the secondary clarifiers (EPA, 2007). Consequently, the actual size of
nanoparticles or nanoparticle clumps in waste water is unknown and might well be in
micrometer range.
Adams et al. (ADAMS et al., 2006) found that TiO2 powders with different particle sizes
resulted in similarly sized particles in suspension independent of the size applied. With an
advertised particle size of 66 nm they found an actual mean particle size in suspension of 330
nm which was about equal to the actual mean particle size in suspension (320 nm) found for
an advertised particle size of 950 nm. Wiesner (WIESNER, 2006) found also that
nanomaterials typically form aggregates. He mentions 20nm-TiO2 particles to be highly stable
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in aggregates around 200 nm in diameter and concludes that “a tendency to deposit in porous
media and aggregate in water will clearly limit nanomaterial exposure.” Also SWCNT clump
together to microscopic bundles or ropes due to Van der Waals forces between the molecules
(LAM et al., 2006). The aggregation differs though with the treatment of the SWCNT (CHEN et
al., 2004). Alt et al. found nano silver particles to aggregate to secondary particles of the size
of 2-5 !m (ALT et al., 2004). Matveea et al. on the other hand report 2-15 nm metal particles
in reverse micelles to be stable in solution for months (MATEEVA et al., 2006).
The average concentration of suspended matter in the influent of a STP is set at 0.45 kg/m3
(ECB, 2003). There is no size definition of suspended matter given to this number. The
concentration of the totally suspended solids (TSS) in the outflow is around 4 mg/l (ARA
LUZERN, 2006b) with a size limit of TSS > 0.45 !m (Nanzer, personal communication). This
results in an average efficiency of the STP of 99% for suspended particles. The ARA Bern
(ARA BERN, 2006) names the efficiency of the TSS retention to be 97%. For a 50nmnanoparticle 9-750 aggregation reactions are required (depending on the geometry of the
particle) in order to be caught in a particle filter (pore size 0.45 !m) (MACKAY et al., 2005).
Mackay et al. state that the outflow of nanoparticles from a holding pond is inversely
proportional to the aggregation/precipitation rate, the terminal velocity of the aggregates and
the residence time.
The overflow discharge at heavy rain events after the primary settlement tank is around 7% of
the total amount of water released in the environment by a STP per year (ARA LUZERN,
2006a). This number strongly varies between STPs. Some STPs have large retention ponds
that retain the excess wastewater as long as the STP is working to full capacity. Krejci (Krejci,
personal communication) estimates the average overflow discharge to vary between 2 and
10% of the total inflow based on two studies conducted in Switzerland (EAWAG, 1979;
ENTSORGUNGSAMT STADT ST. GALLEN, 2006). The concentration of TSS in the discharge and
the volume discharged before the primary treatment are unknown (ARA LUZERN, 2006a).
In this paper, it is assumed that the particle concentration in the overflow discharge is equal to
the concentration in the inflow resulting in the same effect as direct (uncleared) entry in the
water compartment. The average overflow discharge for the RE-scenario is assumed to be
7% (ARA LUZERN, 2006a) and 10% (Krejci personal communication) for the HE-scenario.
As to the STP efficiency, it is assumed that 95% of the particles are cleared (OMELIA, 1980) in
the RE-scenario and 90% in the HE-scenario.
Table 2: Coefficients for the STP for the two scenarios

RE-scenario

HE-scenario

STP handling (inflow total 95%
minus overflow)

90%

STP efficiency

90%

97%
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3.1.3 Deposition rate
It was assumed that eventually all particles in the air are deposited (dry deposition) or washed
out (wet deposition) on water or soil. This leads to a double count of all airborne particles (first
in the air compartment and secondly in the soil/water compartment). It was further assumed
that the deposition to water versus soil is proportional. 3% of the country area is covered by
water (ECB, 2003). Thus 97% of the particles in the air will deposit on land surface whereas
the remaining 3% will deposit on a water surface. These coefficients are the same in both
scenarios.
Table 3: Coefficients for the atmospheric deposition

Particle deposition

To soil

To water

97%

3%

3.1.4 Recycling
In Switzerland, a lot of materials are recycled among them: metals, different plastics, glass,
clothes and paper. Materials determined for recycling are collected, sorted, hackled if
necessary and melted or processed for reuse. The most probable nanoparticle release from
these processes occurs during hackling and other mechanical treatments. As an example,
Hügler AG in Dübendorf cuts down big parts (such as escalators, wagons and steel girder)
with a machine that produces a pressure of 800 t (Wurzer, personal communication). There is
no treatment of the generated dust.
Metals
The recycling quote of metals in general is relatively high, but concrete numbers are not
known. Concrete numbers are only known for certain aluminium products such as cans
(90%), pet dishes (75%) and tubes (40%) (IGORA). In total there are around 1.5 Mio tons of
metals recycled every year. Most of this amount is coming from industry and construction.
Non-ferrous metals are almost exclusively exported while iron containing materials are mostly
melted down in steelworks in Switzerland (Wurzer, personal communication). Wurzer
(personal communication) states that the composition of a metal item can be analysed with a
spectrometer or x-ray technique down to a fraction of 0.0001wt%. He states that nanoparticle
coatings would not matter in the metal recycling as small particles are melted down with the
bulk material.
Plastics
Plastics are mainly exported for further sorting and melting down, or thermally reused in
cement plants and WIPs. The problem with plastic recycling is that qualitatively good material
can only be produced from pure plastic which is very hard to achieve (LANDESRATSAMT
FREIBURG, 2007). Only PET is recycled with a quote of 75% (PET RECYCLING, 2005). Most
nanoparticle-coated plastics will thus end up in the WIP.
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Clothes
Clothes - mostly collected by charity institutions - are reused as insulation material or directly
as second-hand clothes. The recycling quote is around 50% (TEXAID). Only one of the
collecting institutions (Texaid) has the facility to sort clothes in Switzerland. The other
companies (representing 56% of the collected clothes) are directly exported. Texaid exports
one third of the collected material unsorted wherewith in total 70% of the collected clothes are
exported without sorting.
Texaid distinguishes the following products:
-

Products to be reused as clothes, shoes etc. (55%)
Products to be reused in a new function such as cloth etc. (15%)
Products to be reused as raw material e.g. for insulation material (20%)
Waste (10%)

Böschen from Texaid (personal communication) estimates that less than 3% of the clothes
are reused in Switzerland as clothes.

3.1.5 Landfill/Disposal site
Leachate from landfills is not quantified in this thesis, but qualitatively discussed in the
following paragraphs:
In Switzerland there are three types of landfills (BAFU, 2006):
!
!
!

Landfills for inert materials such as glass, bricks, concrete and uncontaminated soil
Landfills for stabilized residues with a high concentration of heavy metals but only a
small organic component such as solidified fly ash and flue gas cleaning residues
from municipal waste incinerators
Vitrified treatment residues and bioreactor landfills for possibly active material
including incinerator slag

Road rubble, concrete or parts of walls with nAg or nTiO2 containing paints and glass coated
with nAg/nTiO2 containing sealings may end up in a landfill for inert material where leachate
is not controlled. Similarly as during the lifetime at the building, particles may be released with
weathering, if any particles are left in the paint after the average lifetime of 40 years (Vock,
personal communication).
Solidified fly ash and flue gas cleaning residues from WIPs end up in landfills with
impermeable lining of the base and the sides. Leachate is collected and treated if necessary
(BAFU, 2006). Nanoparticles leachate can be expected to be low as the total fraction of
nanoparticles is tiny compared to the total mass and particles are bound within a dense
matter. The same conclusion can be drawn for bioreactor landfills with incinerator slag.
Leachate is even less possible from this landfill as all leachate is treated and even emitted
gases are controlled.

3.2

Processes within environmental compartments

In this study, it is assumed that the substances analyzed are equally distributed within a
compartment. For the air compartment this assumption may be realistic as airborne particles
smaller than 0.1 µm behave like gases (dominated by diffusion) and do not deposit unless
they agglomerate and gravitate as bigger particles (BORM et al., 2006a; IQAIR and
INGENIEURBÜRO OETZEL). The water compartment is also comparably well mixed whereas for
the soil compartment equal distribution is a rough simplification to allow PEC modelling.
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Not much is known about how nanoparticles behave in the environment (WIESNER, 2006). In
general, the mobility of a substance is dependent on its hydrophobicity. The better a
substance is disolved or suspended in water the higher its mobility. According to Biswas
(BISWAS and WU, 2005) single-wall carbon nanotubes (SWCNT) have the highest mobility,
whereas nTiO2 is among the least mobile. Transport of nanoparticles is dominated by
Brownian diffusion, whereas Van der Waals forces and double-layered forces are responsible
for attachment (BISWAS and WU, 2005).
It has to be taken into account that most nanoparticles tend to agglomerate quickly
(LECOANET and WIESNER, 2004; WIESNER et al., 2006). As this characteristic is usually not
desired by the industry, nanoparticles may be functionalized to prevent clotting. Coatings may
lead to unexpected behaviour in the environment. Nanomaterials presenting the greatest
danger are those particles that are both mobile and toxic. In general though these two
properties are contrary to each other. Hydrophilic particles are very mobile but usually less
toxic as they can more easily be excreted by the organism while hydrophobic materials tend
to be more toxic (possibility for bioaccumulation) but less mobile.
A further relevant factor is the persistency of a particle in the environment. Persistent
materials have a greater chance to interact with the environment. Processes that may lead to
the breakdown of nanomaterials, including degradation by bacteria, are unexplored
(WIESNER, 2006).

3.2.1 Air
According to Wiesner et al. (WIESNER et al., 2006) the behaviour of nanoparticles is
comparable to ultra fine particles whose processes such as atmospheric transport, diffusion,
agglomeration, and wet/dry deposition are relatively well understood. However, some
nanoparticles may behave differently for example because of their surface coatings (EPA,
2007). Aitken et al. (AITKEN et al., 2004) state that aerosol behaviour is governed by inertial,
gravitational and diffusional forces. For particles in the micrometer scale, inertial and
gravitational forces dominate. With decreasing particle size, diffusional forces dominate and
particle behaviour is more like a gas or vapour. The rate of diffusion is inversely proportional
to the particle diameter, while the rate of gravitational settling is proportional to particle
diameter (AITKEN et al., 2004).
With respect to the period that particles remain airborne, particles can generally be classified
into three groups (RS/RAENG, 2004):
!
!
!

Small particles (diameter <80 nm) are short-lived because they agglomerate rapidly.
Medium-sized particles (>80 nm and < 2000 nm) can remain airborne for days to
weeks. They are removed from air via dry or wet deposition.
Large particles (>2000 nm) are subject to gravitational settling.

Biswas and Wu (BISWAS and WU, 2005) found that particles in the 0.1–10 µm range have the
longest residence time in the atmosphere. They argue that smaller particles have a shorter
residence times because of their fast coagulation with larger particles and evaporation of their
semi-volatile components. However, nanoparticles may remain in the atmosphere for days or
weeks in agglomerated form. Long-range atmospheric transport is thus possible (WIESNER et
al., 2006). Deposited nanoparticles are usually not easily resuspended in the air (AITKEN et
al., 2004).
Beside the size, the surface charge on the particles resulting from their movement (zeta
potential) is important to consider especially because of the great kinetic velocities of the
gaseous aerosols in the air (AITKEN et al., 2004). The zeta potential is working against particle
aggregation and can only be determined experimentally (MACKAY et al., 2005).
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Many nanosized particles are photoactive (COLVIN, 2003); some nanomaterials readily adsorb
to other substances (WIESNER et al., 2006) and some act as catalysts (ALLIANZ and OECD).
However, no studies are currently available that examine their susceptibility to photo
degradation in the atmosphere, the interaction of nanosized adsorbents with other
substances, and how this interaction might influence their atmospheric behaviour (EPA,
2007).
Relevant air volume for PEC modelling
To obtain the concentration of the three selected nanoparticles in the air, the total number of
airborne particles has to be divided by the relevant air volume. This volume is calculated as
follows: The height relevant for terrestrial ecosystems because of the atmospheric circulation
is 1 km (ECB, 2003). Multiplied with the total area of Switzerland (41’285km2 (SWISSWORLD))
the relevant air volume is 41’285km3.
Table 4: Relevant volume of the air compartment

Relevant height [km]

Area [km2]

Volume Air [km3]

1

41’285

41’285

3.2.2 Water
The solubility of nanosized particles (such as nano-silver) is bigger than of bulk material
(MEILI et al., 2007). This effect is described by the Thompson-Freundlich Relation.
Nanoparticles also dissolve faster because of their big surface. Both effects are well liked
characteristics for diverse applications in the industry and in consumer products.
Many nanoparticles though are insoluble entities (nTiO2, CNT) (BRUNNER et al., 2006; LAM et
al., 2006; OBERDÖRSTER et al., 2006). But because of their small size, a nanoparticle
containing suspension may behave like a solution – a state called metastability (MACKAY et
al., 2005). According to MacKay et al. the ability of nanoparticles to form metastable aqueous
suspensions greatly increases the material’s transport and distribution within the environment.
Figure 5 shows the high stability of nanoparticles in aqueous suspensions. Even at densities
equivalent to elemental lead (11.5g/cm3), the majority of the particles remain in equilibrium
suspension (MACKAY et al., 2005). MacKay et al. state: “With the exception of ultrafiltration,
the only methods by which such materials will be removed from suspension is either by the
aggregation of like particles or by precipitation/adsorption reactions with some other
environmental constituent that possesses a chemical affinity for the nanomaterial.”
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Fig 5: The effects of particle size and density on modelled suspension concentrations (MACKAY et al.,
2005). (Kas being the fraction of particles in aqueous suspension)

MacKay et al. (MACKAY et al., 2005) predict the rates of aggregation on the basis of molecular
collision and adhesion coefficients. The predicted mean aggregation time for a 50nm-particle
with a probability of aggregation equal 1 (P=1) is 18.3 seconds. If the energetic inhibition
increases (P=0.001) the time for a successful collision increases to 18’000 s. MacKay et al.
state that “determining the actual aggregation is challenging because it requires the prediction
of the probability that a collision will result in an irreversible aggregation.” The probability
depends on whether the forces of attraction (e.g. Van der Waals attraction) are greater than
the forces of dispersion (net kinetic energy). Another important factor is the accumulated
surface charge on the particles resulting from their movement within a fluid medium (zeta
potential) (DUNPHY GUZMAN et al., 2006; MACKAY et al., 2005). The zeta potential is working
against particle aggregation (MACKAY et al., 2005).
Besides the buoyancy and the zeta potential, the mobility of nanoparticles in water is
determined by the following parameters:
Type of nanoparticle: Assessing the mobility of nanomaterial in formations resembling
groundwater aquifers or sand filters, Wiesner et al. found that one type of nanomaterial
may be very mobile while a second stays put. Among the fullerene-based nanoparticles,
SWCNT were observed to pass through a porous medium more rapidly and to a greater
extent than colloidal n-C60 (WIESNER, 2006).
Hydrophilicity: Hydrophobic substances tend to agglomerate or adsorb fast. Uncoated nAg,
nTiO2 and CNT are instable in water and agglomerate quickly (BISWAS and WU, 2005;
SONDI and SALOPEK-SONDI, 2004; WIESNER, 2006).
Coatings: Coatings and intentional or environmental modifications may prevent clotting
and therefore increase the mobility (WIESNER, 2006).
Size: Waterborne nanoparticles generally settle more slowly than larger particles of the
same material (EPA, 2007). But as nanoparticles tend to aggregate or absorb, they may
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settle as bigger particles or become trapped in sludge flocks (EPA, 2007). According to
Dunphy-Guzman et al. the size highly influences the extend of NP-transport in water
(DUNPHY GUZMAN et al., 2006).
Surface-area-to-mass ratio: Because of the high surface area, nanosized particles have a
high potential to sorb to soil and sediment particles (OBERDÖRSTER et al., 2005).
Biotic and abiotic degradation: Nanoparticles may be hydrolysed or degraded by
photocatalyzed reactions in surface waters. According to the Nanotechnology White Paper
(EPA, 2007) light-induced photoreactions are important processes for the fate of
nanoparticles in the environment.
Presence of other substances: Nanoparticles may sorb to lipid, carbohydrate and
proteinaceous components of the surface micro layers or naturally-occurring colloids
(made up of humic acids). Such particles may be transported in aquatic environments over
long distances (MOORE, 2006; NURMI et al., 2005).
PH: Sorption, agglomeration and mobility of mineral colloids are strongly affected by pH
and may thus affect sorption and settling of nanomaterials (EPA, 2007).
In lakes, coagulation is a very relevant process (OMELIA, 1980). O’Melia states that “we may
find that very few particles are actual present, because coagulation has incorporated them
into larger aggregates”.
Relevant water volume for PEC modelling
The aquatic sphere in this paper is defined as surface water (lakes, rivers) excluding
groundwater. To obtain the concentration of the three selected nanoparticles in the water
compartment, the total number of waterborne particles has to be divided by the relevant water
volume. This volume is calculated as follows: The relevant mixing depth according to the
Technical Guidance Document on Risk Assessment (ECB, 2003) is 3 meters. This number
has to be seen as average. In the summer lakes display a distinct stratification that allows
mixing within the top 10 meters (Sigg, personal communication). In the winter, water
circulates in the entire lake. In rivers, mixing is provided throughout the year, but the average
depth of a river in Switzerland does not reach 3 m. Multiplied with 3% (ECB, 2003) of the total
area of Switzerland (41’285 km2 (SWISSWORLD)) the relevant water volume is 3.7 km3.
Table 5: Relevant volume of the water compartment

Relevant depth [km]

Area [km2]

Volume Water [km3]

0.003

1’239

3.7

If the particle concentration in rivers (after the inflow of STP discharge) is looked at, the
relevant volume is calculated by the amount of wastewater diluted by rivers (Table 6). 200 l of
wastewater are produced per person per day (ECB, 2003) resulting in a total wastewater
volume of 1.5 million m3 per day for the population of Switzerland (7.5 million). Dilution factors
vary widely (between 1 in dry riverbeds in the summer up to 100’000) (ECB, 2003). If no
specific data are available, a default dilution factor of 10 is recommended (ECB, 2003).
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Table 6: Water volume affected by wastewater

Wastewater volume [km3/d]

Dilution factor

Water volume affected [km3/d]

0.0015

10

0.015

3.2.3 Soil
Not much information was found on the behaviour of nanoparticles in the soil. Possibly, the
nanoparticles’ behaviour is similar to the one of natural colloids (GROLIMUND et al., 1998). The
fate of nanomaterials released to soil depends on the physical and chemical characteristics of
the nanomaterial as well as on the soil properties (EPA, 2007). Nanoparticles may strongly
sorb to the soil matrix due to their high surface area and they can thus accumulate in the soil.
But it is also possible that nanoparticles travel farther than larger particles (e.g. washed out
with the rain) as they are small enough to fit into smaller spaces in the soil matrix (EPA,
2007). The strength of sorption will vary dependent on their size, chemical properties, surface
coatings and the conditions under which it is applied (EPA, 2007). Studies have
demonstrated the differences in mobility of a variety of insoluble nanosized materials in a
porous medium (LECOANET et al., 2004; LECOANET and WIESNER, 2004; ZHANG, 2003). The
mobility of nanoparticles is also affected by the type of soil (e.g. clay versus sand). As an
example, the charge may be an important factor (WIESNER et al., 2006). Particles that stay on
the soil surface can be transformed by photoreactions (EPA, 2007).
Relevant soil volume for PEC modelling
For the soil compartment the equal distribution is a rough simplification. For an accurate
statement on the PEC in soil, modelling must include point sources where direct emissions to
the soil occur. These models should also include production sites.
To obtain the average concentration of the three selected nanoparticles in the soil
compartment, the total number of particles in the soil has to be divided by the relevant soil
volume. This volume is calculated as follows: The soil mixing depth depends on the type of
soil and is 0.2 m for agricultural soil and 0.05 m for natural and urban soil (ECB, 2003). The
fraction of the country area agriculturally used is 0.27, 0.6 is natural ground and 0.1 urban
ground (ECB, 2003). These numbers lead to a relevant soil volume of 3.7 km3.
Table 7: Volume of the soil compartment

Relevant depth [km] Area [km2]

Volume Soil total [km3]

Natural ground

0.00005

25’371

3.7

Urban ground

0.00005

4’229

Agricultural land

0.0002

11’417
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3.3

Overview of the flow coefficients

The model environment (including coefficients) used for this thesis is shown in Figure 6.
Numbers are given in percentage. The top number represents the realistic scenario; the
second number is used for the HE-scenario. The dashed line represents the overflow
(untreated wastewater) entering the aquatic system from a STP. Not shown are the
coefficients for the ratio slag – discharged air (in the WIP).

Fig 6: Overview over the flow coefficients (%) between the environmental compartments, WIP, STP
and landfill. The upper number represents the coefficient used for the RE-scenario; the lower number is
used in the HE-scenario. The dashed line from STP to the water compartment represents the fraction
of the overflow discharge (untreated wastewater entering the water compartment).
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4 Risk assessment
This thesis examines the following substances:
!
!
!

Nano silver (nAg)
Nano titanium dioxide (nTiO2)
Carbon nanotubes (CNT)

According to the Nanotechnology Consumer Product Inventory of the Woodrow Wilson
Institute, these three nanoparticles are among the most prevalent nanomaterials in consumer
products (Figure 7). Nano silver (47 products) is the most commonly referenced substance,
followed by carbon, which includes fullerenes and nanotubes, (40 products), silicon dioxide
(18), zinc oxide (17), titanium dioxide (13), and cerium oxide (1).

Fig 7: Number of products in the Woodrow Wilson Inventory of Consumer Products containing
nanoscale carbon (40), silver (47), silica (18), titanium dioxide (13), zinc oxide (17) and cerium oxide
(1). (WOODROW WILSON INSTITUTE, 2006)

In the following risk assessment each substance is analysed separately. The chapters are
structured as follows: The first subchapter derives the production volumes used for the
modelling of the two scenarios. The second subchapter lists the consumer products that
incorporate the respective substance and groups the products in categories. The third
subchapter describes the allocation of the total particle quantity (production volume) to the
categories. In the forth chapter, the ways of particle release from the different products are
discussed. The fifth and sixth subchapter derive the PEC-values (RE- and HE-scenario)
based on the data gathered in the chapters before and the substance flow is visualized in a
system flow chart. The seventh chapter summarizes the data presently known on the
ecotoxicity of the substances and derives the PNEC-value. In the last chapter the PEC and
PNEC for the three environmental compartments and the two scenarios are compared.
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4.1

Nano silver (nAg)

Nano silver (nAg) is one of the most promising metals for future applications (NANOROAD,
2005). Among the products listed in the Inventory of Nanotechnology Consumer Products
(WOODROW WILSON INSTITUTE, 2006), silver nanoparticles are the most prevalent
nanomaterial (Figure 8). The number of registered products in the WWI rose from 67 products
(April 2007) to 93 products (May 2007) by 50% in one month.
nAg has antibacterial, antimicrobial, antibiotic antifungal and partially antiviral properties
(AMERICANELEMENTS, 2007) that can be used in first aid bandages, nutritional supplements,
baby pacifiers, soap, textiles (self cleaning fabrics), in washing machines and condoms.
According to Nanologue (TÜRK et al., 2005b) “food engineering and packaging is a hot topic
in R&D”, especially antimicrobial applications such as nAg. Silver is hoped to be an
antibacterial agent that does not produce resistant strains as many hospitals are facing
serious problems with bacteria resistant to the common antibiotics. Pal et al. (PAL et al., 2007)
state “microbes are unlikely to develop resistance against silver, as they do against
conventional and narrow-target antibiotics, because the metal attacks a broad range of
targets in the organisms, which means that they would have to develop a host of mutations
simultaneously to protect themselves.”
“S-MITE HIV Inhibitor™ is a proprietary form of silver nano powder that has been shown to
deactivate HIV by inhibiting the virus from attaching to the host with undetectable levels of
cytotoxicity” (AMERICANELEMENTS, 2007). A study by the University of Texas and the Mexican
University (ELECHIGUERRA et al., 2005) suggested that silver nanoparticles in the size range
of 1-10 nm interact with the HIV-1 virus via preferential binding to certain glycoprotein knobs.
Another study shows that wounds treated with nAg heal faster than it would be the case with
antibiotics (TIAN et al., 2006). An additional benefit is the deodorizing effect of nAg.
According to Friends of the Earth (SENJEN, 2007), silver nanoparticles as disinfectant are
already a widespread application. Senjen writes that nAg is extensively used in combination
with nano titanium dioxide coatings by the Mass Transit Railway (MTR) Corporation in Hong
Kong in train stations, inside train compartments, as well as in other MTR-managed facilities.
Nano silver powders further offer potential for protective coatings including paints and
varnishes, scratch resistant coatings, charge dissipating coatings, drug delivery identification
units, solar energy collection components, and water purification systems (ETRIS, 2006).
Nano-sized fuel sources using silver as the oxidizer could be sufficient to generate
thermoelectric power for portable electronics; Nano-electrodes are being considered for fuel
cells, fast-charging automobile batteries and generating hydrogen from water (ETRIS, 2006).
The Derwent innovations index (http://scientific.thomson.com/products/dii/) also lists
nanosilver-containing filters for cigarettes which have antibacterial and deodorizing functions
and also a nano silver based pesticide.
Typical sizes of nAg range from 10 nm to 80 nm with a specific surface area between 30-60
m2/g. nAg is available in different purity, coated and in dispersed forms (AMERICANELEMENTS,
2007).
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Differently than with other nanoparticles, articles containing nAg are intended to release
particles or ions (Ag+) during the use to develop their antimicrobial property and prevent
bacteria and microbes to grow on the surface. The amount released may be very small in so
called “built-in” products or larger in “leaching-out” products such as medical equipment
(Centonze, personal communication). Depending on the lifetime of an article, it is possible
that the whole silver stock is released before the article is disposed. It can be distinguished
between surface coated products and products that incorporate nAg in the polymer.
In this work only the release of particles is studied. The release of silver ions from silver or
silver nanoparticle containing materials is extensively discussed in Blaser (BLASER, 2006).

4.1.1 Production quantities
There were only a few sources specifying a concrete amount of nAg produced. The different
information is listed in Table 8.
According to Silver Institute (THE SILVER INSTITUTE), 25’620 t (823.7 Mio ounces) of silver are
used in jewellery, photography and industry representing 95% of the total silver consumption
worldwide. The remaining 5% approximate 1230 t of silver. This represents the maximum
amount of silver that could be processed to nanoparticles (if the entire amount was used in
form of nanoparticles).
The lower limit of nanoparticulate silver used in Switzerland is 0.5t. This amount is imported
to Switzerland in paints (Burkhardt, personal communication).
Table 8: Overview over the production volumes of nAg as proposed in literature or by experts

Specification

Amount [t/a]

Source

Amount produced/handled by 3 3.1
companies in Switzerland (particle
size <1!m) in liquid form

(SCHMID and RIEDIKER, 2007)

Imports of nAg in paints to Switzerland 0.5

Burkhardt, Pers. Comm.

Amount produced by one company in 0.003
Switzerland for sprays

Koch, Pers. Comm.

Amount in a wood sealing product of > 0.0005
one German company

Clouth, Pers. Comm.

Worldwide

0.1 - 1

DiRienzo, Pers. Comm.

Worldwide

300 – 800

Centonze, Pers. Comm.

The best guess taken from these numbers is 500 t/a worldwide (RE-scenario). The HEscenario (seen that the use of nAg is expected to rise in the coming years) assumes the
maximum number possible 1230 t/a.
The numbers are extrapolated by means of the population (see chapter 2.5.1) to Switzerland.
They represent the total amount of nano silver used and disposed in Switzerland. The
numbers do explicitly not refer to the production.
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Table 9: nAg production volumes used in the two scenarios

Total amount worldwide

Factor

nAg in Switzerland

HE scenario

500 t/a

0.007

3.5 t/a

RE scenario

1230 t/a

0.007

8.6 t/a

4.1.2 Products
The 93 articles found in the WWI (WOODROW WILSON INSTITUTE, 2007a) (May 2007) that
contain silver nanoparticles, were grouped into categories with a similar release of particles
and a similar life-cycle. For articles consisting from different materials only the nAg containing
material was considered (e.g. plastic for the plastic case of mobile phones). In an additional
web review another nearly 100 products containing nano silver were found. It has to be noted
that all information on products is based on information given by the companies themselves.
No verification was conducted.
The following applications of nAg are not considered as they are not yet commercially
available:
!
!
!

Super sensor that can detect and analyze chemicals, explosives, drugs, and other
substances of close to a single molecule size (THE SILVER INSTITUTE)
Silver nanowires in microchips (THE SILVER INSTITUTE, 1998)
T-shirts with tiny silver particles containing nano-sized transmitters that can monitor
the wearer’s vital signs such as respiration and temperature and send the information
to a nearby receiver (developed at the North Carolina State University) (THE SILVER
INSTITUTE, 2005c)).

A very popular example that is advertised for working with nano silver is washing machines
(e.g. from Samsung). It was not possible though to find out if the device alongside the drum
that releases silver ions in every washing cycle through electrolysis actually contains nano
silver. On the corresponding website it was only indicated that the released ions were
nanosized. Washing machines are therefore not considered in the modelling. For information,
the numbers known about washing machines are indicated here: According to Samsung
(Samsung, personal communication) the amount of nAg released per year is 0.5 mg (ionic
form). The silver stock should last for 10 years (about 3’000 cycles) (RUNDLE, 2006).
Assuming a lifetime of 15 years for a washing machine (Züst, personal communication), the
washing machine will not contain any silver anymore at the time of the replacement except if
the silver spending device was replaced.
The products are grouped into the following categories
Cosmetics/Supplements
Characterized by: high usage (daily/weekly), release mainly into wastewater
Concentration of nAg in the products: 30 ppm (WOODROW WILSON INSTITUTE, 2007d), 2’000
ppm (MAATSHOP, 2007)
Examples: toothpaste/-cleaner, shampoo, cleansing soap, hair/nail care, lotion/gel, mask
pack, nutritional supplements, drug against gastritis (Gastrarctin with 2’500 ppm).
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Sprays/cleaning agents
Characterized by: high usage (daily/weekly), release mainly into wastewater
Concentration of nAg in the products: ca. 10 ppm (Koch, personal communication)
Examples: air sanitizer sprays, fabric softener, disinfectant sprays, detergents for
bathroom/kitchen
Silver-based sprays are currently used in Japanese hospitals, nursing homes, ambulances,
hotels, schools, athletic facilities, food processing facilities, restaurants, spas, kennels, trains,
buses, airplanes and cruise lines. It is also sold for domestic use (THE SILVER INSTITUTE,
2005b).
Migros offers several products for application on textiles, plants and clay. The sales volume
though is low (Gubser, personal communication) so that the amount of nAg released by these
products is insignificant up today (<1 g/a).
Textiles
Characterized by: medium to high usage, release through abrasion, wash out and disposal
Concentration of nAg in the products: 10-100 ppm (Centonze, personal communication)
Examples: socks, pillows, sporting wear, insole/shoe pads, towels, slippers
Plastics
Characterized by: medium usage, release through disposal and wash off
Examples: wound dressings, food containers/bags (are expected to become a mass
application (MEILI et al., 2007; TÜRK et al., 2005b)), condoms, wet wipes, hair brush,
refrigerator lining/food trays, vacuum cleaner (canister), computer mouse (plastic parts),
mobile phone (plastic parts), pen, dressing, baby products (pacifier, milk bottle, bottle brush),
cutting board, toothbrush, rubber gloves
In silver containing band-aids from Migros, silver is not present in nanoparticulate form.
Instead silver ions incorporated in a zirconium-phosphate matrix are released in the exchange
for sodium (Gubser, personal communication).
Metal products (and ceramics)
Characterized by: low to medium usage, release mainly through disposal/recycling
Examples: antibacterial kitchenware, lock, table ware, watch chain, water tap (all products
found are produced by one company), air conditioner, hair clipper blades
“For smaller appliances such as blenders and garbage disposals that use stainless steel
components for chopping up and mincing, there has been no use of silver coatings because
of the high levels of abrasion that are encountered.” (THE SILVER INSTITUTE, 2005d)
Paint/Sealings
Characterized by: medium usage, release mainly through wash off (and disposal)
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Concentration: 10’000 ppm (Burkhardt, personal communication), 4000 ppm (NANOSILVER,
2007), 30 ppm (FRESHPATENTS, 2005), 10-900 ppm (Clouth, personal communication)
Examples: outdoor/indoor paint, sealings

4.1.3 Allocation of nAg quantities to the categories
The total nAg volume in Switzerland was allocated to the 6 product categories according to
Table 10. The weighting factor (WF) “article” is based on the web review described in chapter
2.5.2. Detailed numbers are found in the annex. The weighting factor “weight” is derived from
the estimated average weight of the product multiplied with the estimated average nAg
concentration in the product. The product of the two factors was scaled to 100 to receive the
percentage nAg per category and the absolute amount per category.
Table 10: Calculation of the categories’ relative share from the total volume nAg used in Switzerland
with the two weighting factors “weight” and “article”. Details to the derivation of the weighting factors
are listed in the annex.

Weighting Weighting Product of scaled to Amount per
Amount per
factor
factor
the WFs 100 [%] category [t]
category [t]
"article"
"weight"
(RE- scenario) (HE- scenario)
Plastics
Metal products
Cosmetics/
supplements
Sprays/
cleaning agent
Textiles
Paint/Sealings

0.38
0.17

0.0088
0.0044

0.0033
0.0008

11.61
2.65

0.41
0.09

1.00
0.23

0.16

0.0441

0.0069

23.91

0.84

2.06

0.11
0.17
0.01

0.0441
0.0176
0.8811

0.0049
0.0030
0.0098

17.08
10.59
34.16

0.60
0.37
1.20

1.47
0.91
2.94

For the modelling of the PEC the percentage nAg per category [%] was used – rounded to
five percentages because the uncertainty is relatively high.

4.1.4 Ways of particle release
The process through which nanoparticles are released depends on several factors: the silver
stock in the article, the article’s lifetime, the way nanoparticles are incorporated in the material
(KÖHLER et al., 2007; MEILI et al., 2007; RS/RAENG, 2004) and the actual use/usage of the
article. Articles with a small silver stock, a long lifetime, a superficial or loose incorporation of
the silver in the material and/or an intense use (e.g. through frequent cleaning) will most likely
not contain nAg anymore at the time of disposal. On the other hand, factors such as high
silver stock, short lifetime, low usage, and if nanoparticles are fixed in a material (TÜRK et al.,
2005b) increase the likelihood that particles are released only during disposal (and
manufacture).
Please note that the following explanations of the model assumptions only refer to the
situation in Switzerland. If not specified else, the percentage indicated, is an estimation.
Percentages [wt%] refer to the amount of nAg in the product or the part of the product that
contains nAg. The coefficients explained in this chapter are used for modelling (chapter 4.1.5
and 4.1.6).
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Cosmetics/Supplements
Cosmetics and nutritional supplements end up in the STP (95%). Cosmetics are washed off
directly or stick to clothes from which they are washed out. Excreted nutritional supplements
enter the canalization via toilet. A small rest of 5% goes to the WIP when the packing is
disposed.
Sprays/cleaning agents
Most nAg from sprays and cleaning agents is released during the application (95%). Only 5%
are disposed to the WIP with the packing. From the amount released during the use, an
estimated percentage of 10% of nAg applied remains airborne, 85% are washed off to the
STP, and 5% end up directly in the soil (special case nanoargentum, a product for plants).
Textiles
From textiles, particles can be released during the use (abrasion), during washing (abrasion)
and when the textile is disposed. The Silver Institute writes that nano-silvered clothes can
handle 30 to 50 washings before the biocidal effect diminishes (THE SILVER INSTITUTE,
2005a). As mostly sporting wear and socks contain nAg, it is assumed that clothes are
washed more than 50 times before they are outworn and thus contain only a small fraction of
nAg (5%) at the time of disposal or recycling.
According to Köhler (KÖHLER et al., 2007) a textile that is disposed has still 90% of its original
weight. 10% of the material (and particles) was lost through abrasion during washing and use.
It is assumed that proportionally a fraction of 10% of the particles is lost with the material - 5%
to the STP (abrasion during washing) and 5% to the air (abrasion during use). The remaining
85% of the silver stock is washed out in ionic form (Centonze, personal communication). As
ionic silver is not considered in this study, this fraction leaves the system boundary.
Outworn clothes are collected (50%) or disposed directly to the WIP (50%) (TEXAID). Of the
50% destined for recycling, 70% are exported without sorting. Of the remaining 30%, 70% are
reused as textile, 10% are directed to the WIP, and 20% are processed and reused in other
materials such as insulation material. nAg ending up in these materials is not followed up. But
it has to be considered that processing may include mechanical (and chemical) treatment
such as milling and therefore be a source of free nanoparticles (KÖHLER et al., 2007).
Plastics
Articles in contact with water release particles when disposed (50%) to the WIP and during
use (50%) when in contact with water. The release during use is mainly in ionic form
(Centonze, personal communication) which is not considered in this study. Only 5% of the
nAg is released in the form of nanoparticles. These 5% go to the STP. Plastic parts from
electronic devices may go a recycling site first where they are separated from the electronic
material. But finally they will end up at the WIP.
Metal products (and ceramics)
50% of the particles from metallic products are released during the use through abrasion or
when in contact with water (e.g. during cleaning) - the bulk in ionic form (45%). The other half
of the particles will be recycled/disposed with the metal. Only 5% is expected to go to the WIP
as even improperly disposed metallic items are recovered to a big part before entering the
WIP (Wurzer, personal communication). Metals destined for recycling are sorted at a
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recycling facility and then sold for further processing (Wurzer, personal communication).
There are two big steel works in Switzerland where used steel products are remelted
independent of nanoparticulate coatings.
There was one article found from ceramics. Ceramics end up at a disposal site or at the WIP
(ABFALL.CH, 2007). In this thesis, not difference is made between ceramics and metals as the
amount of nAg in ceramics is negligible.
Paint/Sealings
In this category, outdoor and indoor appliances have to be distinguished. For the reason of
simplicity, it is assumed that both amount half of the products.
There are no studies on the amount of nAg released from outdoor paint so far. But a study is
currently undertaken on this issue at the Eawag (Swiss Federal Institute of Aquatic Science
and Technology). In this paper, it is assumed that outdoor paint applied on house fronts is
mainly released through wash off with the rain (95%) to the STP when the house connects to
pavement (5% particulate form, 45% ionic form) or directly to the soil for house front towards
backyards and greenery (5% particulate form, 45% ionic form). The elutriation rate depends
on how well the facade is protected from the rain for example with a canopy. The long lifetime
of a house front (40 years; Vock, personal communication) suggests that no nAg in the paint
is found in the house front at the time of renewal or destruction of the building. Sealings
applied for example on wooden floors are exposed to diverse abrasions (cleaning, walking).
The released particles are either transported outside (soil) with the shoes or end up at the
STP when the floor is cleaned. The way of release is thus similar to outdoor paint.
In the case of indoor paint, the abrasion and release during use is negligible. It is assumed
that the entire amount is disposed to a landfill at the time of the break down of the house.
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4.1.5 PEC (RE-scenario)
Table 11: Substance flow analysis for 3.5 t (RE-scenario) of nAg from the product categories to the environmental compartments.
Product group
Textiles

Fraction of the total
Fraction of the total
Way of particle release
production volume [%/100] production volume [t/a]
0.10
0.35 Abrasion during use
Abrasion during washing
Disposal/Recycling

%/100
0.05
0.05
0.05

Cosmetics/Supplements

0.25

Dissolve (ionic form)
0.88 Application
Disposal

0.85
0.95
0.05

Sprays/Cleaning agents

0.15

0.53 Application

0.95

Disposal
Metal products (ceramics)

0.05

Plastics

0.10

Paint/Sealings

0.35

0.05

0.18 Abrasion during use
Disposal/Recycling

0.05
0.5

Dissolve (ionic form)
0.35 Abrasion during use
Disposal

0.45
0.05
0.5

Dissolve (ionic form)
1.23 Run-off

0.45
0.5

Disposal/Renovation

0.5

t/a

%/100 t/a
Flow to Env.
Compart.
0.02 Air
1
0.02 STP
1
0.02 WIP
0.5
(Disposal site)
Reuse
0.1
Export
0.35
Other materials
0.05
0.30 STP (ionic)
1
0.83 STP
1
0.04 WIP
1
(Disposal site)
0.50 Air
0.1
STP
0.85
Soil
0.05
0.03 WIP
1
(Disposal site)
0.01 STP
1
0.09 Reuse
0.95
WIP
0.05
0.08 STP (ionic)
1
0.02 STP
1
0.18 WIP
1
(Disposal site)
0.16 STP (ionic)
1
0.61 Soil
0.05
STP
0.05
Soil/STP (ionic)
0.9
0.61 Disposal site
1

0.02
0.02
0.01
0.00
0.01
0.00
0.30
0.83
0.04
0.05
0.42
0.02
0.03
0.01
0.08
0.00
0.08
0.02
0.18
0.16
0.03
0.03
0.55
0.61
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Please note that silver in ionic form is not considered in the modelling. A detailed analysis of
ionic silver is found in (BLASER, 2006).
Based on the table above (Table 11) and the flow coefficients developed in chapter 3, the
following figure (Figure 8) shows the nAg-flows from the products to the environmental
compartments, STP, WIP and the landfill for the RE-scenario. Numbers are given in tons per
year [t/a]. The strength of the arrows is proportional to the amount of silver flowing between
the compartments. Dashed arrows represent the lowest volume. The most prominent flows
are between the products and the STP (1.33 t/a), the STP and the WIP (1.23 t/a) and the WIP
to the landfill (1.48 t/a).

Figure 8: nAg-flows from the products to the different environmental compartments, WIP, STP and
landfill (RE-scenario).

According to the model, the 3.5 t of nAg used in Switzerland (RE-scenario) are distributed to
the environmental compartments as follows:
Air: 0.07 t/a
Water: 0.11 t/a
Soil: 0.12 t/a
1.09 t of nAg leave the system boundary in ionic form. 0.08 t are reused and small amounts
are exported or leave the system in other materials. The STP handles 1.33 t yearly, the WIP
1.49 t/a and 2.1 t accumulate in the landfill every year (Table 10).
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The modelled PECnAg (Table 12) for the three environmental compartments in the REscenario (based on 3.5t of nAg used in Switzerland) are:
nAgair [!g]/ Vair [l] =PECnAg (air) [!g/l]
nAgwater [!g]/ Vwater [l] =PECnAg (water) [!g/l]
nAgsoil [!g]/ Vsoil [l] =PECnAg (soil) [!g/l]
Table 12: Calculation of the PECnAg for the three environmental compartments (RE-scenario).The PEC
does not include the concentration of Ag+.

Amount of nAg [!g] Reference Volume [dm3] Reference PECnAg [!g/l]
chapter
chapter
Air

7.0*1010

4.1.5

4.1*1016

3.2.1

1.70 *10-6

Water

1.2*1011

4.1.5

3.7*1012

3.2.2

0.03

Water vol. affected 1.2*1011
by wastewater

4.1.5

1.5*1010

3.2.2

8

1.1*1011

4.1.5

3.7*1012

3.2.3

0.03

Soil

Please notice that no further dissolving of the nAg in water was considered. It was assumed
that all silver nanoparticles entering the water (and soil) compartment stay in nanoparticulate
form and do not dissolve in Ag+.
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4.1.6 PEC (HE-scenario)
Table 13: Substance flow analysis for 8.6 t (HE-scenario) of nAg from the product categories to the environmental compartments.
Product group
Textiles

Fraction of the total
Fraction of the total
Way of particle release
production volume [%/100] production volume [t/a]
0.10
0.86 Abrasion during use
Abrasion during washing
Disposal/Recycling

%/100 t/a
0.05
0.05
0.05

Cosmetics/Supplements

0.25

Dissolve (ionic form)
2.15 Application
Disposal

0.85
0.95
0.05

Sprays/Cleaning agents

0.15

1.29 Application

0.95

Disposal
Metal products (ceramics)

0.05

Plastics

0.10

Paint/Sealings

0.35

0.05

0.43 Abrasion during use
Disposal/Recycling

0.05
0.5

Dissolve (ionic form)
0.86 Abrasion during use
Disposal

0.45
0.05
0.5

Dissolve (ionic form)
3.01 Run-off

0.45
0.5

Disposal/Renovation

0.5

Flow to Env.
Compart.
0.04 Air
0.04 STP
0.04 WIP
(Disposal site)
Reuse
Export
Other materials
0.73 STP (ionic)
2.04 STP
0.11 WIP
(Disposal site)
1.23 Air
STP
Soil
0.06 WIP
(Disposal site)
0.02 STP
0.22 Reuse
WIP
0.19 STP (ionic)
0.04 STP
0.43 WIP
(Disposal site)
0.39 STP (ionic)
1.51 Soil
STP
Soil/STP (ionic)
1.51 Disposal site

%/100 t/a
1
1
0.5

0.04
0.04
0.02

0.1
0.35
0.05
1
1
1

0.00
0.02
0.00
0.73
2.04
0.11

0.1
0.85
0.05
1

0.12
1.04
0.06
0.06

1
0.95
0.05
1
1
1

0.02
0.20
0.01
0.19
0.04
0.43

1
0.05
0.05
0.9
1

0.39
0.08
0.08
1.35
1.51
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Based on the table above (Table 13) and the flow coefficients developed in chapter 3, the
following figure (Figure 9) shows the nAg-flows from the products to the environmental
compartments, STP, WIP and the landfill for the HE-scenario. Numbers are given in tons per
year [t/a]. The strength of the arrows is proportional to the amount of silver flowing between
the compartments. Dashed arrows represent the lowest volume. The most prominent flows
are between the products and the STP (3.27 t/a), the STP and the WIP (2.65 t/a) and the WIP
to the landfill (3.26 t/a).

Figure 9: nAg-flows from the products to the different environmental compartments, WIP, STP and
landfill (HE-scenario).

According to the model, the 8.6 t of nAg are distributed to the environmental compartments as
follows:
Air: 0.18 t/a
Water: 0.63 t/a
Soil: 0.31 t/a
2.67 t are leaving the system boundary in ionic form, 0.2 t are reused and only small amounts
are exported or leave the system in other materials. The STP handles 3.27 t yearly, the WIP
3.28 t/a and 4.77 t accumulate in the landfill every year (Table 12).
The modelled PECnAg (Table 13) for the three environmental compartments in the HEscenario are:
nAgair [!g]/ Vair [l] =PECnAg (air) [!g/l]
nAgwater [!g]/ Vwater [l] =PECnAg (water) [!g/l]
nAgsoil [!g]/ Vsoil [l] =PECnAg (soil) [!g/l]
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Table 14: Calculation of the PECnAg for the three environmental compartments (HE-scenario). The PEC
does not include the concentration of Ag+.

Amount of nAg [!g] Reference Volume [dm3] Reference PECnAg [!g/l]
chapter
chapter
Air

1.8*1011

4.1.6

4.1*1016

3.2.1

4.35*10-6

Water

3.1*1011

4.1.6

3.7*1012

3.2.2

0.08

Water vol. affected 3.1*1011
by wastewater

4.1.6

1.5*1010

3.2.2

20.67

6.3*1011

4.1.6

3.7*1012

3.2.3

0.17

Soil

Please notice that no further dissolving of the nAg in water was considered. It was assumed
that all silver nanoparticles entering the water (and soil) compartment stay in nanoparticulate
form and do not dissolve in Ag+.

4.1.7 PNEC
In the case of nano silver, the ecotoxic effect – at least to bacteria, fungi and microbes - is
wanted. There is a wealth of studies about the toxicity of silver in ionic form (Ag+) (BLASER,
2006; SLAWSON et al., 1992; ZHAO and STEVENS, 1998). Already concentrations of 0.005-0.01
mg/l of Ag+ are reported to be biocidal (GOLUBOVICH, 1974). One study reports a
concentration of about 0.5 mg/l to be toxic to E. coli (WALLHÄUSSER, 1984). The security data
sheet on silver nitrate (EWG, 2005) names LC50 values (96h) for fish of 0.029 mg/l (Leuciscus
idus) and 0.006 mg/l (Onchorhynchus mykiss). The toxicity (EC50) to Daphnia magna is at
0.002 mg/l in 48 h (EWG, 2005). Algae are affected already at concentrations of 0.0007 mg/l
(EWG, 2005). In the ecotoxicity section, the sheet warns that silver nitrate (which is readily
dissolved in water to ionic silver and nitrate) is highly toxic to water organisms and that it can
have adverse long-term effects on the aquatic environment. This “indirect” toxic effect
emanating from ions dissolved from nAg has thus to be kept in mind but is not considered in
this study.
There are several studies on the toxicity of nAg to bacteria (SONDI and SALOPEK-SONDI,
2004), a few studies with rats/rat cell lines, but no studies with algae, daphnia or fish. The
studies identify different factors that influence the toxic concentration of nAg: size and shape
of nAg, initial number of CFU, nAg concentration and the medium (liquid or solid). All studies
report nano silver to be toxic independent of the organism/cell used in the tests.
Sondi and Salopek-Sondi (SONDI and SALOPEK-SONDI, 2004) found that nAg was present in
the bacterial cell wall prohibiting a proper regulation of the transport through the membrane of
the bacteria and thus causing cell death. Morones et al. (MORONES et al., 2005) suggest that
silver reacts preferably with sulphur-containing proteins among others in the membrane and
with phosphorus containing compounds such as DNA. Nanoparticulate silver with a size
ranging from 75-250 nm was found to interrupt the RNA replication and prevent microbes
from reproducing (TÜRK et al., 2005b).
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In rat liver cells (in vitro) exposed to 10-50 mg/l nAg (15, 100 nm), the mitochondrial function
decreased whereas LDH (lactate dehydrogenase) leakage increased significantly (HUSSAIN et
al., 2005). Cells became irregular in size and showed cellular shrinkage, significant depletion
of GSH (reduced glutathione) level, reduced mitochondrial membrane potential and a
significant increase in ROS (reactive oxygen species). Hussain et al. disclosed that the
cytotoxicity is likely to be mediated through oxidative stress.
In a study with E. coli, nAg was shown to destabilize the outer membrane, collapse the
plasma membrane potential, specifically stimulate 8 proteins and deplete the levels of
intracellular ATP (LOK et al., 2005). Lok et al. found the mode of action to be similar to ionic
silver. However, Morones et al. disclosed a different effect of ions and nAg. According to
Morones et al., ions produce a formation of a low molecular weight region in the centre of the
bacteria (a mechanism of that defence where bacteria conglomerate its DNA to protect it). For
nanoparticles now low density region was found but a large number of small silver
nanoparticles inside the bacteria (MORONES et al., 2005).
The effective particle concentrations (for inhibition of proliferation) of nAg and Ag+ were at
nanomolar (0.4 nM) and at micromolar (6 !M) level respectively (LOK et al., 2005). With the
same results calculated on a mass basis, nAg inhibits proliferation at 1 mg/l whereas Ag+ is
effective at a concentration of 0.6 mg/l. Mateeva et al. on the other side describe nAg to be
five times more effective than the ionic form (MATEEVA et al., 2006).
Pal et al. (PAL et al., 2007) showed that the antibacterial activity of nAg also depends on the
shape. Truncated triangular silver nanoplates with a lattice plane as the basal plane displayed
the strongest biocidal action (EC100 at 1.2 mg/l) compared with spherical and rod-shaped nAg
(EC100 at 12.5-50 mg/l) and with Ag+.
Morones et al. (MORONES et al., 2005) and Sondi and Salopek-Sondi (SONDI and SALOPEKSONDI, 2004) also examined whether the toxic effect resulting from nanoparticles was actually
caused by the nanoparticles and not by ions released from the nanoparticles. It was shown
that ions were released immediately (1 !M) after the nanoparticles were given in the medium
(MORONES et al., 2005). After 24 h this concentration had decreased considerably (0.2 !M).
No further dissolution occurred. Morones et al. figured that Ag+ may be reduced to Ag(0) or
reassociated with the nanoparticles. Sondi and Salopek-Sondi confirmed the incorporation of
nAg (elementary silver) in the membrane structure by TEM (Transmission electron
microscopy) analysis and EDAX (energy-dispersive X-ray spectroscopy).
Studies of the cytotoxicity and biocompatibility of nano silver in medical applications showed
no significant difference in tissue reaction between nAg containing materials and the control
(ALT et al., 2003; OLOFFS et al., 1994). The concentration used in one study was up to 1%
nAg which completely inhibited bacterial growth of two methicillin resistant strains.
Air
There was no study found on the toxicity of nAg in air. Takenaka et al. (TAKENAKA et al.,
2001) studied the clearance rate of different silver particles in rats. The rats were exposed to
0.133 mg/m3 of nAg (15 nm) for 6 h. Immediately after the end of exposure 1.7 !g of nAg
were found in the lungs. The amount of nAg in the lungs decreased rapidly with the time. By
day 7 only 4% was left. A significant amount of nAg was found in the blood on day 0 (9 ng/g)
leading to a systemic distribution. In other organs (liver, kidney, spleen, brain and heart) only
low concentrations were found (e.g. liver: 9-21% of the concentration in the lungs). High
concentration accumulated in nasal cavities and lung associated lymph nods. Takenaka et al.
also compared the effect of nAg with the effect of agglomerates of nAg and Ag+. They
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disclosed that Ag+ was also rapidly cleared from the lung whereas agglomerates were
retained in the lung for at least 7 days.
Water
Table 15: Overview over toxicity studies of nAg in liquid medium.

Test organism

nAg size [nm]

Exposure

Toxic level [mg/l] Source

rat liver cells in vitro 100
(deionised water)

24h

19 (EC50)

(HUSSAIN et al., 2005)

rat liver cells in vitro 15
(deionised water)

24h

24 (EC50)

(HUSSAIN et al., 2005)

E. coli and B. subtilis ca 40

70 (EC100)

(YOON et al., 2006)

E. coli and B. subtilis ca 40

<50 (EC50)

(YOON et al., 2006)

<75 (EC100)

(MORONES et al., 2005)

4 gram neg. bacteria ca. 5

5*107 CFU

Yoon et al. report threshold concentrations of 20 mg/l and 40 mg/l for B. subtilis and E. coli
respectively (YOON et al., 2006).
The lethal dose for Physarum polycephalum was found to be similar to those for bacteria
(MATEEVA et al., 2006).
By contrast to the results above, two studies (PAL et al., 2007; SONDI and SALOPEK-SONDI,
2004) indicate that in liquid medium only a growth delay was found. The reason for this
finding was that in the liquid medium, nanoparticles interacted with intracellular substance of
destroyed cells causing the particles to coagulate and fall out (SONDI and SALOPEK-SONDI,
2004). Pak et al. ascribe their results to the low colloidal stability of nAg. The continuing
decrease of the nAg concentration in the medium allowed a delayed growth of the bacteria.
In the case of Sondi and Salopek-Sondi the same experiment was conducted on LB plates
and in a liquid LB medium. In the latter the bacterial colony showed only a growth delay even
at a concentration of 0.1mg/cm3 (SONDI and SALOPEK-SONDI, 2004).
Soil
There were no experiments conducted with soil. Instead the table below (Table 15)
summarizes studies that examined the effect of nAg on a solid medium.
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Table 16: Overview over toxicity studies of nAg on solid medium.

Test organism

nAg size

Exposure Toxic level [mg/kg] Source

E. coli (LB plates)

12 nm

105 CFU

50-60 (EC100)

(SONDI
and
SONDI, 2004)

SALOPEK-

E. coli (LB plates)

12 nm

104 CFU

20 (EC100)

(SONDI
and
SONDI, 2004)

SALOPEK-

E. coli

ca. 40 nm 7h,
107 CFU

1 (EC100)

(PAL et al., 2007)

S. aureus dissolved 3 nm
in water on padded
PP/PE nonwovens

1.3*105
CFU

20 (EC99.9)

(JEONG et al., 2005)

S. aureus dissolved 8 nm
in ethanol on padded
PP/PE nonwovens

1.3*105
CFU

10 (EC99.9)

(JEONG et al., 2005)

Derivation of PNECs for the three environmental compartments
No NOEC for nAg was found in literature and no study was found on the toxicity of nAg to
daphnia, algae or fish. The only ecotoxicological data at hand refer to bacterial toxicity. It is
thus not possible to derive a PNEC from the data. In a first attempt, the following
considerations are used to approach a PNEC for nAg.
For the water compartment, Yoon et al. report threshold concentrations of 20 mg/l and 40
mg/l for B. subtilis and E. coli respectively (YOON et al., 2006) which could be considered
equivalent to a NOEC. With the suggested assessment factor (ECB, 2003) of 1000, the
PNECnAg (water) is thus around 0.04 mg/l. Effects on organisms in the sediment have to be
investigated separately.
On solid medium, the lowest dose applied in Sondi and Salopek-Sondi (SONDI and SALOPEKSONDI, 2004) was 10 mg/l nAg which resulted in 70% less E. coli colonies compared to the
control plates. When assuming LB plates as models for soil, it can be deduced from the
results in Sondi and Salopek-Sondi (SONDI and SALOPEK-SONDI, 2004) that a toxic effect of
nAg in soil has to be expected at concentrations around 10 mg/l. Applying an assessment
factor of 1000, the PNEC nAg (soil) is around 0.01 mg/l.
The PNEC nAg (air) can not be estimated as data is missing.

4.1.8 Risk quotients
The risk quotient (RQ) is calculated from the PEC divided by the PNEC.
PECnAg air/PNECnAg air = RQnAg air
PECnAg water/PNECnAg water = RQnAg water
PECnAg soil/PNECnAg soil = RQnAg soil
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Table 17: Calculation of the risk quotient (PEC/PNEC) of nanoparticulate silver for the three
environmental compartments (RE-scenario).

PECnAg [!g/l] (RE-scenario)

PNECnAg [!g/l]

RQnAg

Air

1.70 *10-6

?

?

Water

0.03

40

0.00075

Water vol. affected 8
by wastewater

40

0.20

Soil

10

0.003

0.03

The calculation shows that currently nanoparticulate silver poses no risk to soil organisms.
The RQ soil is smaller than one hundredth. As the PNEC air is not known, the RQ air can not
be derived. The RQ water is indeed less than one thousandth, but the RQ in the water
volume affected by the wastewater (chapter 3.2.2) is 0.2 which is high enough to ask for a
careful observation of this value.
Table 18: Calculation of the risk quotient (PEC/PNEC) of nanoparticulate silver for the three
environmental compartments (HE-scenario).

PECnAg [!g/l] (HE-scenario)

PNECnAg [!g/l]

RQnAg

Air

4.35*10-6

?

?

Water

0.08

40

0.002

Water vol. affected 20.67
by wastewater

40

0.52

Soil

10

0.017

0.17

Also in the HE-scenario, there is currently no risk to be expected from nAg in the soil
compartment and the water in general. The water volume affected by the wastewater shows a
RQ of 0.52 which is very close to a possible risk. The RQ air is not known.

4.2

Nano titanium dioxide (nTiO2)

Nano titanium dioxide is produced on a big scale for applications in paints and coatings (selfcleaning, antifouling, antifogging, and antimicrobial properties) (NANOSCALE, 2007) and in
cosmetics as UV-absorber and/or moisturizer. In Australia alone there are more than 300
registered sunscreen products containing nanoscaled titanium dioxide (GOVERNMENT, 2006).
Other markets of nTiO2 are solar cells (TÜRK et al., 2005b) and heat-conductive paste. Nano
Chemical Systems recently launched a "nano-enhanced" automotive protectant with nTiO2 as
active ingredient claiming “a long lasting shine while it protects and prevents fading and
cracking on a variety of rubber, vinyl and leather automotive surfaces” (AZONANO, 2007).
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Potential applications in the future include (ALLIANZ and OECD, ; FICHTNER, 2003; LOVERN
and KLAPER, 2006; NANOSCALE, 2007):
!
!
!
!
!
!
!

Catalysts and catalyst supports
Hydrogen synthesis and storage (photocatalytic oxidation) e.g. in fuel cells
Destruction of chemical warfare agents (Room temperature decomposition with
formation of much safer by-products)
Protective apparel and personal protection equipment (chemical warfare agents, toxic
chemicals)
Smoke removal (building clearance, military applications)
Structural ceramics (reinforcements for metal-matrix composites, porous membranes
for gas filtration)
Groundwater remediation, removal of toxic contaminants form air

A further potential application area is in the medical sector with breast implants and stents for
blood vessels where nTiO2 is incorporated to ensure a better acceptance by the body tissues.

4.2.1 Production quantities
Only a few sources were found indicating concrete production quantities. Table 19 lists the
quantities estimated by different sources.
Table 19: Overview over the production volumes of nTiO2 found in literature

Specification

Amount [t/a]

Source

nTiO2 use/production by 10 400
companies in Switzerland
(particles <1 !m)

(SCHMID and RIEDIKER, 2007)

Production of one company in 100
Switzerland

(SCHMID and RIEDIKER, 2007)

Worldwide
2006-10

production

in 5000

(UNEP, 2007)

Worldwide
2011-14

production

in >10’000

(UNEP, 2007)

The number for the RE-scenario is derived from the worldwide production volume of nTiO2
(5000 t/a) estimated by (UNEP, 2007). The production volume of 10 companies in
Switzerland (400 t/a) was taken for the HE-scenario. It is not clear if this number indicates
only the amount of nTiO2 or the total amount of material incorporating nTiO2.
Table 20: Production volumes of nTiO2 used in the two scenarios

RE scenario
HE scenario

Total amount worldwide

Factor

nTiO2 used in Switzerland

5’000 t/a

0.007

35 t/a
400 t/a
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4.2.2 Products
There were 19 products found in the WWI (WOODROW WILSON INSTITUTE, 2007a) (May 2007)
and additional 28 products in the web search. These products were grouped into categories
with a similar release of particles and a similar life-cycle. For articles consisting from different
materials only the nTiO2-containing material was considered (e.g. plastic lining of the
computer mouse).
Cosmetics
Characterized by: high usage (daily/weekly), release mainly into wastewater
Concentration: less than 30’000 ppm; applied on skin at a concentration of 1 mg/cm2 or less
(BORM et al., 2006a)
Example: sunscreen
Coating/cleaning agents
Characterized by: high usage (daily/weekly), release mainly into wastewater
Concentration: 20-500 ppm (FREEPATENTSONLINE)
Examples: air sanitizer, self cleaning coating (liquid), cleaner, coating for cars (lotus effect
(ANGELDUST, 2007)), heat-conductive paste
Sporting goods/Plastics
Characterized by: low abrasion, release mainly when disposed
Examples: tennis/squash rackets, golf club, computer mouse, air purifier/filtration, stockings,
refrigerator lining
Energy production/storage
Characterized by: low to medium usage, release mainly during recycling
Concentration: ca. 75 grams for a solar cell (FREEPATENTSONLINE)
Example: battery, solar cells
Metals
Characterized by: low to medium usage, release mainly during recycling
Example: air purifier/conditioner/filter, pans, pots, fishing rod, knifes, hair dryer, tent stakes
flat iron, dryer
Migros does not have any nanoparticle containing pans in their supply (Gubser, personal
communication).
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Paint
Characterized by: low wastage but relatively high quantities applied, release when disposed
Example: paint (bath, kitchen)

4.2.3 Allocation of nTiO2 quantities to the categories
In a first try the terms “nano” and “titanium” were searched. After screening the first 100
results shown in Google (15 products found) the search was stopped and a new search was
conducted with the terms “nano” “tio2”. This search was also ceased after 100 results (6
products found).
The total nTiO2 volume in Switzerland was allocated to the 6 product categories according to
Table 21. The weighting factor (WF) “article” is based on the web review described in chapter
2.5.2. Detailed numbers are found in the annex. The weighting factor “weight” is derived from
the estimated average weight of the product multiplied with the estimated average nTiO2
concentration in the product. The product of the two factors was scaled to 100 to receive the
fraction of nTiO2 per category and the absolute amount per category.
Table 21: Calculation of the relative fractions of the categories from the total volume nTiO2 used in
Switzerland with two weighting factors. Details see annex.

Weighting Weighting Product of the scaled to Amount per Amount per
factor
factor
two weighting 100 [%] category [t]
category [t]
"article"
"weight" factors
RE-scenario HE-scenario
Sporting goods/
plastics
Cosmetics
Coatings/
Cleaning agents
Energy
production/storage
Metals
Paint
total

0.30

0.0042

0.0013

2.05

0.72

8.22

0.13

0.2830

0.0361

58.69

20.54

234.78

0.32

0.0042

0.0014

2.20

0.77

8.80

0.02

0.3537

0.0075

12.23

4.28

48.91

0.21

0.0011

0.0002

0.37

0.13

1.47

0.02

0.7075

0.0151

24.46

8.56

97.82

35.00

400.00

There was almost no information on the concentration of nTiO2 in the products. The
concentrations underlying the weighting were thus assumed to be similar to nAg if no other
information was found. For the PEC-modelling, percentages were rounded to the nearest 5%
and for numbers not reaching 5% to the nearest percent.
25% of all sunscreen products in Australia contain nTiO2 (GOVERNMENT, 2006). If the situation
is similar in Switzerland and assuming that every person consumes 250 g of sunscreen per
year, the use of nTiO2 in sunscreens is around 36 t per year with a proposed nTiO2
concentration of 2% (BORM et al., 2006a). This number corresponds well to the 21 t
calculated in the RE-scenario.
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4.2.4 Ways of particle release
Please note that the following explanations of the model assumptions only refer to the
situation in Switzerland. If not specified else, the percentage indicated, is an estimation.
Percentages [wt%] refer to the amount of nTiO2 in the product. The likelihood of release is
mainly determined by the way nanoparticles are incorporated in the material (KÖHLER et al.,
2007; MEILI et al., 2007; RS/RAENG, 2004). Nanoparticles fixed in material are likely to be
released only during manufacture and disposal (TÜRK et al., 2005b). Hsu and Chein
examined the release of nTiO2 from coatings on wood, polymer and tile (HSU and CHEIN,
2007). They found that that the emission were the highest from coated tile and that UV-light
increased the release of particles.
The coefficients explained in this chapter are used for the modelling (chapter 4.2.5 and 4.2.6).
Cosmetics
The main fraction of nTiO2 ends up in the STP (95%) and a minimal amount (5%) is disposed
with the packing to the WIP. Cosmetics are washed off directly or stick to clothes from which
they are also washed out.
Coating/cleaning agents
Most nTiO2 from liquids is released during the application (95%) of which an estimated
percentage of 5% of the nTiO2 applied remains airborne while 90% are washed off to the
STP. 5% are disposed to the WIP with the packing.
Sporting goods/Plastics
Nanoparticles in sporting goods and plastics are well integrated in the material. The abrasion
of particles is likely to be very small during use (5%). 95% of the particles are released when
the article is disposed.
Energy production/storage
nTiO2 in batteries is indeed free, but protected by a case and thus not released until the
disposal of the battery (KÖHLER et al., 2007). Particles in solar cells are bound in the material
and abrasion is unlikely during use. Articles in this category are recycled to 75% (solar cell
100%, batteries 67% (BAFU)), the rest ends up in the WIP.
Metals
The majority of the particles in metals will be recycled with the metal product (90%). Only 5%
of the particles are expected to be released during the use through abrasion. The remaining
5% go to the WIP.
Paint
In this category, outdoor and indoor appliances have to be distinguished. For the reason of
simplicity it is assumed that both amount half of the particle quantity.
Outdoor paint applied on house fronts is mainly released through wash off with the rain (95%)
to STP when the house connects to pavement (50%) or directly to the soil for house front
towards backyards and greenery (50%). The elutriation rate depends on how well the facade
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is protected from rain for example with a canopy. The long lifetime of a house front (40 years;
Vock, personal communication) suggests that no nTiO2 in the paint is found in the house front
at the time of renewal or destruction of the building.
In the case of indoor paint, the abrasion and release during use is negligible. It is assumed
that the entire amount is disposed to a landfill at the time of the break down of the house.
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4.2.5 PEC (RE-scenario)
Table 22: Substance flow analysis for 35 t of nTiO2 from the product categories to the environmental compartments (RE-scenario).
Product group

Sporting goods/Plastics

Fraction of the total Fraction of the total Way of particle release %/100
production volume production volume
[%/100]
[t/a]
0.02

0.70 Abrasion during use
Disposal

Cosmetics

0.6

21.00 Application
Disposal

Coatings/Cleaning agents

0.02

0.70 Application
Disposal

Metals

Energy storage/production

Paint

0.01

0.1

0.25

0.05
0.95
0.95
0.05
0.95
0.05

0.35 Abrasion during use
Recycling
Disposal

0.05
0.9
0.05

3.50 Disposal
Recycling

0.25
0.75

8.75 Run-off

0.25
0.25
0.5

Disposal

t/a

Flow to Env. Compart. %/100 t/a

0.04 Air
STP
0.67 WIP
(Disposal site)
19.95 STP
Water
1.05 WIP
(Disposal site)
0.67 Air
STP
0.04 WIP
(Disposal site)
0.02 STP
0.32 Reuse
0.02 WIP
(Disposal site)
0.88 WIP
2.63 Reuse
(Disposal site)
2.19 Soil
2.19 STP
4.38 Disposal site

0.5
0.5
1

0.02
0.02
0.67

0.95
0.05
1

18.95
1.00
1.05

0.05
0.95
1

0.03
0.63
0.04

1
1
1

0.02
0.32
0.02

1
1

0.88
2.63

1
1
1

2.19
2.19
4.38
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Based on the table above (Table 22) and the flow coefficients developed in chapter 3, the
following figure (Figure 10) shows the nTiO2-flows from the products to the environmental
compartments, STP, WIP and the landfill for the RE-scenario. Numbers are given in tons per
year [t/a]. The strength of the arrows is proportional to the amount of nTiO2 flowing between
the compartments. Dashed arrows represent the lowest volume. The most prominent flows
are between the products and the STP (21.81 t/a), the STP and the WIP (20.09 t/a) and the
WIP to the landfill (22.73 t/a).

Figure 10: nTiO2-flows from the products to the different environmental compartments, WIP, STP and
landfill (RE-scenario).

According to the model, the 35 t of nTiO2 used in Switzerland are distributed to the
environmental compartments as follows:
Air: 0.06 t/a
Water: 2.71 t/a
Soil: 2.25 t/a
The STP handles 21.81 t yearly, the WIP 22.73 t/a, 2.94 t/a are recycled and 27.10 t
accumulate in the landfill every year (Table 22).
The modelled PECnTiO2 (Table 23) for the three environmental compartments in the REscenario are:
nTiO2 air [!g]/ Vair [l] =PECnTiO2 (air) [!g/l]
nTiO2 water [!g]/ Vwater [l] =PECnTiO2 (water) [!g/l]
nTiO2 soil [!g]/ Vsoil [l] =PECnTiO2 (soil) [!g/l]
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Table 23: Calculation of the PECnTiO2 for the three environmental compartments (RE-scenario).

Amount of nTiO2 Reference Volume [dm3] Reference PECnTiO2 [!g/l]
[!g]
chapter
chapter
Air

6.2*1010

4.2.5

4.1*1016

3.2.1

1.50*10-6

Water

2.7*1012

4.2.5

3.7*1012

3.2.2

0.73

Water vol. affected 2.7*1012
by wastewater

4.2.5

1.5*1010

3.2.2

180

2.2*1012

4.2.5

3.7*1012

3.2.3

0.61

Soil
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4.2.6 PEC (HE-scenario)
Table 24: Substance flow analysis for 400 t of nTiO2 from the product categories to the environmental compartments (HE-scenario).
Product group

Sporting goods/Plastics

Fraction of the Fraction of the Way of particle release
total production total production
volume [%/100] volume [t/a]
0.02

8.00 Abrasion during use
Disposal

Cosmetics

0.6

240.00 Application
Disposal

Coating/Cleaning agents

0.02

8.00 Application
Disposal

Metals

Energy storage/production

Paint

0.01

0.1

0.25

4.00 Abrasion during use
Recycling
Disposal
40.00 Disposal
Recycling
100.00 Run-off
Disposal

%/100

0.05
0.95
0.95
0.05
0.95
0.05
0.05
0.9
0.05
0.25
0.75
0.25
0.25
0.5

t/a

Flow to Env. Compart. %/100

0.40 Air
STP
7.60 WIP
(Disposal site)
228.00 STP
Water
12.00 WIP
(Disposal site)
7.60 Air
STP
0.40 WIP
(Disposal site)
0.20 STP
3.60 Reuse
0.20 WIP
(Disposal site)
10.00 WIP
30.00 Reuse
(Disposal site)
25.00 Soil
25.00 STP
50.00 Disposal site

t/a

0.5
0.5
1

0.20
0.20
7.60

0.95
0.05
1

216.60
11.40
12.00

0.05
0.95
1

0.38
7.22
0.40

1
1
1

0.20
3.60
0.20

1
1

10.00
30.00

1
1
1

25.00
25.00
50.00
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Based on the table above (Table 25) and the flow coefficients developed in chapter 3, the
following figure (Figure 11) shows the nTiO2-flows from the products to the environmental
compartments, STP, WIP and the landfill for the HE-scenario. Numbers are given in tons per
year [t/a]. The strength of the arrows is proportional to the amount of nTiO2 flowing between
the compartments. Dashed arrows represent the lowest volume. The most prominent flows
are between the products and the STP (249.22 t/a), the STP and the WIP (201.87 t/a) and the
WIP to the landfill (230.91 t/a).

Figure 11: nTiO2-flows from the products to the different environmental compartments, WIP, STP and
landfill (HE-scenario).

According to the model, the 400 t of nTiO2 used in Switzerland are distributed to the
environmental compartments as follows:
Air: 1.74t/a
Water: 58.80 t/a
Soil: 26.69 t/a
The STP handles 249.22 t yearly, the WIP 232.07 t/a, 33.60 t/a are recycled and 280.91 t
accumulate in the landfill every year (Table 24).
The modelled PECnTiO2 (Table 25) for the three environmental compartments are:
nTiO2 air [!g]/ Vair [l] =PECnTiO2 (air) [!g/l]
nTiO2 water [!g]/ Vwater [l] =PECnTiO2 (water) [!g/l]
nTiO2 soil [!g]/ Vsoil [l] =PECnTiO2 (soil) [!g/l]
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Table 25: Calculation of the PEC nTiO2 for the three environmental compartments (HE-scenario).

Amount of nTiO2 Reference Volume [dm3] Reference PECnTiO2 [!g/l]
[!g]
chapter
chapter
Air

1.7*1012

4.2.6

4.1*1016

3.2.1

4.22*10-5

Water

5.9*1013

4.2.6

3.7*1012

3.2.2

15.83

Water vol. affected 5.9*1013
by the wastewater

4.2.6

1.5*1010

3.2.2

3933.33

2.6*1013

4.2.6

3.7*1012

3.2.3

7.26

Soil

4.2.7 PNEC
TiO2 is used as photocatalyst - already suggesting toxic activity through the production of
ROS. Wiesner et al. (WIESNER et al., 2006) report a potential neurotoxicity of TiO2. They
found noncytotoxic doses of Degussa P-25 TiO2 particles to cause rapid and sustained
release of ROS by the CNS (Central nervous system)-microglia. Also ATP-levels (AdenosineTri-Phosphate) were affected, mitochondrial depolarization and the stimulation of oxidative
burst in microglia and neurons were observed. In vivo studies with nano titanium dioxide
showed that the particles could be taken up by the lung, pass through the air-blood barrier
and translocate into the blood stream (GEISER et al., 2005). nTiO2 were also found to move
around freely in the cytoplasm (GEISER et al., 2005) allowing the particles to interact with cell
organelles and the nucleus.
Pflücker et al. studied the penetration of nTiO2 particles though the human skin (PFLÜCKER et
al., 2001). They showed that the human skin is a good barrier to nTiO2. The different structure
of the human skin and for example the amphibians’’ skin suggests though that the exposure
is totally different. The permeability of a frog’s skin may possibly allow particles to penetrate
into the blood.
It has to be considered that nTiO2-particles differ greatly depending on their crystal
modification. nTiO2 particles used in sunscreens are not comparable to pure Degussa-P-25
particles (Nestle, personal communication). They might display a different toxicity.
Air
In mice and rats, particle clearance from lungs was impaired at a concentration of 0.01 mg/l,
whereas hamsters were not affected at this concentration (BISWAS and WU, 2005). The
differences imply different biological mechanisms in different species which makes
extrapolation very difficult.
As opposed to other studies, Warheit et al. (WARHEIT et al., 2007) found that different TiO2nanoparticles induce the same inflammatory and cell injury effects independent of their size.
Fine sized TiO2 is a particle with low toxicity (WARHEIT et al., 2007). According to Warheit et
al. the nanoscale size causes also no significant adverse effects, only transient and reversible
inflammation which they ascribe to method of exposure. Histopathological analyses of the
lung tissues revealed that pulmonary exposures to fine-sized TiO2 particles resulted in an
accumulation of TiO2 containing macrophages in the lung tissue, whereas ultrafine particles
were not readily phagocytised by alveolar macrophages and as a consequence translocated
much more rapidly to interstitial sites (WARHEIT et al., 2007).
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Water
Hund-Rinke and Simon (HUND-RINKE and SIMON, 2006) studied the effects of two different
nTiO2 products on daphnids and algae. In the tests with algae, they found for the 25nmparticles an EC50 at 44 mg/l. For the 100nm-particles no dose-response curve could be
determined even though significant differences to the control were found. In the test with
daphnids, no dose-response curve could be deduced for either of the products, even though
there was an immobilization up to 73%. Under illuminated conditions the NOEC was at less
than 1 mg/l for the 25nm-particles and less than 1.5 mg/l for the 100nm-particles. Generally
the smaller particles were found to be more toxic than the 100nm-particles. In an additional
experiment on the potential shading effects of the particles, Hund-Rinke and Simon
determined an EC50 of 14 mg/l and a NOEC of <12.5 mg/l for nTiO2 particles.
Two other studies also examined the effects of nTiO2 on daphnids. They found the NOEC at
1 mg/l and the LC50 at 5.5 mg/l for filtered TiO2 (LOVERN and KLAPER, 2006). Using sonication
as solution preparation method, no dose effect curve was obtained and the NOEC could not
be determined. Generally, with sonication the toxicity was much lower (max. 11% mortality
up to 500 mg/l) (LOVERN and KLAPER, 2006). At a concentration of 2 mg/l daphnia had no
significant change in hopping frequency (that affects predation rate), heart rate and
appendage movement (LOVERN et al., 2007).
By contrast to the studies above, Wiench et al. (WIENCH et al., 2007) found no or weak acute
effects on daphnids independent of size or coating of the material. They reported that “under
environmentally relevant conditions nanoparticles rapidly agglomerated and sedimented
almost completely.”
Hussain et al. examined the toxicity of 40nm-TiO2 particles on rat liver cells in vitro (HUSSAIN
et al., 2005). They found no measurable effect at a dose of 10-50 mg/l of nTiO2, but
significant effects at higher levels 100-250 mg/l. They observed LDH-leakage and a decrease
in mitochondrial function (30%) at 250 mg/l.
There are many studies investigating the bactericidal activity of nTiO2. Wei et al. (WEI et al.,
1994) found an EC50 of 150mg/l for E. coli treated with Degussa P-25 particles. They suggest
that the killing effect is based on the production of ROS under illuminated conditions.
Depending on the initial cell concentration, Maness et al. (MANESS et al., 1999) report that
within 30 min of irradiation 92-98% of the E. coli were killed at a concentration of 100 mg/l
(105 CFU) and 1000 mg/l (108 CFU) respectively. In a study with optical fibres, Matsunaga
and Okochi (MATSUNAGA and OKOCHI, 1995) found a NOEC of 10-3 mg/l. Adams et al. (ADAMS
et al., 2006) advertised different particles sizes and discovered that the particles size in
suspension was similar (about 300-700 nm) independent of the initial size. In their study the
EC75 was at 1000 mg/l for B. subtilis and at 5000 mg/l for E. coli. They found that illumination
enhanced the antibacterial activity, but toxicity still occurred without illumination indicating that
the photocatalytic ROS production is not the only mechanism involved. The NOEC were
found at 500 mg/l and 100 mg/l respectively.

60

Table 26: Overview over toxicity studies on nTiO2 in liquid medium.

Test organism nTiO2 size [nm] Exposure

Toxic level [mg/l] Source

Algae

44 (EC50)

25

illuminated

6.25 (NOEC)
Algae

illuminated

14 (EC50)
<12.5 (NOEC)

(HUND-RINKE and SIMON,
2006)
(HUND-RINKE and SIMON,
2006)

Daphnia
magna

25

illuminated

<1 (NOEC)

(HUND-RINKE and SIMON,
2006)

Daphnia
magna

100

illuminated

1.5 (NOEC)

(HUND-RINKE and SIMON,
2006)

Daphnia
magna

Filtered
particles

5.5 (LC50)

(LOVERN
2006)

1 (NOEC)

Rat liver cells 40
in vitro

and

KLAPER,

50-100 (NOEC)

(HUSSAIN et al., 2005)

150 (EC50)

(WEI et al., 1994)

E. coli

Degussa P-25

illuminated

E. coli

Degussa P-25

105 CFU, 100 (EC98)
illum.

(MANESS et al., 1999)

E. coli

Degussa P-25

108 CFU, 1000 (EC98)
illum.

(MANESS et al., 1999)

E. coli

illuminated

10-3 (NOEC)

(MATSUNAGA and OKOCHI,
1995)

E. coli

illuminated

100 (NOEC)

(ADAMS et al., 2006)

B. subtilis

illuminated

500 (NOEC)

(ADAMS et al., 2006)

Soil
No studies were found examining the toxicity of nTiO2 particles on soil organisms or in a solid
environment.
Derivation of PNECs for the three environmental compartments
For organisms in water (algae, daphnia), <1 mg/l is the lowest value found. With an
assessment factor of 1000 (ECB, 2003), the PNECnTiO2 (water) is <0.001 mg/l.
For the soil compartment no statement can be made.
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The PNECnTiO2 (air) must be based on the 10 mg/m3 which indicates a (L)OEC. The resulting
PNECnTiO2 (air) is 0.01 mg/m3 (with an assessment factor of 1000 (ECB, 2003)) which
corresponds to 0.00001 mg/l.

4.2.8 Risk quotients
The risk quotient (RQ) is calculated from the PEC divided by the PNEC.
PECnTiO2 (air)/PNECnTiO2 (air) = RQnTiO2 (air)
PECnTiO2 (water)/PNECnTiO2 (water) = RQnTiO2 (water)
PECnTiO2 (soil)/PNECnTiO2 (soil) = RQnTiO2 (soil)
Table 27: Calculation of the risk quotient (PEC/PNEC) of nanoparticulate titanium dioxide for the three
environmental compartments (RE-scenario).

PECnTiO2 [!g/l] (RE-scenario) PNECnTiO2 [!g/l]

RQnTiO2

Air

1.50*10-6

0.01

0.0015

Water

0.73

<1

>0.73

Water vol. affected 180.00
by wastewater

<1

>180

Soil

?

?

0.61

The calculation shows that currently nanoparticulate titanium dioxide may pose a risk to water
organisms (RQ > 0.73 and > 180) . By contrast, the RQ air is smaller than one thousandth.
The RQ soil could not be derived. But it can be expected to be similar as in the water and
therefore a possible risk should be considered.
Table 28: Calculation of the risk quotient (PEC/PNEC) of nanoparticulate titanium dioxide for the three
environmental compartments (HE-scenario).

PECnTiO2 [!g/l] (HE-scenario) PNECnTiO2 [!g/l]

RQnTiO2

Air

4.22*10-5

0.01

0.00422

Water

15.83

<1

>15.83

Water vol. affected by 3933.33
wastewater

<1

> 3933.33

Soil

?

?

7.26

Also in the HE-scenario, the expected concentration of nTiO2 in water is critical (RQ > 15.83
and > 3933.33) whereas the RQ air is very small (0.004). The RQ soil is unknown, but is
expected to be similar as in the water compartment.
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4.3

Carbon nanotubes (CNT)

Carbon nanotubes are ranked as the hottest topic in physics (GILES, 2006). Besides
applications in electronics, also the polymer industry, the energy sector and the consumer
goods industry are doing research with this unique material (KÖHLER et al., 2007). CNT were
incidentally discovered in 1991 and became famous because of their special characteristics
such as excellent conductivity for electrical current and heat as well as a very high
mechanical and chemical stability (BALASUBRAMANIAN and BURGHARD, 2005).
The following properties make CNT to a unique material (COLLINS and AVOURIS, 2000):
!
!
!
!
!
!
!

Single-wall carbon nanotubes (SWCNT) have a diameter of only 0.6-1.8 nm.
The density is about half of the density of aluminium (Al).
SWCNT are more than 20 times stronger than high strength steel alloys.
SWCNT can be bent at large angles and restraightened without damage.
Copper (today the best current carrier available (Wurzer, personal communication))
has a capacity of 1/1000 of SWCNT.
Almost two times better heat transmitter than diamond.
SWCNT-material is stable up to 2800°C in vacuum and 750°C in air.

But the material is still very expensive due to the technical difficulty to mass produce CNT and
the complex purification, separation (of metallic and semi conducting CNT) and
functionalization processes (e.g. hydroxylation). CNTs are usually functionalized to prevent
them from sticking together and make them water soluble (KÖHLER et al., 2007). The costs
used to be at $1500 per gram (gold $10 per gram) in 2000 (COLLINS and AVOURIS, 2000) and
are now down to $28-$210 depending on the purity and the type (MWCNT being cheaper)
(HELIX MATERIAL SOLUTIONS, 2007). Commercially available raw-CNT often contain up to 40
wt% of impurities such as amorphous carbon (GILES, 2004) and metals (nickel, iron etc.). The
synthesis of CNT does not require organic solvents and is thus considered a “green” industrial
process (LAM et al., 2006).
According to the Nanologue Background Paper (TÜRK et al., 2005a), nanotubes will impact on
catalysis, hydrogen storage, artificial photosynthesis and lead to more efficient batteries and
fuel cells. Expected applications are (ALLIANZ and OECD, ; BIANCO et al., 2005; KÖHLER et al.,
2007; LAXMINARAYANA and JALILI, 2005; OUELLETTE, 2003):
!
!
!
!
!
!
!
!
!
!
!
!
!

Insulating/protective clothing
Extremely lightweight and strong materials (aircraft, cars, spacecraft, bullet proof
vests)
Membranes and catalysis
Tips of scanning probe microscopes, nanotweezer
Medical diagnosis and application (e.g. drug delivery, lab on a chip)
Cosmetics (e.g. anti-ageing creams)
Chemical sensors
Filters for water and food treatment
Lighting elements
Artificial muscles
Data storage
Hydrogen storage, batteries
Solar/fuel cells

But even though CNT integrated into various textile products promise interesting applications
(GOTTSCHALK, 2006; LAXMINARAYANA and JALILI, 2005), many problems still need to be
solved. As CNT tend to aggregate, it is difficult to uniformly disperse them in a polymer
(KÖHLER et al., 2007). Also CNT are very smooth and slip out of the matrix easily (COLLINS
and AVOURIS, 2000).
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In the performance of fuel cells, Cientifica (Cientifica quoted in (PERNICK)) predicts a tenfold
improvement and at the same time the costs of the catalyst material could be reduced by
50%. Cientifica estimates that in the next few years 70% of all fuel cells will make use of CNT.
In batteries, CNT are already widespread today. About 60% of the batteries in cell phones
and notebook computers (lithium ion secondary batteries) contain carbon nanotubes
(OUELLETTE, 2003). Prototypes of displays and monitors containing CNT also exist. Mass
production is expected to start soon (NANOTUBEMONITORS, 2007). Dr. Richard Smalley –
Nobel Prize winner for the discovery of fullerenes – states: “… millions of tonnes of nanotubes
will be produced worldwide every year”. He further expects that “nanotubes will be cheap,
environmentally friendly, and do wonders for humankind “ (BALL, 2001). More background
information on the production and use of CNT is found in an interview with Smalley on
http://www.pbs.org/newshour/science/hydrogen/smalley.html.
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Fig 12: Possible future application of CNT and their feasibility (COLLINS and AVOURIS, 2000)

4.3.1 Production quantities
Unlike with nAg and nTiO2, there are several estimations of the production quantities of
carbon nanotubes. The range of the data is fairly small leading to reliable numbers for the two
scenarios. The information found is gathered in Table 29:
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Table 29: Overview over the production volumes of CNT found in the literature

Specification

Amount (t/a) Source

CNT in FED (field emission display)

0.5g
monitor

CNT production
company

in

Switzerland

by

one 1

per (MASCIANGIOLI
2003)

and

ZHANG,

(SCHMID and RIEDIKER, 2007)

Production CNT by BASF 2009

20

(SCHMID and RIEDIKER, 2007)

Production CNT by BASF 2011

500

(SCHMID and RIEDIKER, 2007)

CNT Production by Bayer AG (pilot plant in 0.002
Leverkusen)

(M. Bryner & A. Scott quoted
in (MORRISION, 2006))

CNT
production
by
the
Carbon 1
Nanotechnology Research Institute (Jp) in
2003

(BORM et al., 2006b)

CNT
production
by
the
Carbon 120
Nanotechnology Research Institute (Jp) in
2008

(BORM et al., 2006b)

CNT production of one of world’s leading 0.18
producers (500g/d)

(ALLIANZ and OECD)

MWCNT production by Hyperion (300kg/d)

110

(HUCZKO and LANGE, 2001;
SERVICE, 1998)

CNT production of 27 firms globally in 2004

108

(KUZMA, 2005)

CNT production of 27 firms globally in 2009

1000

(KUZMA, 2005)

Worldwide production in 2003

3

(BORM et al., 2006b)

SWCNT and MWCNT worldwide

500

(BORM et al., 2006b)

Share of SWCNT of all CNT

10%

(BORM et al., 2006b)

Share of SWCNT of all CNT in 2008

20%

(BORM et al., 2006b)

SWCNT production capacity worldwide in 2005 >27

(ROMAN et al., 2004)

SWCNT production worldwide capacity in 2007 50

(ROMAN et al., 2004)

SWCNT production capacity worldwide in 2008 100

(ROMAN et al., 2004)

MWCNT production capacity worldwide 2004

>99

(ROMAN et al., 2004)

MWCNT production capacity worldwide 2007

>268

(ROMAN et al., 2004)

MWCNT production capacity worldwide 2008

375

(ROMAN et al., 2004)
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The best guess taken from these numbers is 350 t/a worldwide (RE-scenario) for the year
2007/2008. The HE-scenario assumes the 500 t/a. It has to be noticed though that the
worldwide production capacity is estimated to rise significantly in the coming years.
The numbers are extrapolated by means of the population (see chapter 2.5.1 and annex) to
Switzerland. They represent the total amount of CNT used and disposed in Switzerland. The
numbers do explicitly not refer to the production.
Table 30: CNT production volumes used in the two scenarios

Total amount worldwide

Factor

CNT
used
Switzerland

RE-scenario

350 t/a

0.007

2.45 t/a

HE-scenario

500 t/a

0.007

3.5 t/a

in

4.3.2 Products
There are 19 products listed in the WWI (June 2007). These items can be categorized in the
following two categories:
!
!

Sporting equipment/Plastics such as tennis rackets, bicycles, hockey stick, golf club
and baseball bat as well as filters and resins for cars
IT-ware/ electronics/ energy/ lighting such as displays, hardware, memory chip and
batteries

The website of Hyperion Catalysis, a MWCNT producer (www.fibrils.com), lists relevant
applications and products of MWCNT. Further applications reported in literature are: CNTcomposites in tires (WIESNER et al., 2006) and tapes imitating the structure of gecko-feet with
CNT (GE et al., 2007).

4.3.3 Allocation of CNT quantities to the categories
A web research on existing products from CNT with Google and www.products.ec21.com was
not successful. No consumer products were found. The 19 items listed for the keywords
nanotube, nanotubes and CNT in the WWI were the only concrete products found. It has thus
to be concluded that nanotubes are not yet spread in consumer applications. The reason
probably is that carbon nanotubes still are too expensive for applications in every day articles.
Additionally, (high-tech) products (e.g. in the IT sector) containing nanotubes are not
advertised for with the terms nano or nanotubes.
In the case of nanotubes, a quantitative allocation of the production volume to the categories
turned out to be very difficult. To allow modelling of the PECCNT rough estimations were taken
which must be considered as a first attempt to approach the PECCNT.
For the PEC modelling attempt, we assume that 50% of the produced CNT is incorporated in
plastics and 50% in electronics.

4.3.4 Ways of particle release
Carbon nanomaterial in consumer products are almost exclusively bound into materials such
as polymers or integrated in closed compartments as in computers and batteries that are not
intended to be opened by the consumer. As mentioned earlier, the likelihood of release is
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determined by the way nanoparticles are incorporated in the material (KÖHLER et al., 2007;
RS/RAENG, 2004). Nanoparticles fixed in material are likely to be released only during
manufacture and disposal (TÜRK et al., 2005b). Release of CNT during the application (such
as mechanical abrasion, physiochemical ageing) is very unlikely except for nanotubes in
clothing. But so far integrating CNT in textile fibres has not been successful. In future, release
form textiles is to be expected during tailoring and finishing (wet/dry abrasion) (KÖHLER et al.,
2007) and also during the use through degradation of the base substance while the more
stable CNT will persist (KÖHLER et al., 2007).
IT-ware/ electronics/ energy/ lighting
Batteries are one example where CNT are already in commercial use. The release of CNT
from batteries during the use is not likely when properly handled, because CNT are
encapsulated in sealed steel cans (KÖHLER et al., 2007). Köhler specifies that lithium ion
secondary batteries are typically built into electronic devices and are not intended to be
removed by the user but are disposed as electronic waste. Nearly 70% of the batteries in
Switzerland are recycled (BAFU) wherewith this percentage is expected to be higher with
lithium ion secondary batteries.
Waste gas treatment is state of the art for battery recycling (and WIPs) but not necessarily for
mechanical e-waste processing (KÖHLER et al., 2007). E-waste is mostly exported to other
countries (Wurzer, personal communication). In countries where batteries are not treated in
an environmentally sound manner, open burning can result in free CNT (HICKS et al., 2005).
To allow modelling, we assume that 50% of the CNT in electronic equipment is exported
(leaving the system boundary) and 50% is recycled in Switzerland.
Sporting equipment/Plastics
CNT incorporated in plastics is not likely to be released during use. A minimal amount may
get free through abrasion, cracking and physicochemical ageing of the material. The big bulk
though is disposed to the WIP.
For the modelling attempt, we assume that 5% of the material is released to the air though
abrasion during use and 95% of the CNT end up at the WIP.
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4.3.5 PEC (RE-scenario)
Table 31: Substance flow analysis for 2.45 t of CNT from the product categories to the environmental compartments (RE-scenario).
Product group

Electronic devices/
batteries

Sporting equipment/
Plastics

Fraction of the total Fraction of the total
Way of particle release
production volume production volume [t/a]
[%/100]

0.5

0.5

%/100

1.23 Recycling

0.5

Export
(Disposal)

0.5

1.23 Disposal

0.95

Use

0.05

t/a

Flow to Env. Compart. %/100

t/a

0.61 Reuse
WIP
Disposal site
0.61 leaving system
(Disposal site)

0.8
0.1
0.1
1

0.49
0.06
0.06
0.61

1.16 WIP
(Disposal site)
0.06 Air

1

1.16

1

0.06
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Based on the table above (Table 31) and the flow coefficients developed in chapter 3, the
following figure (Figure 13) shows the CNT-flows from the products to the environmental
compartments, STP, WIP and the landfill for the RE-scenario. Numbers are given in tons per
year [t/a]. The strength of the arrows is proportional to the amount of CNT flowing between
the compartments. Dashed arrows represent the lowest volume. Unlike with the other two
substances (nAg, nTiO2), the most prominent flow is between the products and the WIP (1.23
t/a). The second most important flows are from the WIP to the landfill (0.61 t/a) or leave the
system boundary (export, recycling).

Figure 13: CNT-flows from the products to the different environmental compartments, WIP, STP and
landfill (RE-scenario).

According to the model, the 2.45 t of CNT used in Switzerland are distributed to the
environmental compartments as follows:
Air: 0.06 t/a
Water: 0.002 t/a
Soil: 0.06 t/a
There is no CNT entering the STP. The WIP handles 1.23 t/a, 0.61 t/a are exported, 0.67 t
accumulate in the landfill every year and 0.49 t/a are recycled (Table 32).
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The modelled PECCNT (Table 32) for the three environmental compartments in the REscenario (based on a use of 2.45t of CNT in Switzerland) are:
CNTair [!g]/ Vair [l] =PECCNT (air) [!g/l]
CNTwater [!g]/ Vwater [l] =PEC CNT (water) [!g/l]
CNTsoil [!g]/ Vsoil [l] =PEC CNT (soil) [!g/l]
Table 32: Calculation of the PECCNT for the three environmental compartments (RE-scenario). The
water volume affected by the wastewater is not calculated as according to the model no CNT enters
the STP.

Amount of CNT Reference Volume [dm3] Reference PECCNT [!g/l]
[!g]
chapter
chapter
Air

6.16*1010

4.3.5

4.1*1016

3.2.1

1.50*10-6

Water

1.85*109

4.3.5

3.7*1012

3.2.2

0.0005

Soil

5.97*1010

4.3.5

3.7*1012

3.2.3

0.016
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4.3.6 PEC (HE-scenario)
Table 33: Substance flow analysis for 3.5 t of CNT from the product categories to the environmental compartments (HE-scenario).
Product group

Electronic devices/
batteries

Sporting equipment/
Plastics

Fraction of the total Fraction of the Way of particle release
production volume total production
[%/100]
volume [t/a]

0.5

0.5

%/100 t/a

1.75 Recycling

0.5

Export
(Disposal)

0.5

1.75 Disposal

0.95

Use

0.05

Flow to Env. Compart. %/100 t/a

0.88 Reuse
WIP
Disposal site
0.88 leaving system
(Disposal site)

0.8
0.1
0.1
1

0.70
0.09
0.09
0.88

1.66 WIP
(Disposal site)
0.09 Air

1

1.66

1

0.09
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Based on the table above (Table 33) and the flow coefficients developed in chapter 3, the
following figure (Figure 14) shows the CNT-flows from the products to the environmental
compartments, STP, WIP and the landfill for the HE-scenario. Numbers are given in tons per
year [t/a]. The strength of the arrows is proportional to the amount of CNT flowing between
the compartments. Dashed arrows represent the lowest volume. Unlike with the other two
substances (nAg, nTiO2), the most prominent flow is between the products and the WIP (1.75
t/a). The CNT-containing material staying in Switzerland ends almost exclusively in the WIP.
The second most important flow is from the WIP to the landfill (1.30 t/a).

Figure 14: CNT-flows from the products to the different environmental compartments, WIP, STP and
landfill (HE-scenario).

According to the model, the 3.5 t of CNT used in Switzerland are distributed to the
environmental compartments as follows:
Air: 0.096 t/a
Water: 0.003 t/a
Soil: 0.093 t/a
There is no CNT entering the STP. The WIP handles 1.75 t/a, 0.88 t/a are exported, 1.39 t
accumulate in the landfill every year and 0.70 t/a are recycled (Table 32).
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The modelled PECCNT (Table 34) for the three environmental compartments in the HEscenario are:
CNTair [!g]/ Vair [l] =PECCNT (air) [!g/l]
CNTwater [!g]/ Vwater [l] =PEC CNT (water) [!g/l]
CNTsoil [!g]/ Vsoil [l] =PEC CNT (soil) [!g/l]
Table 34: Calculation of the PECCNT for the three environmental compartments (HE-scenario). The
water volume affected by the wastewater is not calculated as according to the model no CNT enters
the STP.

Amount of CNT Reference
[!g]
chapter

Volume [dm3]

Reference PECCNT [!g/l]
chapter

Air

9.63*1010

4.3.6

4.1*1016

3.2.1

2.34*10-6

Water

2.89*109

4.3.6

3.7*1012

3.2.2

0.00078

Soil

9.34*1010

4.3.6

3.7*1012

3.2.3

0.025

4.3.7 PNEC
There are several studies on the toxicity of CNT (HANDY and SHAW, 2007; HELLAND et al.,
2007; LAM et al., 2006), but only few are in the field of ecotoxicity. Still the results from the
mammalian studies raise concerns that nanomaterials may well be toxic also to wildlife
(OWEN and DEPLEDGE, 2005).
SWCNT (60 mg/l for 18h) and MWCNT (100 mg/ml for 48 h) were found to be toxic to human
epidermal keratinocytes in vitro (MONTEIRO-RIVIERE et al., 2005; SHVEDOVA et al., 2003). In
the case of SWCNT, the authors observed oxidative stress of the cells (formation of free
radicals, accumulation of peroxidative products, reduction of antioxidants, decrease in content
of vitamin E) (SHVEDOVA et al., 2003). The observed effects were dose dependent (SHVEDOVA
et al., 2003). The study with MWCNT showed that the particles were taken up by the cells
and that the cells released proinflammatory interleukins. Elsner and Hatch conclude that longlasting dermal exposure to CNT may result in adverse health effects such as skin irritation
(ELSNER and HATCH, 2003). By contrast, Huczko and Lange (HUCZKO and LANGE, 2001) did
not find any skin irritation after exposure to soot with a high CNT content.
A study with alveolar macrophages examined the toxicity of SWCNT, MWCNT, C60 and
quartz (JIA et al., 2005). The authors found SWCNT (diameter of ca. 1.4 nm and a mean
length of ca. 1 !m) to be toxic already at a concentration of 0.38 !g/cm2. SWCNT impaired
the phagocytosis of the cells and the mitochondrial function. Also MWCNT (10-20 nm in
diameter and 0.5-40 !m in length) were shown to be toxic, though at higher doses (22.60
!g/cm2).
In an initial study with mice, Wang et al. (WANG et al., 2004) showed that radioactively
labelled SWCNT quickly distributed in measurable levels throughout the entire body, except
for the brain. The highest concentrations accumulated in the kidneys, stomach and bones
within 6 hours. In the bones a significant amount of SWCNTs was found even after 18 days.
The distribution of SWCNTs was not markedly influenced by the administration modes,
(intraperitonially, subcutaneous injection, stomach intubation and intravenous injection).
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In preliminary studies with the suspension-feeding worm C. elegans, Oberdörster et al.
(OBERDÖRSTER et al., 2006) have shown that labelled SWCNT move through the digestive
tract and are not absorbed into the animal. However, SWCNT may still move up the food
chain when the worms are consumed by benthivores (OBERDÖRSTER et al., 2006).
Besides its own toxicity, the large surface area of CNT may cause other molecules to adhere.
CNT can potentially pick up pollutants and transport these in the environment (KLEINER and
HOGAN, 2003). Several studies have investigated the sorption capacities of different carbon
nanomaterials e.g. for organic pollutants, metals, fluoride and radionuclide (LI et al., 2002; LI
et al., 2003; LIU et al., 2004; LONG and YANG, 2001; YANG et al., 2006).
Air
Because of their rod-like shape, CNT are feared to be similarly dangerous than asbestos
(HUCZKO et al., 2001). Three studies with rodents found that CNT could induce interstitial
granulomas, inflammation, and fibrosis in the lungs after 7 days to one month (LAM et al.,
2004; SHVEDOVA et al., 2005; SHVEDOVA et al., 2007; WARHEIT et al., 2004). Also MWCNT
were reported to produce lung lesions similar to those observed in studies with SWCNTs
(MULLER et al., 2005). While Warheit et al. stated that the granulomatous lesions in the lungs
of the CNT-treated rats were non-dose-dependent, nonuniform, and nonprogressive, the
other authors reported dose-dependent lesions and highlighted the possible risk posed by
CNT. Shvedova et al. (SHVEDOVA et al., 2005) further showed that CNT-treated mice showed
slower bacterial clearance compared with saline-treated controls and that quartz and carbon
black did not induce granulomas or fibrosis at the same doses.
Li et al. (LI et al., 2005; LI et al., 2006) examined the effects of SWCNT on the mouse heart.
They reported dose-dependent oxidative damage to the DNA after 7 days of CNT treatment.
After instillation of 0.02 mg SWCNT for 8 weeks (once every two weeks), they observed that
the percent of aortic area covered by plaque and the atherosclerotic lesions in the arteries
were significantly increased in the CNT-treated mice compared with the vehicle-treated
controls. The authors concluded that these effects might be caused by cytokines released
from the inflammation areas in the lungs and/or by CNTs that leave the lungs and enter the
systemic circulation.
Table 35: Overview over toxicity studies on CNT in air.

Test organism

CNT size

Exposure

Toxic level [mg/l]

Source

Mouse

SWCNT

7/90 days

2’000
(NOEC) (LAM et al., 2004)
(0.1 mg/mouse)

Mouse

SWCNT

7/90 days

10’000
(LOEC) (LAM et al., 2004)
(0.5 mg/mouse)

Rat

MWCNT

3/15 days

0.5 g/rat (NOEC)

(MULLER et al., 2005)

Water
A first study with rainbow trouts on the ecotoxicity of SWCNT was carried out by Smith et al.
(SMITH et al., 2007). They exposed the trouts to either a freshwater control, solvent control,
0.1, 0.25 or 0.5 mg/l SWCNT for up to 10 days. SWCNT exposure caused changes in the gills
(oedema, altered mucocytes, hyperplasia, and mucus secretion with SWCNT precipitation on
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the gill mucus), in the brain (possible aneurisms or swellings), and the liver (condensed
nuclear bodies (apoptotic bodies) and cells in abnormal nuclear division). The authors also
found an increase in the total glutathione levels in the gills and livers, an increased ATPase
activity in the gills and intestine, as well as a dose-dependent rise in the ventilation rate.
Additionally, fish ingested SWCNT containing water during the exposure (presumably stressinduced drinking) which resulted in precipitated SWCNT in the gut lumen and intestinal
pathology. The trouts further showed aggressive behaviour and fin nipping towards the end of
the experiment. Smith et al. conclude that “SWCNTs are a respiratory toxicant in trout”.
In a study with Daphnia magna, Roberts et al. (ROBERTS et al., 2007) discovered that D.
magna were able to ingest lipid coated CNT through normal feeding behaviour and utilize the
lipid coating as a food source. Through the digestion of the coating, the solubility of the
nanotube was changed which provides evidence of biomodification of a carbon-based
nanomaterial by an aquatic organism. Under starvation condition, the survival of the daphnids
increased up to a concentration of 0.5 mg/l lipid-coated SWCNT and decreased with higher
concentrations. This finding indicates a hormetic response. Acute toxicity was observed only
at high concentrations. 10 mg/l and 20 mg/l resulted in 20% and 100% mortality respectively.
Table 36: Overview over toxicity studies on CNT in liquid medium.

Test organism

CNT size

Exposure Toxic level [mg/l]

Source

3/10days

< 0.1 (NOEC)

(SMITH et al., 2007)

5 (NOEC)

(ROBERTS et al., 2007)

D. magna under SWCNT
24h
starvation
Coated with
Lysophophat
idylcholine

0.5 (NOEC)

(ROBERTS et al., 2007)

Human B and T f-CNT 1-4
lymphocytes,
macrophages

10 (NOEC)

(DUMORTIER et al., 2006)

Rainbow trout
D. magna

SWCNT
24h
Coated with
Lysophophat
idylcholine

4-24h

Soil
No studies were found on the toxicity of CNT to organisms in the soil.
Derivation of PNECs for the three environmental compartments
Exposed to SWCNT in the air, rats and mice showed no adverse effects at a dose of 0.1-0.5
mg per animal. The concentration of the suspension instilled in mice (showing no effect) was
2’000 mg/l. With an assessment factor of 1000 (ECB, 2003), the PNEC air results in 2 mg/l.
For organisms in water (fish, daphnia), a NOEC of <0.1 mg/l was the lowest value found. With
an assessment factor of 1000 (ECB, 2003), the PNEC water is <0.0001 mg/l.
For the soil compartment no statement can be made.
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4.3.8 Risk quotients
The risk quotient (RQ) is calculated from the PEC divided by the PNEC.
PECCNT air/PNECCNT air = RQCNT air
PECCNT water/PNECCNT water = RQCNT water
PECCNT soil/PNECCNT soil = RQCNT soil
Table 37: Calculation of the risk quotient (PEC/PNEC) of carbon nanotubes for the three environmental
compartments (RE-scenario). The water volume affected by the wastewater is not calculated as
according to the model no CNT enters the STP.

PECCNT [!g/l] (RE-scenario)

PNECCNT [!g/l]

RQCNT

Air

1.50*10-6

2’000

7.5*10-10

Water

0.0005

<0.1

0.005

Soil

0.016

?

?

The calculation shows that currently carbon nanotubes pose no risk to air and water
organisms. The RQ water and air are both small. The RQ soil can not be derived. But if the
PNEC (soil) is similar as the PNEC (water), the RQ might show a possible risk.
Table 38: Calculation of the risk quotient (PEC/PNEC) of carbon nanotubes for the three environmental
compartments (HE-scenario). The water volume affected by the wastewater is not calculated as
according to the model no CNT enters the STP.

PEC [!g/l] (HE-scenario) PNEC [!g/l]

Risk quotient

Air

2.34*10-6

2’000

1.17*10-9

Water

0.00078

<0.1

0.0078

Soil

0.025

?

?

Also in the HE-scenario, the expected concentration of CNT in water and air are small. The
RQ soil is unknown. But if the PNEC (soil) is similar as the PNEC (water), the RQ might show
a possible risk.
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5 Discussion
The application of nanoparticles is expected to rise markedly in the coming years. A lot of
research is done on new fields of application of nanoparticles in materials, electronics and
medicine. But the knowledge on the (eco)toxicity is still scarce and even less is known on the
expected concentrations in the environment. A big obstacle is that nanoparticles do not have
to be declared on products and companies do not readily provide data on the nanomaterials
used/produced. Even the leading retail stores in Switzerland do not necessarily know if there
are nanoparticles in the products they sell. But as stated in the Nanologue-Paper, “the
absence of information does not indicate that a certain aspect is of no concern“ (TÜRK et al.,
2005b). As an example, the US Environmental Protection Agency attributes 60’000 deaths
per year to the inhalation of atmospheric nanoparticles (MOORE, 2006).
To date, products that contain nanoparticles are not examined separately in the admission
procedure of new substances (ALBRECHT et al., 2006; MEILI et al., 2007). Two of the reasons
for the lack of regulation are the difficulty to define “nanoparticles” and the scarce knowledge
on the risk associated with nanomaterials (HELLAND et al., 2006). An overview over the
existing projects to regulate the handling of nanoparticles in different countries can be found
in (MEILI et al., 2007). A consequence of the missing regulation could be that risks for human
health and the environment are not recognized early enough (MEILI et al., 2007). Meili et al.
also state that a lack of regulation may inhibit innovation, as it is not interesting for companies
to invest in a technology as long as it is not foreseeable what kind of legal restrictions or
requirements will have to be fulfilled.

5.1

Model

This is the first study that models the expected concentrations (PEC) of carbon nanotubes
(CNT), nano silver (nAg) and nano titanium dioxide (nTiO2) particles in the environment. A
diploma thesis carried out in 2006 (BLASER, 2006) analysed the silver emissions from silver
containing biocidal products and compared the expected concentrations in the environment
with a reference emission. The modelling was done for the years 2010 and 2015 and
considered the entire European Union. A specific box model of the Rhine river was used for
the water compartment. Further more, the study focussed on the release of ionic silver. In
Blaser (BLASER, 2006), nAg only served as Ag+ source, while this thesis examines the
particulate silver emissions.
The model in this thesis is based on a substance flow analysis from the estimated worldwide
production volume to the environmental compartments air, water and soil in Switzerland. The
following parameters were used as model inputs: estimated worldwide production volume,
allocation of the production volume to the product categories, particle release rates from the
products and flow coefficients within the model environment. First results could be obtained;
but there was a general lack of data to develop the model coefficients. In many cases
assumptions had to be made.
The production quantities used in the model are based on estimations from experts and
numbers found in literature. For nAg and nTiO2 the range between the estimations is rather
big. A best guess had to be taken somewhere near the average based on the most reliable
data. To adress the uncertainty of data in this thesis, two scenarios were modeled – a realistic
exposure scenario based on the most reliable data and a high exposure scenario including
the worst case assumptions. A future scenario was not conducted as the predictions for the
development of the production volumes of the nanoparticles are two vague. It seems to be
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realistic though that the production volumes of all three substances will at least double in the
next five years (BALL, 2001; BLASER, 2006; UNEP, 2007).
So far there is no exhaustive inventory that lists all nanoparticle containing products and their
nano-ingredients (MEILI et al., 2007). Because nanomaterials are not considered to be
substances on their own, import and export statistics give no information on the quantities
traded. Scientific reports usually address the application areas only on an abstract level and
do not mention concrete producers or nano-ingredients of endproducts (MEILI et al., 2007).
Also only little trusted information is given by companies. The extensive web review
unfortunately revealed mostly doubtful information. It was observed that most serious
products do not advertise nano-components. Especially with supplements and cosmetics, odd
products were found that promised scientifically not supportable effects. Further more, it is
sometimes impossible to differentiate between “really nano” and “would-be nano”. The
products and product categories introduced in this thesis (based on the products found in the
WWI and additional information from the web review) are thus subject to change. It can be
expected that more data on the production and use of nanoparticles in consumer products will
be available in two to four years when the current governmental projects on nanomaterials
are completed (Voluntary Reporting Scheme for engineered nanoscale materials (UK)
www.defra.gov.uk/ENVIRONMENT/nanotech/policy/index.htm#voluntary;
Nanoinventar
(Switzerland) www.iurst.ch/images/nanoinventory.pdf). The model developed in this thesis
could be significantly improved with the new data.
There is no scientific data on the use of nanoparticles in products; and it is currently unknown
by which processes nanoparticles can get free (MEILI et al., 2007). Relevant questions are:
when, how and how much particles are released. A study is currently conducted at the Empa
and Eawag on the release of nanoparticles from outdoor paint. Another study at the Empa
investigates the release of nanoparticles from textiles. Results are expected next year.
Because of the current lack of data, assumptions had to be made for most coefficients.
For the substance flow analysis, a model environment was set up. The flow coefficients were
determined based on numbers found in literature or experts estimations. It must be noticed
that also for the environmental flow coefficients, there was a general lack of data. The
behaviour of nanoparticles in the environment as well as in the STP and WIP is unknown
(MEILI et al., 2007). A study is currently undertaken at the Eawag on the elimination of
nanoparticles in STPs. But more research is needed urgently. To allow modelling it was
further necessary to assume equal distribution within the environmental compartments which
may be not realistic. Locally, the concentration may be much higher. A space-oriented model
is needed to simulate the regional concentration differences in the three environmental
compartments and emissions from production sites, handling and transport would need to be
included.
Transformation, degradation and bioaccumulation of nanoparticles were neglected in this
paper, but may play an important role. Not much is known about these processes and
standardized test methods are still missing (MEILI et al., 2007). Biswas and Wu (BISWAS and
WU, 2005) state that nanoparticles can be taken up by living cells which is an entry point into
the food chain leading to bioaccumulation. This is especially important for lipophilic particles
such as SWCNT (WU et al., 2006). It is generally known that biopersistent and lipophilic
substances may accumulate along the food chain. Therefore such a scenario should also be
evaluated with nanoparticles (LAM et al., 2006). Lam highlights that “CNT are possibly one of
the least biodegradable man-made materials ever devised” and that “they are totally insoluble
in water in pristine form” (LAM et al., 2004).
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In this study several flows between environmental compartments were not examined. Follow
up studies are necessary taking into account secondary compartments (groundwater,
sediments), surface erosion and irrigation. For a model with an international perspective, the
application of sludge to the soil should also be considered.

5.2

PEC-values

In the air compartment, the PEC for all three substances is very low (Table 39) which is
mainly due to the big volume of the air compartment. It is also found that nAg-particles and
nTiO2-particles are generally less likely to be released into the air than into water or soil
whereas CNT almost exclusively end up in the air and soil compartment. This is defined by
the lifecycle of the applications. The absolute amount of particles ending up annually in the air
varies between 70 – 180 kg for nAg, 60 - 1’740 kg for nTiO2 and 60 – 100 kg for CNT.
In the water compartment, the expected concentrations of nAg are by a factor of 20 - 200
lower than the PECnTiO2 (Table 39). At that, the continuous dissolution of nAg in water which
would further decrease the amount of nanoparticulate silver in the water compartment was
not considered. The actual concentration of nAg in water can expected to be even smaller.
The PECCNT values are still low at the time and will not pose a risk in the near future. It is also
mentioned that CNT do not naturally stay dispersed in water. Only CNT with hydrophilic
coatings will not immediately clot together. The absolute annual particle input in the water
compartment is 110 - 630 kg for nAg, 2’710 - 58’800 kg for nTiO2 and 2 - 3 kg for CNT.
The PECnAg (soil) turned out to be similar as the PECnAg (water) in both scenarios. Also the
PECnTiO2 (soil) is very close to the PECnTiO2 (water). The soil compartment though is expected
to be more heterogeneous and not as well mixed as the water and air compartment. It has to
be highlighted again, that locally the environmental concentrations can be much higher. The
concentration of CNT in the soil is higher than in the other two compartments but still very
small. The absolute annual particle input in the soil compartment ranges between 120 – 310
kg for nAg, 2’250 – 26’690 kg for nTiO2 and 60 - 90 kg for CNT. Table 39 summarizes the
PEC-values for all three substances and both scenarios for the air, water and soil
compartment.
Table 39: PEC-values of the three substances in the air, water and soil compartment (both scenarios).

nAg [!g/l]
RE

nTiO2 [!g/l]
HE

CNT [!g/l]

RE

HE

RE

HE

Air

1.70 *10-6 4.35*10-6

1.50*10-6

4.22*10-5

1.50*10-6

2.34*10-6

Water

0.03

0.08

0.73

15.83

0.0005

0.0008

Water vol. affected by 8.00
wastewater

20.67

180.00

3933.33

-

-

Soil

0.17

0.61

7.26

0.02

0.03

0.03

It is noticed that the PEC values for CNT are the lowest in both scenarios and all
environmental compartments. Lam et al. corroborate this result. They state: “Currently, it is
expected that very little of these very expensive materials will find its way to contaminate the
outdoor environment ” (LAM et al., 2006). Even within production facilities the concentrations
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measured in the air and on gloves were small (MAYNARD et al., 2004). It has to be expected
though that in the future - when the price of CNT falls and CNT application in consumer
products becomes more widespread – the concentration in the environment will increase
considerably.
The system flow chart of CNT, shows no particle flow to the STP (and the water
compartment). The particles are almost exclusively exported (leaving the system boundary)
or released in the WIP. Because CNT are partially burned in the WIP, the percentage of CNT
in the landfill is lower than with the other two substances (one fifth to about half of total
particle volume). With an increasing variety of products that contain CNT, the CNT flows may
change considerably. In the future, CNT may also be released to the water compartment.
When comparing the substance flow charts of nAg and nTiO2, it is obvious that the main
particle flow takes place from the products to the STP from there to the WIP and finally to the
landfill. We therefore find a high percentage of the particles ending up at the landfill (for nAg
around two thirds and for nTiO2 around three quarters of the total particle volume). The
particle flow from the WIP to the landfill turned out to be the predominant flow of all three
substances due to the relatively high clearance efficiency of the wastewater treatment and the
waste incineration plants. Leachate from landfills was neglected in this modelling as the
standard of landfills in Switzerland is high (see chapter 3.1). But as the identified flows of NP
to the landfill are so high, it will be necessary to study a possible leachate from landfills
closer.

5.3

PNEC-values

Over all, it was found that there is a lack of studies on the ecotoxicity of all substances in all
compartments. Almost no studies with algae, daphnia and fish exist. The situation is even
worse for organisms in the soil compartment. Oberdörster et al. propose that NP can most
likely be taken up by plants and accumulate (OBERDÖRSTER et al., 2006). But the
mechanisms are not known to date. The ecotoxicity of airborne substances is in general
difficult to determine. Mostly there are only inhalation studies with rodents available. One of
the reasons probably is that there are no standardized tests and methods for the ecotoxicity
with nanomaterials up to day (COLVIN, 2003; HUND-RINKE and SIMON, 2006; MEILI et al.,
2007). Lam et al. (LAM et al., 2006) mentions the difficulty to control the nanoparticles’ size
during the study. Many studies also describe the delicacy of bringing the nanoparticles in
aqueous suspension or using the most adequate dispersion agent (LAM et al., 2006). Some
studies are also criticized for the high doses applied causing the organism’s clearance
mechanisms to fail because of an overload and thus leading to exaggerated results (LAM et
al., 2006; MEILI et al., 2007). Scientists agree that the existing (eco)toxicological methods are
basically adequate to analyse the risk from nanoparticles, but that they must be adapted
(DONALDSON et al., 2004; MEILI et al., 2007). The project “nanocare” (Germany) will eventually
provide
a
database
on
(eco)toxicological
data
of
nanoparticles
(www.nanocare.info/www.nanopartikel.info). It is hoped that this project will increase the
availability of data on the (eco)toxicity.
The PNEC-values found in literature vary substantially. This is mainly due to a difference in
the methods applied and in the material used. Meili et al. state that the few existing studies
can not be compared (MEILI et al., 2007). They find fault that in many ecotoxicity studies the
material is not exactly (or not at all) characterised. Differences in size, shape,
functionalization and purity may considerably influence the result (ALBRECHT et al., 2006;
KARAKOTI et al., 2006). It has been shown that hydrophobic coatings usually tend to lower the
inflammatory response after inhalation or instillation (BORM et al., 2006a; REHN et al., 2003;
WARHEIT et al., 2003). A precise characterisation of the particles used is thus necessary
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(RS/RAENG, 2004) and generalisations are not allowed (MEILI et al., 2007); each type of
particle should be analysed separately. In this study, it was not possible to consider particle
differences due to the patchy base data. When analysing the results, it should though be kept
in mind that nTiO2 is not equal to nTiO2 (Nestle, personal communication). The same is valid
also for CNT and nAg.
The EC50- and EC100-values found in literature for nAg vary between one or two powers and
are much bigger than the LC50 value of ionic silver. EC50-values of 20-40 mg/l nAg were found
for the water compartment, while the LC50-values of Ag+ range between 0.0007 mg/l (algae)
and 0.002 mg/l (daphnia) (EWG, 2005). No information was found on the toxicity in the air
compartment. In consideration of the fact that ionic silver (in water) is around 10’000 times
more toxic than nanoparticulate silver (according to the data presently known), the release of
silver in the form of nanoparticles is of subordinate importance. Nano silver will though still
remain an important source of ionic silver as the particles may dissolve in water.
Also the NOEC-values found for nTiO2 differ up to a factor of 1’000 highlighting that the
methods/materials applied in the studies are not comparable and further research with
standardized tests are needed. Toxicity studies on CNT are mainly focussed on worker
exposure and not on ecotoxicity. The PNECCNT air of 100 !g/l (Table 40) seems to be very
high. More studies are needed.
Table 40: Overview over the PNEC-values of the three substances in the environmental compartments
air, water and soil.

PNECnAg [!g/l]

PNECnTiO2 [!g/l]

PNECCNT [!g/l]

Air

?

0.01

100

Water

40

<1

<0.1

Soil

10

?

?

5.4

RQ-values

To estimate a possible risk emanating from the selected nanoparticles, the predicted
concentrations (PEC) received from modelling were compared to the toxicological data
(PNEC) found in literature. It was found that at the time only the concentration of nTiO2 in
water may pose a risk (risk quotient >0.73 and >15.83 in the RE- and HE-scenario,
respectively). If only the water volume affected by the wastewater is looked at, the RQ-values
are even at >180.00 and >3933.33 which suggests an immediate risk. This finding is mainly
due to the big production volume of nTiO2 and the high percentage that (directly) enters into
the water compartment. Nearly 60% of all nTiO2 is found in cosmetics which almost entirely
end up at the STP. STP are thus challenged with more than 20t (RE-scenario) of nTiO2 per
year. In this case, the EU authorities state that the substance is of concern and ask that more
data is gathered to validate the result (UMWELTBUNDESAMT, 2007). By contrast, the RQnTiO2 air
is very small and for the soil compartment, the risk quotient could not be determined.
The expected concentrations of CNT and nAg pose no risk as to the data presently known.
The RQ-values for nAg are between 0.017 and 0.0008. The RQnAg air could not be
determined. The RQ-values for CNT range from 0.0078 to 7.5*10-10. The RQCNT soil could
neither be determined. If assuming that the PNEC-values are accurate and the ways of
release stay the same, the production volume of nAg would need to increase 100 times in
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order that the risk quotient would rise to about 1. Please note that this calculation does not
include the risk emanating from ionic silver. In the case of CNT the ways of release will
change with an increasing variety of products that contain CNT. An extrapolation of the RQCNT
to the future is thus not possible. It has also to be considered that this study did not include
emissions from production sites, and it assumed well mixed environmental compartments
which denotes that much higher concentrations could be found locally e.g. around production
sites.
In a study on the precautionary principle, it was found that risks are mostly underestimated
when the uncertainty of knowledge on the effect of the technology is high (EUROPEAN
ENVIRONMENT AGENCY, 2001). This might be a challenge also in the case of nanotechnology.
The lack of (eco)toxicological data (especially on medium and long term effects) and the lack
of knowledge on production volumes, NP in products, the release rates of NP from products
and the behaviour of NP in the environment make it very difficult to estimate a possible risk
emanating from nanoscale materials. To date consumers have mostly a neutral attitude
towards nanotechnology as technology assessments show (MEILI et al., 2007). But they also
ask for transparency (e.g. declaration) and efforts to examine the risk associated with the
release of nanoparticles. This study is a first attempt to address this issue.
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6 Outlook
Even though nanoparticles currently receive a lot of attention, there is still a general lack of
data to enable proper modelling of PEC-values and allow a risk estimation according to the
PEC/PNEC ration. In the background paper for the action plan on nanoparticles, Meili et al.
(MEILI et al., 2007) ask for the development of techniques to detect NP in the environment,
standard toxicity test with well defined materials and the application of plausible particle
doses, information on the distribution, accumulation and persistence of NP in the environment
and information on the production volume of NP. These requests are supported by this thesis.
Table 41 summarizes the need for research which would allow a sound risk estimation.
Table 41: Need for research (or knowledge) to allow exposure-modelling

Production
Quantities

Exact characterizations of the NP
produced

Lifecycle

Behavior in the
environment
Type and
Flow coefficients
amound of NP in between compartments
products
Ways of release

Toxicity
Standard (eco-)toxicity
test with well defined
materials and plausible
particle doses

Elimination in STP and
WIP
Degradation (biological,
photo-chemical…)
(Bio-)accumulation
Reaction with other
substances
Distribution/Transport
Measuring methods

The present study clearly shows that more research is needed while presenting a first risk
estimation for nanoparticulate silver, titanium dioxide and carbon nanotubes in air, water and
soil. Based on the PEC-values received in this study, it is now possible to focus on the
substances and compartments that revealed the highest risk. As the risk quotient of nTiO2 in
water is around one, priority should be given to assess the behaviour of nTiO2 in water more
closely and it is urgent that more studies investigate the toxicity of different nTiO2
modifications to water organisms. The RQnTiO2 soil could not be determined because of a lack
of studies on the toxicity of nTiO2 to soil organisms. The similar PECnTiO2 values in water and
soil suggest though that nTiO2 may also pose a risk to soil organisms. Studies are thus also
needed with soil organisms. Even though the RQ-values for CNT were small, more research
has to be done on the toxicity of CNT modifications to organisms in soil and water, as the
production volume is expected to increase significantly. Less priority can be given to silver in
particulate form and to the air compartment. The behaviour of nAg in water should still be
examined as a source of the more toxic ionic form. Table 42 shows the importance to
examine the different substances in the three environmental compartments.
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Table 42: Need for research on the three substances in the environmental compartments air, water and
soil. The number of dots represents the need for research with !!!! asking for the highest priority.

nAg

nTiO2

CNT

Air

"

"

""

Water

""

""""

"""

Soil

""

""""

"""

In addition – as mentionned above - a space-oriented model which includes also emissions
from productions sites, handling and transport, is needed to simulate the regional
concentration differences in the three environmental compartments. In this context, the
behavior of nanoparticles in landfills should be looked at more closely.
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Annex 1
Base data for the calculation of the percentage of the NP-volume ending up in Switzerland
Base data for the calculation of the percentage of the NP-volume ending up in Switzerland. Given are
the countries, the population (year) and the source.

EU25

461’478’700
(2005)

http://www.eds-destatis.de/de/database/nms_pop.php?th=4

USA

300'888’812
(2007)

http://de.wikipedia.org/wiki/USA

Japan

127'417’244
(2005)

http://de.wikipedia.org/wiki/Japan

Norway

4’525’000

http://www.ambnorwegen.ch/facts/people/population/population.htm

Switzerland

7'400’000

http://www.swissworld.org/ger/bevoelkerung/swissworld.html
?siteSect=500

China

1'321'000’000

http://de.wikipedia.org/wiki/Volksrepublik_China

(2006)
South Korea

49’024’737 (2007) http://de.wikipedia.org/wiki/S%C3%BCdkorea
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Annex 2
Weighting factors for the allocation of the relative nAg-volume to the categories
Derivation of the weighting factor “article”
First 40 products %
with Google
(05/29/2007)
Plastics
Metals
Cosmetics/
Supplements
Sprays/Liquids for
cleaning
Textiles
Paint/Sealings
total

11
2
9

Number of
%
products in WWI
(03/04/2007)
27.50
5.00

26
8
11

22.50
6

40

31
21
8

38.81
11.94
16.42

27.50
2.50

42.47
28.77

4
14.93

12
0

total

% [article]

68
31
28

10.96

10
15.00

11
1

Number of products in
%
www.products.ec21.com
(05/30/2007)

67

37.78
17.22

0.38
0.17

15.56

0.16

11.11

0.11

17.22
1.11

0.17
0.01
1.00

20
5.48

8
1

17.91
0.00

Weighting
factor
"article"

10.96
1.37

73

31
2
180

Derivation of the weightin factor “weight”

Plastics
Metals
Cosmetics/
Supplements
Sprays/Liquids for
cleaning
Textiles
Paint/Sealings

Mean weight of Mean concentration of Mean amount % [weight] Weighting factor
the articles in the the articles in the
of nAg per
„weight“
category [g]
category [!g/g]
article [!g]
100
100
10000
0.88
0.01
50
100
5000
0.44
0.00
100
500
50000
4.41
0.04
500

100

50000

4.41

0.04

200
1000

100
1000

20000
1000000

1.76
88.11

0.02
0.88
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Annex 3
Weighting factors for the allocation of the relative nTiO2-volume to the categories
Derivation of the weighting factor “article”
Google
(05/29/2007)

%

Sporting goods/
plastics

5

23.81

8

Number of products in %
total
www.products.ec21.com
(05/30/2007)
42.11
1
14.29

Cosmetics/
Supplements

0

0.00

6

31.58

0

0.00

6

12.77

0.13

Coatings/Cleaning/
paste

8

38.10

3

15.79

4

57.14

15

31.91

0.32

Energy
Metals
Paint
total

0
8
0

0.00
38.10
0.00

1
0
1

5.26
0.00
0.00

0
2
0

0.00
28.57
0.00

1
10
1
47

2.13
21.28
2.13

0.02
0.21
0.02

21

Number of
products in WWI
(03/04/2007)

%

19

7

%
14

Weighting
factor
“article”
29.79
0.30
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Derivation of the weighting factor “weight”
Mean weight of Mean concentration
the articles in
of the articles in the
the category [g] category [!g/g]
Sporting goods/
plastics
Cosmetics/
Supplements
Coatings/Cleaning/
paste
Energy
Metals
Paint

Mean amount % [weight] Weighting
of nAg per
factor „weight“
article [!g]

200

300

60000

0.42

0.00

200

20000

4000000

28.30

0.28

200
100
50
1000

300
50000
300
10000

60000
5000000
15000
10000000

0.42
35.37
0.11
70.75

0.00
0.35
0.00
0.71
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