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Preface 
In this master thesis, a probabilistic modeling approach was chosen to calculate concentrations 
of nanoparticles in different environmental compartments and assessing the current risk posed 
to the environment. Three metallic (Ag, TiO2, ZnO) and two carbon based (carbon nanotubes, 
fullerenes) nanoparticles were modeled within the geographical boundaries of Switzerland, 
Europe and USA from a life-cycle perspective. Nanoparticle containing products were identified 
based on an internet research and expert information. Production volumes of nanoparticles 
were then allocated to these product categories according to the concentration and weight of the 
nanoparticle based consumer product. Release of nanoparticles was modeled by means of a life-
cycle based flow system which represents the most important environmental and technical 
compartments. The outcomes of the model were probabilistic density distributions whereof the 
mode was determined for comparison to existing toxicity date and deriving the risk quotient. 
For better understanding of the different transfer coefficients an extensive sensitivity analysis 
was conducted. 

The following thesis consists of three parts. The first part contains the description, results and 
discussion of the thesis itself. It is written in the form of a journal publication. Part two 
(Appendix A) can be submitted as well, but in the form of supporting information. It contains the 
full sensitivity analysis which is too large to include it directly in the publication. Part three 
(Appendix B) contains tables with all modeled transfer coefficients which are not important for a 
comprehensive understanding of the journal publication but they complete the master thesis 
itself. 
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1 Abstract 
Nanoparticles (NP) are already used in different commercially available products and therefore, 
release to environmental compartments occurs consequently. Unfortunately, only little 
information is currently available to describe and quantify the release and fate of nanoparticles 
and the risk they may pose to organisms. In this study, we calculated predicted environmental 
concentrations (PEC) based on a probabilistic material flow analysis (PMFA) from a life-cycle 
perspective of nanoparticles containing products. We considered nano-Ag, fullerenes, carbon 
nanotubes (CNT), nano-TiO2 and nano-ZnO for Europe, Switzerland and USA. To account for the 
lack of data and for including variability and uncertainty of parameters, a probabilistic modeling 
approach was used which was based on Monte Carlo simulations combined with an extensive 
sensitivity analysis. The environmental concentrations were calculated as probabilistic density 
functions and were compared to data from ecotox studies. For water compartments the range 
for the mode of concentrations lies within 0.001 ng L-1 (CNT, USA) and 15.21 ng L-1 (nano-TiO2, 
Europe) for surface water and within 3.96 ng L-1 (fullerenes, Switzerland) and 3.47 µg L-1 (nano-
TiO2, Europe) for sewage treatment effluent. For air, the mode of the concentration is very low 
(maximum for nano-TiO2, Europe: 0.236 ng m-3). For Europe and USA the annual increase of NP 
on sludge treated soil is relatively high, the mode ranges from 1.01 ng kg-1 (fullerenes, USA) to 
89.2 µg kg-1 (nano-TiO2, Europe). The mode of the concentrations for the soil compartment 
ranges from 0.024 ng kg-1 (fullerenes, USA) to 1.28 µg kg-1 (nano-TiO2, Europe). Our results 
indicate that currently risk to aquatic organisms emanate from nano-Ag, nano-TiO2 and nano-
ZnO in the sewage treatment effluent for all considered regions. Currently, all other NP seem 
non-hazardous for the other environmental compartments where ecotoxicological data with 
standardized end points were available. The sensitivity analysis showed that removal efficiency 
during waste water treatment and water flow to the sewage treatment plant are important 
parameters. For EU and USA application of sewage sludge to soil was also a very sensitive flow. 
Furthermore, product distribution and the production volumes of NP and thus the primary input 
path of nanoparticles from products with different life-cycles were also found to be very 
influential. 

2 Introduction 
Nanotechnology and therefore nanoparticles (NP) are already applied in several commercial 
available consumer products such as in cosmetics, textiles, electronic appliances, dietary 
supplements and in other materials. In Europe, nanotechnology receives about 1 billion euro of 
funding whereof two-third comes from national and regional programs (1). Hence, an increase of 
NP production volumes and new nanotechnology based products may be reasonably assumed. 

Nanoparticulate silver is widely used to turn common products such as textiles, plastics or even 
cosmetics to bactericidal products. According to the inventory of nanotechnology based 
products from the Woodrow Wilson Institute (2) more than 230 different commercially 
available products are containing nano-Ag as of August 2008. Although there is growing concern 
that NP may be harmful, the photocatalytic metal oxides nano-TiO2 and nano-ZnO found their 
way in sunscreens and other skin products as UV light absorbing components which are 
transparent (3). 



Introduction 

 
 2 

Not only metallic nanoparticles are already widely used, but there are also promising carbon 
based particles such as carbon nanotubes (CNT) and fullerenes. CNT are expected to have 
different industrial applications. They are used in different materials increasing their strength 
and durability whilst decreasing the weight. Moreover, they seem to allow storing energy in high 
amounts as super capacitors (4). 

Due to the increasing production volumes and the ongoing research in the field of 
nanotechnology, an environmental exposure to NP is most likely (5). Whereas toxic effects of 
nanoparticles on different organisms have been described (6, 7), measurements of 
environmental concentrations of NP are almost completely absent. The first study in this field 
reported the detection of nano-TiO2 in the aquatic environment released from exterior facades 
(8). Studies looking at the release of NP from products are very rare although this process is a 
very important entry pathway for NP into the environment (4). One recent study (9) quantified 
the release of silver NP from socks during washing.  

Because of the nearly absent information about environmental concentration of engineered 
nanoparticles, modeling of predicted environmental concentrations (PEC) on a life-cycle basis is 
currently inevitable. For assessing the risk NP may pose to the environment, the sources and 
pathways have to be explored. NP may reach the environment during production of the particle, 
incorporation into products or during the use-phase of such nanotechnology based goods (4). 
Only a few studies (10-13) already predicted environmental NP concentrations. For instance, in 
the study of Mueller and Nowack (10) the main finding was that currently nano-TiO2 may pose a 
threat for organisms living in the aquatic environment whereas the current concentrations of 
nano-Ag and CNT seem nonhazardous. But a major drawback for assessing the risk of NP is not 
only the lack of information about fate and behavior but also the inconsistency of available data 
(5). Therefore, in the study of Mueller and Nowack (10) different scenarios were modeled to 
cope with this lack of available data. A new approach was developed by Gottschalk et al. (14) to 
model environmental concentrations based on a probabilistic material flow analysis (PMFA), 
eliminating the need to search for the best value or to define different scenarios. This model was 
first applied to model nano-TiO2 flows in Switzerland. Additionally, some important 
environmental compartments such as sediments were not included in the study of Mueller and 
Nowack and only three nanoparticles (TiO2, CNT, Ag) were considered within the geographical 
boundaries of Switzerland. 

For calculating the predicted concentrations of nanoparticles in relevant environmental 
compartments, we adapted the model from Gottschalk et al. (14) which allows to account for the 
mentioned lack and inconsistency of available information. Instead of calculating different 
scenarios, density functions were constructed by means of Monte Carlo simulation including 
variability and uncertainty of modeling parameters. Such a probabilistic approach is useful, if the 
lack of empirical data is high and several assumptions are needed to account for missing data. 
With this approach, all available information can be included in the model. 

The aim of this paper was to extent the modeling of Mueller and Nowack and i) use the 
probabilistic material flow analysis developed by Gottschalk et al. (14), ii) extend it to other 
geographical regions (USA and EU), iii) make a complete description with all environmental 
compartments including sediments and iv) to include more NP. We have thus modeled the flows 
of nano-Ag, nano-TiO2, nano-ZnO, CNT and fullerenes for Switzerland, Europe and USA. For 
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calculating a risk quotient, the mode of the PEC density function within a confidence interval of 
95% was compared to the PNEC based on toxicity data for the corresponding environmental 
compartment. 

3 Materials and Methods 

3.1 Distribution of Nanoparticles to Product Categories 
Production amounts per year for each NP and region was needed. To adapt the data for a 
particular region, the corresponding population was used. If information for worldwide 
production were taken, it was assumed that they represent only high income (15) countries. For 
EU, USA and Switzerland the total population (15) was applied. 

For allocating NP production volumes to the different products, a similar method as described in 
Mueller and Nowack (10) was used. NP containing products were classified in different 
categories with similar life-cycle by means of an internet based research for each NP. Within the 
first 500 results of two common internet search engines (16, 17) the NP containing products 
were counted and classified. Only commercially available products on manufacturer websites 
were considered. Furthermore, all products on a Global Marketplace Platform (18) were counted 
except master batches and powders. Finally, the inventory of nanotechnology-based consumer 
products from the Woodrow Wilson Institute (2) was considered as a representative database 
for the current market situation of commercially available consumer products containing NP. 
Therefore, all products in this database were taken into account. Additionally, the survey of 
Schmid et al. (19) was used for classifying nano-ZnO, nano-TiO2, and nano-Ag and the 
information sheet from NICNAS (20) for nano-ZnO and nano-TiO2. For CNT the classification was 
also based on expert information. 

3.2 Model Information 
The modeling was based on the approach developed by Gottschalk et al. (14). Because of the 
current lack of data for calculating environmental concentrations of NP, a probabilistic material 
flow analysis method was chosen. This combines steady-state Material Flow Analysis with 
Monte Carlo simulation. 100,000 iteration steps were chosen for the Monte Carlo calculations. 
This method allows not only accounting for the variability of the model parameters but also for 
their uncertainty (14). For modeling the weighting factor “article” either a uniform or a 
triangular density function was chosen depending on the accuracy of the data. Transfer 
coefficients implying the exchange of material between and within the modeled compartments 
are described as uniform or triangular probability distribution or in case measured data were 
available, a random sampling of these values was conducted for each iteration step. 

For identifying the most relevant material flows, a sensitivity analysis for all parameters was 
accomplished. For this purpose, each input parameter was decreased by 10% and the transfer 
coefficients were recalculated by Monte Carlo simulation. The sensitivity of the output 
parameters was calculated relatively to the corresponding input parameter. This allowed 
highlighting the parameters which need to be examined more precisely. A parameter with a 
relatively high sensitivity is more crucial for the system than a parameter with a relatively low 
sensitivity. Hence, the data underlying sensitive parameters should be verified and improved. 
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Both, the simulation of the model and the sensitivity analysis was conducted with R (21). 

3.3 System Analysis  
For each region the corresponding geographic boundaries were used as spatial system 
boundary. We assumed homogeneous and well mixed conditions within a region. However, to 
account for the uncertainty of transfer coefficients and the regional differences, a uniform 
probability distribution with a bandwidth of ±50% for EU and USA and of ±20% for Switzerland 
was chosen if only one deterministic parameter was available. Otherwise, density functions were 
built based on empirical data. 

The system was described by 11 boxes which represent environmental and technical 
compartments. Additionally, within each compartment accumulation or elimination of NP was 
allowed. Each compartment was assumed to be well mixed and homogeneous. For material flow 
analysis, several loops between the different compartments are required. Therefore, small 
transfer coefficients were chosen for the flows from landfill to soil and groundwater, for 
groundwater to production (0.001% each), for soil to water and groundwater and water to 
groundwater (0.1% each) and for sediment resuspension (0.1%). These flows were not further 
evaluated in this work due to lack of data but did not significantly affect the reported results for 
the other flows. 

One box (PMC) served as system input of NP and was subdivided into three layers. These layers 
represented the production of nanoparticles, their incorporation into NP containing products 
(manufacturing) and the usage (consumption) of these products including end of life treatment. 
During the life-cycle of NP containing products, different amounts of NP were emitted to the 
environment. For composites and plastics complete disposal was assumed. Also for glass & 
ceramics and light bulbs the main pathway was disposal. In Switzerland, waste is generally 
incinerated in contrary to USA and Europe where a major part of the municipal waste is also 
landfilled. For cosmetics, coatings & cleaning agents and dietary supplements, the major release 
of NP to the environment was via sewage treatment plant. A part of metals, batteries & 
capacitors, filter aggregates, textiles and consumer electronics were recycled additionally to 
discharging them to the waste incineration plant or to a landfill. Furthermore, a part of these 
recycled products were also exported abroad. Especially for textiles, abrasion had also to be 
considered additionally to emissions during the washing process which was based on washing 
experiments for silver NP containing socks (9) extrapolated to 50 washing cycles. Furthermore, 
the solubility of nano-ZnO and nano-Ag were modeled as elimination within this compartment. 
It was assumed that dissolution of nano-Ag particles only occurred in this compartment, 
otherwise they remained stable. Because no information was available about the release of NP 
during production or manufacturing processes, it was assumed that 96% to 100% (uniform) of 
all nanoparticles entered the system via consumption and the remaining 0% to 4% (uniform) 
entered the system via the production and the manufacturing layer. 

For airborne nanoparticles a residence time in the atmosphere of 10 days was assumed 
corresponding to ultrafine particles (22). The relevant air volume was calculated by multiplying 
the area of the particular region by the recommended value for atmospheric mixing height of 
1 km (23). Deposition from air to soil and water occurred proportional to the regional ratio of 
soil and water. Following water to soil ratios were used: Switzerland: 4.2% to 96.8% (24), EU: 
3% to 97% (23) and USA: 6.8% to 93.2% (25). 
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For calculating the concentrations of NP in water bodies the dilution factor was calculated by 
multiplying the relevant water mixing depth of 3 m (23) by the water surface area of the 
corresponding region. It was assumed, that all water body reaching NP will either infiltrate the 
groundwater, settle to the sediment or are exported with the system leaving water flow. 
According to the technical guidance document (23), a residence time of 40 days was applied. For 
sedimentation of nano-TiO2 data from Fang et al. (26) were taken. Although a lot of research was 
done in understanding the behavior of fullerenes in aquatic systems or suspensions (27-30) the 
results were not applicable for our purpose because they investigated primarily in qualitative 
but not in quantitative considerations. Therefore, we assumed complete solubility for 
derivatized fullerenes and almost complete sedimentation of 99.99% for non-derivatized 
fullerenes based on the study of Terashima et al. (31) who added fullerenes to water containing 
different amounts of humic acids and analyzed the particles remaining in suspension. For 
quantifying the percentage of sedimentation for CNT we combined the results from Kennedy et 
al. (32) and Hyung et al. (33). For nano-ZnO sedimentation a uniform distribution was chosen 
with a lower and upper boundary of 6% and 73.7% respectively, based on a study in which they 
flocculated nano-ZnO by MgCl2 in buffered nanopure water at different timescales followed by 
1 h sedimentation (34). Additionally, a dissolution factor modeled as elimination (uniform from 
0% to 100%) for nano-ZnO was assumed. Whereas ZnO is easily soluble in water at pH 7, it has 
been shown that under natural conditions easily soluble minerals can be protected from 
dissolution by a corrosion layer and that even after months the parent compound can be present 
(35). For nanosized silver, sedimentation studies were not available at all. Hence, a uniform 
distribution from 0% to 100% was assumed. 

NP reaching the soil were assumed to accumulate within this compartment. The soil volume was 
calculated by multiplying the soil depth depending on the mixing depth of different soil types 
(natural and urban soil: 0.05 m, agricultural soil: 0.2 m (23)) by the corresponding area of the 
particular region. This results in relevant soil volumes of 4,1667 km3 for Switzerland, 
34,6602 km3 for Europe and 339,358 km3 for USA. The density of dry soil was calculated by 
substracting the water content from the standardized value of 1700 kg m-3 recommended by the 
European Commission (23) resulting in 1500 kg m-3. 

NP reaching the sediment were assumed to accumulate in this compartment. The relevant 
volume of the sediment was approximated by multiplying the water surface area by the depth of 
the sediment of 0.03 m (23). The density of dry sediment was calculated by substracting the 
water content from the standardized value of 1300 kg m-3 recommended by the European 
Commission (23) resulting in 260 kg m-3. 

Landfills were assumed to be sealed off at the bottom and therefore almost no leachate reaches 
the soil or surrounding water bodies in this model. 

Although recycling was implemented in the model, it was impossible to quantify the amount of 
NP leaving a certain recycling process. Therefore, it was reasonably assumed that during the 
recycling process of NP containing products all particles were either incinerated or aggregated 
to larger particles. Hence, all particles entering the recycling compartment were eliminated in 
this model. 

Expecting only small differences in the efficiency of waste incineration plants due to the high 
developed technology, processes leading to nanoparticle outputs were modeled similar for each 
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region with the sole exception for Switzerland exporting about 80% (36) of the filter ash 
whereas Europe and USA was assumed to landfill all the incineration residues inland. A further 
path for nanoparticles to reach the environment is via flue gas cleaning to the air. For the 
efficiency of these filter systems the measurements of Burtscher et al. (37) about removal of 
ultrafine particles during flue gas cleaning were used which suggest a cleaning efficiency for 
nanoparticles of at least 99.9%. Combustible NP (i.e. CNT and fullerenes) should theoretically be 
annealed completely, except they have no contact with oxygen such as in batteries which may 
end up in the bottom ash intact (4, 38). Therefore, a triangular probability function for 
elimination was chosen between 0% and 100% with a peak at 98% according to a typical carbon 
mass flow for incineration plants (39). The remaining part was then distributed randomly either 
to the slag or to the flue gas cleaning. Incombustible nanoparticles (i.e. nano-Ag, nano-TiO2 and 
nano-ZnO) were randomly distributed either to the slag or to the flue gas cleaning but without 
elimination. 

During and after heavy rainfall, a sewage treatment plant cannot cope with the arriving water 
volume. Therefore, the waste water will be discharge untreated into surface water. For EU and 
USA 20% (23) storm water overflow was taken. For Switzerland the percentage of untreated 
waste water was modeled as uniform distribution between 3% (40) and 16% (41). 

During waste water treatment NP may be removed. For all metallic particles (i.e. nano-Ag, nano-
TiO2, nano-ZnO) a removal efficiency indicated by the study of Limbach et al. (42) between 
90.6% and 99.5% (uniform distribution) was used. For CNT, a removal efficiency between 
96.3% and 99.7% (32, 33) (uniform distribution) was assumed based on settling studies in 
water containing 100 mg L-1 NOM. Because of the different types (derivatization) of fullerenes, a 
quantification of treatment efficiency was not possible. Therefore, a uniform distribution from 
0% to 100% was taken into account for this lack of knowledge. 

All removed NP will end up in the sewage sludge whereas the remaining particles are discharged 
into open water bodies. Sewage sludge is used in different ways in the studied regions. Whereas 
for Switzerland it ends up entirely in the waste incineration plant, in EU and USA the major part 
is applied to soils (EU: 55% (12), USA: 63% (43)). The remaining fraction is incinerated (EU: 
25% (12), USA: 19% (43)) or landfilled (EU: 20% (12), USA: 18% (43)). Application of sewage 
sludge to soil is only relevant for 1% (44) of the agricultural soil volume. Although the 
connection rate to sewage treatment for EU (80% (23)) and USA (71% (45) ) was not assumed 
100% as for Switzerland, the treatment efficiency and ultimate fate of the sludge from other 
treatment systems such as septic tanks was taken the same. For calculating the water volume in 
the effluent, a daily water consumption of 200 L (23) per inhabitant and day was assumed. 
Additionally, for EU and USA the connection rate to the sewage treatment plant was included. 

3.4 Toxicity Assessment 
Calculations of the predicted no effect concentration (PNEC) were based on ecotoxicological data 
from literature and the method described in the technical guidance document on risk 
assessment (23). The risk quotient (RQ) was calculated by dividing the PEC by the PNEC. If the 
RQ is 1 or above, further testing is required, below 1 means that currently no risk is posed to the 
environment and therefore there is no need for further testing or risk reduction measures (23). 
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4 Results 

4.1 Worldwide Production Volumes of Nanoparticles 
Table 1 shows the worldwide production volumes in tons per year for the studied NP which 
were obtained from different sources. For nano-Ag the worldwide production volume is in a 
large range of a few tons per year to over 500 t a-1 whereas for CNT the production values of 
several hundred tons per year are in the same magnitude. For fullerenes, relatively small 
production volumes were found with a maximum of 10 t a-1. Nano-TiO2 and nano-ZnO seem to 
be produced in higher amounts than the other considered NP and the found volumes cover a 
broad bandwidth. For nano-TiO2 it ranges from hundreds to several ten thousand tons per year, 
for nano-ZnO from about 20 t a-1 to nearly 10,000 t a-1. Production volumes were modeled as log-
normal distributions. Because of the expected increase in NP production in the future the values 
shown in Table 1 are only valid at present. 

Table 1: Worldwide production volumes of NP in tons per year obtained from different sources. 

nano-Ag CNT Fullerenes nano-TiO2 nano-ZnO 

t a-1 Ref. t a-1 Ref. t a-1 Ref. t a-1 Ref. t a-1 Ref. 

4 (46) 140 (19) 0.15 (47) 679 (20) 18 (48) 
5 (49) 278 (50) 5 (51) 3000 (52) 20 (53) 
434 (19) 295 (4) 10 (28) 5000 (53) 528 (20) 
563 (12) 426 (54)   60926 (19) 1800 (52) 
  473 (1)     9845 (19) 
  500 (55)       

 

4.2 Product Categories Distribution 
For each type of NP the applications were categorized in product categories shown in Table 2. 
Depending on the availability of information, either a uniform or a triangular density function 
was calculated. Except for CNT which was modeled as uniform distribution, for all NP a 
triangular function could be applied. For the R&D sector for fullerene, a triangular distribution 
from 0.5 to 1 with a mode of 1 was modeled first whereas the remaining particles were 
distributed to composites and cosmetics. 
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Table 2: Product categories for each NP with the modeled input distribution. The values refer to the fraction of the 
total NP production that is used in a product category. The modal value describes the most prevalent value for the 
triangular distribution. 

Product Category Lower Boundary Upper Boundary Modal Value Distribution 

nano-Ag 

Plastics 0.0526 0.1471 0.1166 triangular 
Metals 0 0.0359 0.0359 triangular 
Cosmetics 0.1256 0.2281 0.1256 triangular 
Coatings & Cleaning Agent 0.0702 0.5 0.1211 triangular 
Textiles 0.1973 0.3235 0.1973 triangular 
Paint 0 0.5 0.0045 triangular 
Filter Aggregates 0.0294 0.0942 0.0942 triangular 
Glass & Ceramics 0 0.0294 0.0045 triangular 
Consumer Electronics 0.1228 0.2511 0.2511 triangular 
Dietary Supplements 0.0493 0.1754 0.0493 triangular 

CNT 

Composites 0 0.9896  uniform 
Consumer Electronics 0 0.9  uniform 
R&D 0 0.1  uniform 

Fullerenes 

Composites  0 0.5 0 triangular 
Cosmetics 0 0.5 0 triangular 
R&D 0.5 1 1 triangular 

nano-TiO2 

Plastics 0 0.3333 0.0775 triangular 
Cosmetics 0 0.6667 0.2016 triangular 
Coatings & Cleaning Agent 0 0.64 0.3333 triangular 
Batteries & Capacitors 0 0.02 0 triangular 
Metals 0 0.04 0 triangular 
Paint 0 0.04 0 triangular 
Light Bulbs 0 0.04 0 triangular 
Glass & Ceramics 0 0.04 0 triangular 
Filter Aggregates 0.06 0.6667 0.3101 triangular 
Consumer Electronics 0 0.3 0.0775 triangular 
Textiles 0 0.02 0 triangular 
Dietary Supplement 0 0.02 0 triangular 
Ink 0 0.067 0 triangular 

nano-ZnO 

Plastics 0 0.0032 0 triangular 
Cosmetics 0.1667 1 0.8993 triangular 
Coatings & Cleaning Agent 0 0.8333 0.1007 triangular 
Textiles 0 0.0005 0 triangular 
Dietary Supplement 0 0.0001 0 triangular 

 

4.3 Material Flow 
In Figure 1 and Figure 2 the calculated medians within the 95% confidence interval of the 
material flow in tons per year are shown exemplarily for CNT and nano-ZnO for the system 
boundary of the USA. System leaving flows describe the export of NP abroad. Within each 
compartment NP may be accumulated or eliminated (dt). For CNT, the most prominent flows are 
from PMC to the waste incineration plant and to the landfill. For nano-ZnO the flows from PMC 
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to the sewage treatment plant and the application of sewage sludge to soil are the most 
important. 

 

Figure 1: Medians of the material flow for CNT, USA in tons per year within the 95% confidence interval. The 
thickness of the arrows indicate the proportions of the CNT flows. 
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Figure 2: Medians of the material flow for nano-ZnO, USA in tons per year within the 95% confidence interval. The 
thickness of the arrows indicate the proportions of the nano-ZnO flows. 

4.4 Modeled Concentrations  
Figure 3 shows modeled probability distributions for concentrations in different environmental 
compartments exemplarily for nano-ZnO, USA. It has to be noticed, that a certain probability 
exists, that concentrations are 0 for some environmental compartments such as for sediment or 
soil. However, the concentrations indicated in Table 3 are derived from the mode of the 
corresponding density distribution. 



Results 

 
 11 

   

   
 

Figure 3: Modeled probability distributions for concentrations in different compartments, exemplary for nano-ZnO, 
USA. 

The main purpose of the model was to calculate the PEC for environmental compartments. Table 
3 shows the increase of NP concentration per year for soil, sludge treated soil and sediment and 
the predicted NP concentrations for air, surface water and sewage treatment plant effluent for 
each region. In contrary to Europe and USA, sewage sludge is not applied to soil but incinerated 
in waste incineration plants or used in cement plant as solid fuel or in clinker. Therefore, no 
concentrations for sludge treated soil in Switzerland were calculated. Additionally, for 
comparability purpose, the results from Gottschalk et al. (13) for nano-Ag, CNT and nano-TiO2 
for Switzerland are included. All values are denoted with the corresponding 95% confidence 
interval. On average, the highest concentrations of NP are in the sludge treated soil or in the 
sediment for Europe and USA and in the effluent of sewage treatment plants or in the sediment 
for Switzerland. Amongst the considered NP, nano-TiO2 shows the highest concentrations in 
general for all regions. 
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Table 3: Modeled environmental concentrations with the 95% confidence interval for each NP and region. For air, 
surface water and sewage treatment plant effluent, the results describe real concentrations whereas the results for 
soil, sludge treated soil and sediment describe the increase of NP concentrations per year. For better comparability, 
the results from Gottschalk et al. (13) are included for nano-Ag, CNT and nano-TiO2 for Switzerland. 

 
Europe 

 
USA 

  
Switzerland 

 
Compartment Conc. 

 
95% CI Conc. 

 
95% CI Conc. 

 
95% CI 

 

    
nano-Ag 

 
(13) 

   
Soil 22.7 ± 0.1 8.29 ± 0.10 11.2 ± 0.1 ng kg-1 
Sludge Treated Soil 1581 ± 10 662 ± 8 

   
ng kg-1 

Surface Water 0.764 ± 0.006 0.116 ± 0.001 0.717 ± 0.009 ng L-1 
STP Effluent 42.5 ± 0.3 40.7 ± 0.5 38.7 ± 0.4 ng L-1 
Sediment 915 ± 29 145 ± 7 924 ± 40 ng kg-1 
Air 0.008 ± 0.000 0.002 ± 0.000 0.021 ± 0.000 ng m-3 

    
CNT 

  
(13) 

   
Soil 1.51 ± 0.01 0.562 ± 0.003 1.92 ± 0.01 ng kg-1 
Sludge Treated Soil 73.6 ± 0.3 31.4 ± 0.2 

   
ng kg-1 

Surface Water 0.004 ± 0.000 0.001 ± 0.000 0.003 ± 0.000 ng L-1 
STP Effluent 14.8 ± 0.1 16.6 ± 0.1 11.8 ± 0.0 ng L-1 
Sediment 241 ± 4 45.7 ± 0.6 229 ± 5 ng kg-1 
Air 0.003 ± 0.000 0.001 ± 0.000 0.008 ± 0.000 ng m-3 

    
Fullerenes 

    
Soil 0.055 ± 0.002 0.024 ± 0.001 0.026 ± 0.000 ng kg-1 
Sludge Treated Soil 2.03 ± 0.07 1.01 ± 0.05 

   
ng kg-1 

Surface Water 0.014 ± 0.000 0.002 ± 0.000 0.018 ± 0.001 ng L-1 
STP Effluent 4.02 ± 0.07 4.37 ± 0.10 3.69 ± 0.07 ng L-1 
Sediment 0.646 ± 0.646 0.116 ± 0.116 1.183 ± 1.183 ng kg-1 
Air <0.0005 

 
<0.0005 

 
<0.0005 

 
ng m-3 

    
nano-TiO2 (13) 

   
Soil 1.28 ± 0.01 0.526 ± 0.007 0.280 ± 0.003 µg kg-1 
Sludge Treated Soil 89.2 ± 1.0 42.0 ± 0.6 

   
µg kg-1 

Surface Water 0.015 ± 0.000 0.002 ± 0.000 0.021 ± 0.000 µg L-1 
STP Effluent 3.47 ± 0.03 3.40 ± 0.04 4.28 ± 0.05 µg L-1 
Sediment 358 ± 5 53.0 ± 0.9 499 ± 8 µg kg-1 
Air <0.0005 

 
<0.0005 

 
0.001 ± 0.000 µg m-3 

    
nano-ZnO 

     
Soil 0.093 ± 0.002 0.050 ± 0.001 0.032 ± 0.000 µg kg-1 
Sludge Treated Soil 3.25 ± 0.08 1.99 ± 0.03 

   
µg kg-1 

Surface Water 0.010 ± 0.000 0.001 ± 0.000 0.013 ± 0.000 µg L-1 
STP Effluent 0.432 ± 0.004 0.585 ± 0.004 0.441 ± 0.004 µg L-1 
Sediment 2.90 ± 0.27 0.511 ± 0.038 3.33 ± 0.27 µg kg-1 
Air <0.0005 

 
<0.0005 

 
<0.0005 

 
µg m-3 

 

4.5 Sensitivity Analysis 
Table 4 shows for each considered NP the two most important sensitivities for Europe and USA 
for the compartments soil, surface water and sediment. The full analysis is shown in Table A 1-
Table A 5.  
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Table 4: Sensitivities for the two most important flows for each NP in Europe and USA for soil, surface water and 
sediment. 

 
nano-Ag CNT Fullerenes nano-TiO2 nano-ZnO 

   
Europe 

  

   
Soil 

  
STP inflow 42.15% 

 
78.33% 61.97% 2.10% 

Sludge application to soil 39.47% 90.19% 21.50% 37.62% 97.51% 
Dry/wet deposition to soil 

 
7.79% 

   

   
Surface Water 

  
STP inflow 55.76% 

 
70.33% 67.20% 17.30% 

STP overflow 39.05% 4.68% 
 

27.49% 76.64% 
Removal in STP 

 
93.62% 23.32% 

  

   
Sediment 

  
STP inflow 55.55% 

 
28.72% 27.46% 

 
STP overflow 38.90% 

   
19.86% 

Removal in STP 
 

72.40% 
   

Sedimentation 
 

22.70% 59.19% 59.21% 74.10% 

   
USA 

  

   
Soil 

  
STP inflow 49.29% 

 
78.22% 61.87% 61.87% 

Sludge application to soil 45.70% 83.96% 21.42% 37.60% 37.60% 
Dry/wet deposition to soil 

 
14.34% 

   

   
Surface Water 

  
STP inflow 56.45% 

 
73.32% 66.43% 66.43% 

STP overflow 39.51% 2.86% 
 

28.35% 28.35% 
Removal in STP 

 
95.20% 16.55% 

  

   
Sediment 

  
STP inflow 56.28% 

 
29.04% 26.53% 26.53% 

STP overflow 39.39% 
    

Removal in STP 
 

74.18% 
   

Sedimentation 
 

22.11% 60.44% 60.13% 60.13% 

 

4.5.1 Soil 
Application of sewage sludge to the soil which occurs in Europe and USA is relevant for NP 
concentrations in soil. For all NP this is one of the two most important flows. But also the 
amount of NP which reaches the sewage treatment plant from PMC seems very important. 

4.5.2 Surface Water 
For all NP and regions the water flow from and to sewage treatment plants are important for NP 
concentrations in surface water. Whereas for CNT the removal during wastewater treatment is 
the most sensitive, the inflow to the sewage treatment plant is the most important one for nano-
Ag, fullerenes, nano-TiO2 and nano-ZnO. Furthermore, untreated sewage water (i.e. overflow) 
cannot be neglected regarding the model. 
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4.5.3 Sediment 
Whereas sedimentation of NP in water bodies shows the highest sensitivity for fullerenes, nano-
TiO2 and nano-ZnO, the removal during wastewater treatment and the waste water inflow to the 
sewage treatment plant seem more important for CNT and nano-Ag respectively. 

4.6 Risk Estimation 
Although several reports assessed toxic effects for different NP to organisms in environmental 
compartments (6, 7), difficulties in quantifying these effects still remain due to the lack of 
standardized test results. However, for some NP and environmental compartments toxicity data 
were available. According to the technical guidance document on risk assessment (23) and due 
to the accuracy of available data, an assessment factor of 1000 was applied to the lowest 
concentration for calculating the appropriate PNEC shown in Table 5.  

Table 5: Derived PNEC from standardized toxicity studies with an applied assessment factor of 1000. 

Particle Compartment Test Species 
Toxic  
Endpoint 

Concentration PNEC Ref. 

nano-Ag Water Daphnia pulex LC50 0.04 mg L-1 40 ng L-1 (56) 

CNT Sediment Leptocheirus plumulosus LC50 68 g kg-1 68 mg kg-1 (32) 

 
Water Cerodaphnia dubia EC50 50.9 mg L-1 50.9 µg L-1 (32) 

 
Air Permissible exposurelimit on quartz  

  
0.1  mg m-3 (57) 

Fullerenes Water Daphnia Magna NOEC 0.2 mg L-1 200 ng L-1 (58) 

nano-TiO2 Water Daphnia magna NOEC 1 mg L-1 1 µg L-1 (59) 

 
Air Different studies (L)OEC 10 mg m-3 10 µg m-3 (60) 

nano-ZnO Water Pseudokirchneriella subcapitata IC50 49 µg L-1 49 ng L-1 (61) 

 

Comparing the concentrations to the corresponding PNEC the risk quotient (RQ) was calculated 
(Table 6). For carbon based NP such as fullerenes or CNT the RQ is below 1. Therefore, these NP 
seem non-hazardous to the environment. For the metallic NP (Ag, TiO2, ZnO) the RQs are near or 
above 1 for the sewage treatment effluent but below this critical value for the other 
environmental compartments. Hence, further investigations are needed to evaluate the toxicity 
of nano-Ag, nano-TiO2 and nano-ZnO for the sewage treatment effluent. 
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Table 6: Risk quotient for all NP and regions. For better comparability, the results from Gottschalk et al. (13) are 
included for nano-Ag, CNT and nano-TiO2 for Switzerland. 

Compartment Europe USA CH 

nano-Ag 

Surface Water 0.019 0.003 0.018 

STP Effluent 1.06 1.02 0.967 

CNT 

Surface Water <0.0005 <0.0005 <0.0005 
STP Effluent <0.0005 <0.0005 <0.0005 
Sediment <0.0005 <0.0005 <0.0005 

Air <0.0005 <0.0005 <0.0005 

Fullerenes 

Surface Water <0.0005 <0.0005 <0.0005 

STP Effluent 0.020 0.022 0.018 

nano TiO2 

Surface Water 0.015 0.002 0.021 
STP Effluent 3.47 3.40 4.28 

Air 0.036 0.005 0.050 

nano-ZnO 

Surface Water 0.201 0.016 0.258 
STP Effluent 8.82 11.94 9.00 

 

Unfortunately, due to the lack of studies which provide a standardized toxic end point for soil 
organisms, it was not possible to calculate a RQ for the soil compartment. In the study of Tong et 
al. (62) they treated a soil microbial community with a an aqueous suspension of 1 µg C60 per 
gram soil and found no toxic effects. Jemec et al. (63) fed the terrestrial isopod Porcellios scaber 
with nano-TiO2 containing food. For the highest used concentration of 3,000 µg nano-TiO2 per 
gram food they observed no external effects. Our modeled concentration for sludge treated soil 
is higher for both NP. But because the results from these studies are not standardized toxic end 
points, we cannot draw conclusions about toxicity for fullerenes or nano-TiO2 for soil organisms. 

5 Discussion 
Our model includes several technical compartments such as waste incineration plant, sewage 
treatment plant or landfill. Unfortunately, the behavior of NP within these compartments is not 
completely clear. To have as realistic results as possible, we included transfer coefficients with 
high bandwidths with the disadvantage of a relatively broad 95% confidence interval. Much 
work has to be done to fully understand the behavior of NP in these compartments. For example 
for flows within the waste incineration plant such as the incineration of nanotechnology based 
products, no data were available. Therefore, we modeled a bandwidth from 0% to 100% for NP 
reaching the flue gas cleaning whereas the rest, also a bandwidth from 0% to 100%, reaches the 
bottom ash. Leaching from landfill to the environment was also not quantified due to the 
unavailability of data and therefore landfill was assumed as sink for NP. 



Discussion 

 
 16 

Regarding the sensitivity analysis it is possible to identify the most relevant transfer coefficients 
for our current modeling. This allows recognizing further need for investigations in parameter 
quantification to improve our results. The most important parameters after production volumes 
of NP are the release of NP from the products to the sewage treatment plant and the 
corresponding outflow from this particular compartment to surface water and to sludge which 
may then be incinerated, landfilled or applied to the soil. For most compartments, NP and 
regions these flows account for more than 50% of the sensitivity. For atmosphere, further 
investigations in particle emissions stemming from particle release directly from the 
nanotechnology based products or incineration of them in the waste incineration plant would be 
useful. For a better quantification of the NP in the sediment, the sedimentation process needs to 
be explored in more detail.  

For all regions, air shows the lowest PEC compared to the other environmental compartments 
which is mainly due to the high volume and the short residence time of 10 days. Additionally, NP 
only reach the atmosphere either during the usage of products or via emissions from waste 
incineration plant in a low percentage. For Europe and USA a relatively high concentrations of 
NP may be found on soil treated with sewage sludge. Due to the very low fraction of soil where 
sewage sludge is applied, the relevant volume for this compartment is very low. Therefore it 
seems reasonable, that these concentrations are much higher than for the whole soil 
compartment. For Switzerland, where sewage sludge is not applied to soil, the high NP 
concentrations were found in the sewage treatment plant effluent, although the efficiency of the 
sewage treatment plant is relatively high except for fullerene, where no quantitative data were 
found. As recommended by Mueller and Nowack (10) our model also includes sedimentation of 
NP for surface water. For CNT and nano-TiO2, the highest concentrations can be found in the 
sediment. Additionally to the higher volume for surface water than for sewage treatment plant 
effluent, the sedimentation process may explain the much lower concentration in surface water 
compared to sewage treatment plant effluent. Comparing the three modeled regions, it is 
noticeable that for all of them the NP concentrations for a particular environmental 
compartment are in a similar range. This may be explained due to the fact that NP production 
volumes were scaled according to the inhabitants of the particular region. Of all considered NP, 
nano-TiO2 shows generally the highest concentrations for all compartments followed by nano-
ZnO. This reflects the order of the worldwide production volumes of the particular NP. Therefore 
it is obvious, that production volumes of NP are crucial input factors and should be investigated 
further. Finding data for production volumes was very difficult because of the scarcity of surveys 
similar to Schmid and Riediker (19). As it can be seen in Table 1, the uncertainty about NP 
production volumes is very high and hence, the bandwidth of the available data is very broad. 
Nevertheless and in contrary to Mueller and Nowack (10), with our probabilistic approach it was 
possible to include every data without the need for conducting scenario analysis for high or low 
production volumes. This advantage applies also to every other model parameter. Hence, all 
available data were used for our modeling and if only one deterministic parameter was 
available, a bandwidth of ± 50% for EU and USA and ± 20% for Switzerland was applied to 
account for the parameters uncertainty. Additionally, our results amend the work of Mueller and 
Nowack (10) and Gottschalk et al. (13) by considering additional regions such as Europe and 
USA and more nanoparticles such as fullerenes and nano-ZnO. 

For calculating the RQ for the particular environmental compartments, the mode of the density 
function was divided by the PNEC, which was based on the lowest toxicity data multiplied by an 
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assessment factor of 1000. For nano-Ag, nano-TiO2 and nano-ZnO the RQ exceeded the critical 
value of 1 for sewage treatment plant effluent meaning that further investigations are needed to 
evaluate the risk posed to aquatic organisms. For the other environmental compartments where 
toxicological data were available currently no risk is posed to organisms. For better 
quantification of toxicity thresholds and assessing the risk NP may pose to organisms, further 
studies are needed which do not only observe toxic effects, but also allow to quantify them in a 
standardized way. The results of our study may help to conduct ecotoxic tests within realistic 
environmental concentrations. However, it is important to mention, that the modeling was 
conducted only for one year. Whereas for water and air compartments NP have a particular 
residence time and the modeled results are concentrations, for soil and sediment the results 
describe the accumulation of NP per year. Hence, the results have to be interpreted carefully. 
Additionally, production volumes of NP are very likely to increase in the future (5) and even 
though we only could observe risk posed to aquatic organisms in the sewage treatment plant 
effluent, we may expect hazardous concentrations in the future for the other compartments due 
to much higher production volumes. 

For the modeling of the carbon based NP such as CNT and fullerenes, the main problem was to 
include all the different derivatizations. Because these NP may be technically altered to fit the 
purpose of the end product such as water solubility or insolubility, we included high bandwidths 
in the transfer coefficient for sedimentation. Also for metallic NP the dissolution rate in water 
was difficult to quantify and further studies need to be done to fully understand their behavior 
and fate in natural water bodies and for quantifying the release during usage or washing of NP 
containing products. Additionally, NP may be coated by other substances such as silica to 
stabilize them, meaning that it is much more difficult to generalize the environmental fate of the 
NP. 

It has to be mentioned, that the results of our model are on a regional level regarding 
homogenous areas. To cover local conditions such as near NP plants or for special release events 
such as accidents, further modeling has to be conducted which will also be possible with our 
probabilistic approach.  
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7 Appendix A 
Table A 1: Sensitivity analysis for nano-Ag. 

EU  USA  

Atmosphere 

Direct emissions to atmosphere 87.63% Direct emissions to atmosphere 97.07% 
STP inflow 10.35% STP inflow 2.51% 
Waste incineration 0.93% Waste incineration 0.20% 
STP-sludge incineration 0.81% STP-sludge incineration 0.15% 
Emissions from WIP to atmosphere 0.29% Emissions from WIP to atmosphere 0.07% 

Soil 

STP inflow 42.15% STP inflow 49.29% 
Sludge application to soil 39.47% Sludge application to soil 45.70% 
Direct emissions to soil 17.32% Dry/wet deposition to soil 2.46% 
Dry/wet deposition to soil 0.65% Direct emissions to soil 1.87% 
Direct emissions to atmosphere 0.40% Direct emissions to atmosphere 0.67% 

Surface Water 

STP inflow 55.76% STP inflow 56.45% 
STP overflow 39.05% STP overflow 39.51% 
Removal in STP 3.49% Removal in STP 3.45% 
Direct emissions to water 1.49% Dry/wet deposition to water 0.27% 
Sludge application to soil 0.08% Sludge application to soil 0.13% 
Dry/wet deposition to water 0.05% Direct emissions to water 0.11% 
Direct emissions to soil 0.04% Direct emissions to atmosphere 0.08% 
Direct emissions to atmosphere 0.03% Dry/wet deposition to soil 0.01% 
  Direct emissions to soil 0.01% 

Sediment 
STP inflow 55.55% STP inflow 56.28% 
STP overflow 38.90% STP overflow 39.39% 
Removal in STP 3.48% Removal in STP 3.44% 
Direct emissions to water 1.48% Sedimentation 0.30% 
Sedimentation 0.37% Dry/wet deposition to water 0.27% 
Sludge application to soil 0.08% Sludge application to soil 0.13% 
Dry/wet deposition to water 0.05% Direct emissions to water 0.11% 
Direct emissions to soil 0.04% Direct emissions to atmosphere 0.08% 
Direct emissions to atmosphere 0.03% Dry/wet deposition to soil 0.01% 
  Direct emissions to soil 0.01% 
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Table A 2: Sensitivity analysis for CNT. 

EU  USA  

Atmosphere 

Direct emissions to atmosphere 95.21% Direct emissions to atmosphere 91.03% 
Emissions from WIP to atmosphere 3.26% Emissions from WIP to atmosphere 7.32% 
Waste incineration 1.52% Waste incineration 1.63% 
  STP-sludge incineration 0.03% 

Soil 

Sludge application to soil 90.19% Sludge application to soil 83.96% 
Dry/wet deposition to soil 7.79% Dry/wet deposition to soil 14.34% 
Direct emissions to atmosphere 1.39% Direct emissions to atmosphere 1.16% 
STP inflow 0.40% STP inflow 0.38% 
Landfilling of waste 0.16% Emissions from WIP to atmosphere 0.09% 
Emissions from WIP to atmosphere 0.05% Landfilling of waste 0.05% 
Waste incineration 0.02% Waste incineration 0.02% 

Surface Water 

Removal in STP 93.62% Removal in STP 95.20% 
STP overflow 4.68% STP overflow 2.86% 
STP inflow 1.57% STP inflow 1.48% 
Dry/wet deposition to water 0.05% Dry/wet deposition to water 0.37% 
Sedimentation 0.04% Sedimentation 0.03% 
Sludge application to soil 0.02% Direct emissions to atmosphere 0.03% 
Direct emissions to atmosphere 0.01% Sludge application to soil 0.02% 

Sediment 

Removal in STP 72.40% Removal in STP 74.18% 
Sedimentation 22.70% Sedimentation 22.11% 
STP overflow 3.62% STP overflow 2.23% 
STP inflow 1.22% STP inflow 1.16% 
Dry/wet deposition to water 0.04% Dry/wet deposition to water 0.29% 
Sludge application to soil 0.02% Direct emissions to atmosphere 0.02% 
Direct emissions to atmosphere 0.01% Sludge application to soil 0.02% 

  



Appendix A 

 
 24 

Table A 3: Sensitivity analysis for fullerenes. 

EU  USA  CH  

Atmosphere 

Emissions from WIP to atmosphere 40.14% Emissions from WIP to atmosphere 44.22% Waste incineration 36.38% 
STP inflow 29.95% Direct emissions to atmosphere 26.35% Emissions from WIP to atmosphere 32.44% 
Direct emissions to atmosphere 12.34% STP inflow 15.63% Direct emissions to atmosphere 18.06% 
Waste incineration 9.35% Waste incineration 9.54% STP inflow 10.84% 
STP-sludge incineration 8.23% STP-sludge incineration 4.27% STP-sludge incineration 2.28% 

Soil 

STP inflow 78.33% STP inflow 78.22% Dry/wet deposition to soil 45.00% 
Sludge application to soil 21.50% Sludge application to soil 21.42% Waste incineration 19.82% 
Dry/wet deposition to soil 0.09% Dry/wet deposition to soil 0.29% Emissions from WIP to atmosphere 17.10% 
Emissions from WIP to atmosphere 0.05% Emissions from WIP to atmosphere 0.04% Direct emissions to atmosphere 9.52% 
Direct emissions to atmosphere 0.01% Direct emissions to atmosphere 0.02% STP inflow 5.91% 
Waste incineration 0.01% Waste incineration 0.01% F46, Slag, filter ash 1.41% 
STP-sludge incineration 0.01%   STP-sludge incineration 1.24% 

Surface Water 

STP inflow 70.33% STP inflow 73.32% STP inflow 86.98% 
Removal in STP 23.32% Removal in STP 16.55% Removal in STP 7.63% 
STP overflow 6.27% STP overflow 9.99% STP overflow 5.22% 
Sedimentation 0.07% Sedimentation 0.11% Sedimentation 0.15% 
Sludge application to soil 0.01% Dry/wet deposition to water 0.02% Dry/wet deposition to water 0.01% 
  Sludge application to soil 0.02%   

Sediment 

Sedimentation 59.19% Sedimentation 60.44% Sedimentation 64.27% 
STP inflow 28.72% STP inflow 29.04% STP inflow 31.13% 
Removal in STP 9.52% Removal in STP 6.55% Removal in STP 2.73% 
STP overflow 2.56% STP overflow 3.95% STP overflow 1.87% 
  Dry/wet deposition to water 0.01%   
  Sludge application to soil 0.01%   
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Table A 4: Sensitivity analysis for nano-TiO2. 

EU  USA  

Atmosphere 

Direct emissions to atmosphere 59.13% Direct emissions to atmosphere 53.32% 
STP inflow 35.76% STP inflow 37.16% 
Waste incineration 2.76% Waste incineration 7.28% 
STP-sludge incineration 1.80% STP-sludge incineration 1.43% 
Emissions from WIP to atmosphere 0.54% Emissions from WIP to atmosphere 0.81% 

Soil 

STP inflow 61.97% STP inflow 61.87% 
Sludge application to soil 37.62% Sludge application to soil 37.60% 
Dry/wet deposition to soil 0.24% Dry/wet deposition to soil 0.45% 
Direct emissions to atmosphere 0.08% Direct emissions to atmosphere 0.07% 
Direct emissions to soil 0.07% Waste incineration 0.01% 

Surface Water 

STP inflow 67.20% STP inflow 66.43% 
STP overflow 27.49% STP overflow 28.35% 
Removal in STP 3.77% Removal in STP 3.38% 
Direct emissions to water 1.25% Direct emissions to water 1.53% 
Sedimentation 0.18% Sedimentation 0.14% 
Sludge application to soil 0.09% Dry/wet deposition to water 0.09% 
Dry/wet deposition to water 0.01% Sludge application to soil 0.06% 
  Direct emissions to atmosphere 0.01% 

Sediment 

Sedimentation 59.21% Sedimentation 60.13% 
STP inflow 27.46% STP inflow 26.53% 
STP overflow 11.23% STP overflow 11.32% 
Removal in STP 1.54% Removal in STP 1.35% 
Direct emissions to water 0.51% Direct emissions to water 0.61% 
Sludge application to soil 0.04% Dry/wet deposition to water 0.03% 
Dry/wet deposition to water 0.01% Sludge application to soil 0.03% 
  Direct emissions to atmosphere 0.01% 
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Table A 5: Sensitivity analysis for nano-ZnO. 

EU  USA  CH  

Atmosphere 

Direct emissions to atmosphere 69.13% Direct emissions to atmosphere 53.32% STP-sludge incineration 63.33% 
STP-sludge incineration 29.48% STP inflow 37.16% Direct emissions to atmosphere 34.96% 
STP inflow 1.02% Waste incineration 7.28% STP inflow 1.36% 
F124, Export 0.22% STP-sludge incineration 1.43% Emissions from WIP to atmosphere 0.27% 
Emissions from WIP to atmosphere 0.11% Emissions from WIP to atmosphere 0.81% Waste incineration 0.08% 
Waste incineration 0.06%     

Soil 

Sludge application to soil 97.51% STP inflow 61.87% STP-sludge incineration 52.31% 
STP inflow 2.10% Sludge application to soil 37.60% Direct emissions to atmosphere 28.80% 
Direct emissions to atmosphere 0.16% Dry/wet deposition to soil 0.45% Dry/wet deposition to soil 17.35% 
Dry/wet deposition to soil 0.15% Direct emissions to atmosphere 0.07% STP inflow 1.13% 
STP-sludge incineration 0.07% Waste incineration 0.01% Emissions from WIP to atmosphere 0.22% 
F124, Export 0.01%   F46, Slag, filter ash 0.11% 
    Waste incineration 0.07% 

Surface Water 

STP overflow 76.64% STP inflow 66.43% STP overflow 72.72% 
STP inflow 17.30% STP overflow 28.35% STP inflow 15.59% 
Removal in STP 3.16% Removal in STP 3.38% Removal in STP 8.11% 
Direct emissions to water 2.22% Direct emissions to water 1.53% Direct emissions to water 2.78% 
Sludge application to soil 0.51% Sedimentation 0.14% STP-sludge incineration 0.40% 
Sedimentation 0.06% Dry/wet deposition to water 0.09% Direct emissions to atmosphere 0.22% 
F124, Export 0.05% Sludge application to soil 0.06% Dry/wet deposition to water 0.13% 
Direct emissions to atmosphere 0.03% Direct emissions to atmosphere 0.01% Sedimentation 0.06% 
Dry/wet deposition to water 0.03%     
STP-sludge incineration 0.01%     

Sediment 

Sedimentation 74.10% Sedimentation 60.13% Sedimentation 84.55% 
STP overflow 19.86% STP inflow 26.53% STP overflow 11.24% 
STP inflow 4.48% STP overflow 11.32% STP inflow 2.41% 
Removal in STP 0.82% Removal in STP 1.35% Removal in STP 1.25% 
Direct emissions to water 0.58% Direct emissions to water 0.61% Direct emissions to water 0.43% 
Sludge application to soil 0.13% Dry/wet deposition to water 0.03% STP-sludge incineration 0.06% 
F124, Export 0.01% Sludge application to soil 0.03% Direct emissions to atmosphere 0.03% 
Direct emissions to atmosphere 0.01% Direct emissions to atmosphere 0.01% Dry/wet deposition to water 0.02% 
Dry/wet deposition to water 0.01%     
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8 Appendix B 
Table B 1: Transfer coefficients for nano-Ag, Europe. 

Parameters Minimum or Mean Maximum or SD Mode Distribution   

F12, Waste water 0.3836896 0.06574377 0.3651566 lognormal 
F14, Waste 0.0353194 0.01030602 0.03167489 lognormal 
F15, Particle emissions 0.02282133 0.005344886 0.02110896 lognormal 
F16, Waste 0.1556432 0.05184801 0.1294611 lognormal 
F17, Waste 0.04021909 0.0272695 0.02856244 lognormal 
F18, Particle emissions 0.00836487 0.00542381 0.00405314 lognormal 
F111, Recycling 0.03244034 0.009719198 0.02871349 lognormal 
F123, Elimination 0.2696134 0.05205863 0.2728607 lognormal 
F124, Export 0.05188878 0.01454023 0.04608826 lognormal 
F23, Overflow 0.1 0.3 

 
uniform 

F24, STP-sludge 0.181278 0.1990446 
 

uniform 
F26, Landfill 0.1450224 0.1592357 

 
uniform 

F27, Soil application 0.2668315 0.5698779 
 

uniform 
F28, STP effluent 0.0038217 0.0748882 

 
uniform 

F45, Particle emissions 0 0.004 
 

uniform 
F46, Slag, filter ash 0.996 1 

 
uniform 

F57, Particle emissions 0.955 0.985 
 

uniform 
F58, Deposition (dry/wet) 0.015 0.045 

 
uniform 

F67, Infiltration 0.000005 0.000015 
 

uniform 
F69, Leaching 0.000005 0.000015 

 
uniform 

F617, Storage (Landfill) 0.99997 0.99999 
 

uniform 
F78, Leaching 0.0005 0.0015 

 
uniform 

F79, Erosion 0.0005 0.0015 
 

uniform 
F718, Storage (Soil) 0.997 0.999 

 
uniform 

F89, Groundwater infiltration 0.0005 0.0015 
 

uniform 
F810, Sedimentation 0 0.0015 

 
uniform 

F824, Export 0.997 0.9995 
 

uniform 
F91, Consumption 0.000005 0.000015 

 
uniform 

F920, Storage (Groundwater) 0.999985 0.999995 
 

uniform 
F108, Resuspension 0.0005 0.0015 

 
uniform 

F1021, Storage (Sediment) 0.9985 0.9995 
 

uniform 
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Table B 2: Transfer coefficients for nano-Ag, USA. 

Parameters Minimum or Mean Maximum or SD Mode Distribution   

F12, Waste water 0.3837762 0.06602165 0.3627775 lognormal 
F14, Waste 0.03173654 0.007935377 0.02812483 lognormal 
F15, Particle emissions 0.02281147 0.00536815 0.02118101 lognormal 
F16, Waste 0.215436 0.04998432 0.2019731 lognormal 
F17, Waste 0.0401918 0.0273536 0.01639674 lognormal 
F18, Particle emissions 0.008353877 0.005419301 0.003867785 lognormal 
F111, Recycling 0.01154782 0.003317756 0.01010541 lognormal 
F123, Elimination 0.26987 0.05220207 0.271651 lognormal 
F124, Export 0.01627629 0.004971184 0.014801 lognormal 
F23, Overflow 0.1 0.3 

 
uniform 

F24, STP-sludge 0.1377712 0.1512739 
 

uniform 
F26, Landfill 0.1305201 0.1433121 

 
uniform 

F27, Soil application 0.3305258 0.627887 
 

uniform 
F28, STP effluent 0.0038217 0.0748882 

 
uniform 

F45, Particle emissions 0 0.004 
 

uniform 
F46, Slag, filter ash 0.996 1 

 
uniform 

F57, Particle emissions 0.898534855 0.966178285 
 

uniform 
F58, Deposition (dry/wet) 0.033821715 0.101465145 

 
uniform 

F67, Infiltration 0.000005 0.000015 
 

uniform 
F69, Leaching 0.000005 0.000015 

 
uniform 

F617, Storage (Landfill) 0.99997 0.99999 
 

uniform 
F78, Leaching 0.0005 0.0015 

 
uniform 

F79, Erosion 0.0005 0.0015 
 

uniform 
F718, Storage (Soil) 0.997 0.999 

 
uniform 

F89, Groundwater infiltration 0.0005 0.0015 
 

uniform 
F810, Sedimentation 0 0.0015 

 
uniform 

F824, Export 0.997 0.9995 
 

uniform 
F91, Consumption 0.000005 0.000015 

 
uniform 

F920, Storage (Groundwater) 0.999985 0.999995 
 

uniform 
F108, Resuspension 0.0005 0.0015 

 
uniform 

F1021, Storage (Sediment) 0.9985 0.9995 
 

uniform 
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Table B 3: Transfer coefficients for CNT, Europe. 

Parameters Minimum or Mean Maximum or SD Mode Distribution   

F12, Waste water 0.01389302 0.004006844 0.01220408 lognormal 
F14, Waste 0.1905614 0.07821342 0.1500409 lognormal 
F15, Particle emissions 0.006450368 0.001541571 0.006387297 lognormal 
F16, Waste 0.4051016 0.1382846 0.3830106 lognormal 
F111, Recycling 0.145632 0.08588051 0.1113658 lognormal 
F124, Export 0.2383616 0.1272729 0.2145027 lognormal 
F23, Overflow 0.1 0.3 

 
uniform 

F24, STP-sludge 0.0626286 0.1371935 
 

uniform 
F26, Landfill 0.05010288 0.1097548 

 
uniform 

F27, Soil application 0.3740662 0.4809417 
 

uniform 
F28, STP effluent, low 0.3500001 0.4499997 

 
uniform 

F45, Particle emissions 0 0.00147599 9.28E-05 triangular 
F46, Slag, filter ash 0.000366393 0.9981913 0.06277123 triangular 
F423, Elimination 0.000332663 0.999633 0.937136 triangular 
F57, Particle emissions 0.955 0.985 

 
uniform 

F58, Deposition (dry/wet) 0.015 0.045 
 

uniform 
F67, Infiltration 0.000005 0.000015 

 
uniform 

F69, Leaching 0.000005 0.000015 
 

uniform 
F617, Storage (Landfill) 0.99997 0.99999 

 
uniform 

F78, Leaching 0.0005 0.0015 
 

uniform 
F79, Erosion 0.0005 0.0015 

 
uniform 

F718, Storage (Soil) 0.997 0.999 
 

uniform 
F89, Groundwater infiltration 0.0005 0.0015 

 
uniform 

F810, Sedimentation 0.9115343 0.09579426 0.9859563 n.d. 
F824, Export 0.0215 0.0225 

 
uniform 

F91, Consumption 0.000005 0.000015 
 

uniform 
F920, Storage (Groundwater) 0.999985 0.999995 

 
uniform 

F108, Resuspension 0.0005 0.0015 
 

uniform 
F1021, Storage (Sediment) 0.9985 0.9995 

 
uniform 
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Table B 4: Transfer coefficients for CNT, USA. 

Parameters Minimum or Mean Maximum or SD Mode Distribution   

F12, Waste water 0.01390716 0.004054034 0.0120329 lognormal 
F14, Waste 0.1676452 0.03707728 0.1676386 lognormal 
F15, Particle emissions 0.006451735 0.001585052 0.00645699 lognormal 
F16, Waste 0.04997446 0.07079855 0.05782826 lognormal 
F111, Recycling 0.03797071 0.0222981 0.03028844 lognormal 
F124, Export 0.05934112 0.03485193 0.04399068 lognormal 
F23, Overflow 0.1 0.3 

 
uniform 

F24, STP-sludge 0.04759774 0.1042671 
 

uniform 
F26, Landfill 0.04509259 0.09877931 

 
uniform 

F27, Soil application 0.4284758 0.5508968 
 

uniform 
F28, STP effluent 0.3500001 0.4499997 

 
uniform 

F45, Particle emissions 0 0.00147599 9.28E-05 triangular 
F46, Slag, filter ash 0.000366393 0.9981913 0.06277123 triangular 
F423, Elimination 0.000332663 0.999633 0.937136 triangular 
F57, Particle emissions 0.8985349 0.9661783 

 
uniform 

F58, Deposition (dry/wet) 0.0338217 0.1014651 
 

uniform 
F67, Infiltration 0.000005 0.000015 

 
uniform 

F69, Leaching 0.000005 0.000015 
 

uniform 
F617, Storage (Landfill) 0.99997 0.99999 

 
uniform 

F78, Leaching 0.0005 0.0015 
 

uniform 
F79, Erosion 0.0005 0.0015 

 
uniform 

F718, Storage (Soil) 0.997 0.999 
 

uniform 
F89, Groundwater infiltration 0.0005 0.0015 

 
uniform 

F810, Sedimentation 0.9115343 0.09579426 0.9859563 n.d. 
F824, Export 0.0215 0.0225 

 
uniform 

F91, Consumption 0.000005 0.000015 
 

uniform 
F920, Storage (Groundwater) 0.999985 0.999995 

 
uniform 

F108, Resuspension 0.0005 0.0015 
 

uniform 
F1021, Storage (Sediment) 0.9985 0.9995 

 
uniform 
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Table B 5: Transfer coefficients for fullerenes, Switzerland. 

Parameters Minimum or Mean Maximum or SD Mode Distribution   

F12, Waste water 0.01010562 0.9880383 
 

uniform 
F14, Waste 0.005984846 0.9832812 

 
uniform 

F15, Particle emissions 0.005902134 0.001037469 0.006033552 lognormal 
F18, Particle emissions 0 0.001867785 8.72E-05 triangular 
F23, Overflow 0.03 0.16 

 
uniform 

F24, STP-sludge 0 0.97 
 

uniform 
F28, STP effluent 0 0.97 

 
uniform 

F45, Particle emissions 1.07E-06 0.001705762 0.000103631 triangular 
F46, Slag, filter ash 0.000198492 0.3170456 0.01926166 triangular 
F423, Export of filter ash 0.00066547 1 0.06457703 triangular 
F424, Elimination 0.003702895 0.9993762 0.9394714 triangular 
F57, Particle emissions 0.9496 0.9664 

 
uniform 

F58, Deposition (dry/wet) 0.0336 0.0504 
 

uniform 
F67, Infiltration 0.000008 0.000012 

 
uniform 

F69, Leaching 0.000008 0.000012 
 

uniform 
F617, Storage (Landfill) 0.999976 0.999984 

 
uniform 

F78, Leaching 0.0008 0.0012 
 

uniform 
F79, Erosion 0.0008 0.0012 

 
uniform 

F718, Storage (Soil) 0.9976 0.9984 
 

uniform 
F89, Groundwater infiltration 0.000500129 0.00050665 n.d. n.d. 
F810, Sedimentation 0.4999533 0.7070407 n.d. n.d. 
F824, Export 0.4995467 0.5004557 n.d. n.d. 
F91, Consumption 0.000008 0.000012 

 
uniform 

F920, Storage (Groundwater) 0.999988 0.999992 
 

uniform 
F108, Resuspension 0.0008 0.0012 

 
uniform 

F1021, Storage (Sediment) 0.9988 0.9992 
 

uniform 
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Table B 6: Transfer coefficients for fullerenes, Europe. 

Parameters Minimum or Mean Maximum or SD Mode Distribution   

F12, Waste water 0.0099831 0.9882795 
 

uniform 
F14, Waste 0.001979142 0.3667594 

 
uniform 

F15, Particle emissions 0.005834048 0.001403379 0.00581638 lognormal 
F16, Waste 0.004771238 0.7064684 

 
uniform 

F18, Particle emissions 0 0.002302188 8.92E-05 triangular 
F23, Overflow 0.1 0.3 

 
uniform 

F24, STP-sludge 4.65E-06 0.2245193 
 

uniform 
F26, Landfill 3.72E-06 0.1796155 

 
unifrom 

F27, Soil application 1.02E-05 0.4939426 
 

uniform 
F28, STP effluent 0.3997775 0.1596402 0.4221062 lognormal 
F45, Particle emissions 2.36E-07 0.000357413 2.25E-05 triangular 
F46, Slag, filter ash 6.57E-04 0.9942894 0.06249259 triangular 
F423, Elimination 0.005353186 0.9993424 0.937485 triangular 
F57, Particle emissions 0.955 0.985 

 
uniform 

F58, Deposition (dry/wet) 0.015 0.045 
 

uniform 
F67, Infiltration 0.000005 0.000015 

 
uniform 

F69, Leaching 0.000005 0.000015 
 

uniform 
F617, Storage (Landfill) 0.99997 0.99999 

 
uniform 

F78, Leaching 0.0005 0.0015 
 

uniform 
F79, Erosion 0.0005 0.0015 

 
uniform 

F718, Storage (Soil) 0.997 0.999 
 

uniform 
F89, Groundwater infiltration 0.000500007 0.000540089 n.d. n.d. 
F810, Sedimentation 0.4999533 0.7070407 n.d. n.d. 
F824, Export 0.4995467 0.5004558 n.d. n.d. 
F91, Consumption 0.000005 0.000015 

 
uniform 

F920, Storage (Groundwater) 0.999985 0.999995 
 

uniform 
F108, Resuspension 0.0005 0.0015 

 
uniform 

F1021, Storage (Sediment) 0.9985 0.9995 
 

uniform 
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Table B 7: Transfer coefficients for fullerenes, USA. 

Parameters  Minimum or Mean Maximum or SD Mode Distribution   

F12, Waste water 0.009388045 0.9887057 
 

uniform 
F14, Waste 0.000956985 0.2188495 

 
uniform 

F15, Particle emissions 0.005825364 0.001442365 0.00582324 lognormal 
F16, Waste 0.00528896 0.8091649 

 
uniform 

F18, Particle emissions 0 0.002296837 8.92E-05 triangular 
F23, Overflow 0.1 0.3 

 
uniform 

F24, STP-sludge 2.26E-06 0.1707111 
 

uniform 
F26, Landfill 5.01E-07 0.1616145 

 
uniform 

F27, Soil application 2.48E-06 0.5663424 
 

uniform 
F28, STP effluent 0.3997583 0.1696827 0.4208321 lognormal 
F45, Particle emissions 2.95E-07 0.000721017 4.85E-05 triangular 
F46, Slag, filter ash 0.000408065 0.9970407 0.06702314 triangular 
F423, Elimination 0.002238256 0.9995916 0.9329284 triangular 
F57, Particle emissions 0.8985349 0.9661783 

 
uniform 

F58, Deposition (dry/wet) 0.0338217 0.1014651 
 

uniform 
F67, Infiltration 0.000005 0.000015 

 
uniform 

F69, Leaching 0.000005 0.000015 
 

uniform 
F617, Storage (Landfill) 0.99997 0.99999 

 
uniform 

F78, Leaching 0.0005 0.0015 
 

uniform 
F79, Erosion 0.0005 0.0015 

 
uniform 

F718, Storage (Soil) 0.997 0.999 
 

uniform 
F89, Groundwater infiltration 0.000500007 0.000540089 n.d. n.d. 
F810, Sedimentation 0.4999533 0.7070407 n.d. n.d. 
F824, Export 0.4995467 0.5004558 n.d. n.d. 
F91, Consumption 0.000005 0.000015 

 
uniform 

F920, Storage (Groundwater) 0.999985 0.999995 
 

uniform 
F108, Resuspension 0.0005 0.0015 

 
uniform 

F1021, Storage (Sediment) 0.9985 0.9995 
 

uniform 
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Table B 8: Transfer coefficients for nano-TiO2, Europe. 

Parameters  Minimum or Mean Maximum or SD Mode Distribution   

F12, Waste water 0.4817052 0.1015502 0.5091989 lognormal 
F14, Waste 0.065569 0.02316822 0.05247084 lognormal 
F15, Particle emissions 0.01075258 0.002954824 0.009833434 lognormal 
F16, Waste 0.1490123 0.04408959 0.1300922 lognormal 
F17, Waste 0 0.03517683 0.000786744 triangular 
F18, Particle emissions 0.02061805 0.008348702 0.01612187 lognormal 
F111, Recycling 0.1022578 0.04096634 0.08117606 lognormal 
F124, Export 0.16524 0.0576665 0.1422469 lognormal 
F23, Overflow 0.1 0.3 

 
uniform 

F24, STP-sludge 0.181278 0.1990446 
 

uniform 
F26, Landfill 0.1450224 0.1592357 

 
uniform 

F27, Soil application 0.2668315 0.5698779 
 

uniform 
F28, STP effluent 0.0038217 0.0748882 

 
uniform 

F45, Particle emissions 0 0.004 
 

uniform 
F46, Slag, filter ash 0.996 1 

 
uniform 

F57, Particle emissions 0.955 0.985 
 

uniform 
F58, Deposition (dry/wet) 0.015 0.045 

 
uniform 

F67, Infiltration 0.000005 0.000015 
 

uniform 
F69, Leaching 0.000005 0.000015 

 
uniform 

F617, Storage (Landfill) 0.99997 0.99999 
 

uniform 
F78, Leaching 0.0005 0.0015 

 
uniform 

F79, Erosion 0.0005 0.0015 
 

uniform 
F718, Storage (Soil) 0.997 0.999 

 
uniform 

F89, Groundwater infiltration 0.001261401 0.001780481 0.00010195 n.d. 
F810, Sedimentation 0.8738599 0.1780481 0.989805 n.d. 
F824, Export 0.1248787 0.1762677 0.01009306 n.d. 
F91, Consumption 0.000005 0.000015 

 
uniform 

F920, Storage (Groundwater) 0.999985 0.999995 
 

uniform 
F108, Resuspension 0.0005 0.0015 

 
uniform 

F1021, Storage (Sediment) 0.9985 0.9995 
 

uniform 
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Table B 9: Transfer coefficients for nano-TiO2, USA. 

Parameters Minimum or Mean Maximum or SD Mode Distribution   

F12, Waste water 0.4813068 0.1011875 0.51635 lognormal 
F14, Waste 0.07674175 0.02205824 0.069542 lognormal 
F15, Particle emissions 0.0107362 0.00297279 0.009845 lognormal 
F16, Waste 0.3370531 0.07521401 0.321036 lognormal 
F17, Waste 0 0.03970924 0.000843 triangular 
F18, Particle emissions 0.0206024 0.008299657 0.015112 lognormal 
F111, Recycling 0.02742196 0.01075854 0.02153 lognormal 
F124, Export 0.04129034 0.01666216 0.032275 lognormal 
F23, Overflow 0.1 0.3 

 
lognormal 

F24, STP-sludge 0.1377712 0.1512739 
 

lognormal 
F26, Landfill 0.1305201 0.1433121 

 
lognormal 

F27, Soil application 0.3305258 0.627887 
 

lognormal 
F28, STP effluent 0.0038217 0.0748882 

 
lognormal 

F45, Particle emissions 0 0.004 
 

uniform 
F46, Slag, filter ash 0.996 1 

 
uniform 

F57, Particle emissions 0.898534855 0.966178285 
  

F58, Deposition (dry/wet) 0.033821715 0.101465145 
  

F67, Infiltration 0.000005 0.000015 
 

uniform 
F69, Leaching 0.000005 0.000015 

 
uniform 

F617, Storage (Landfill) 0.99997 0.99999 
 

uniform 
F78, Leaching 0.0005 0.0015 

 
uniform 

F79, Erosion 0.0005 0.0015 
 

uniform 
F718, Storage (Soil) 0.997 0.999 

 
uniform 

F89, Groundwater infiltration 0.001261401 0.001780481 0.000102 n.d. 
F810, Sedimentation 0.8738599 0.1780481 0.989805 n.d. 
F824, Export 0.1248787 0.1762677 0.010093 n.d. 
F91, Consumption 0.000005 0.000015 

 
uniform 

F920, Storage (Groundwater) 0.999985 0.999995 
 

uniform 
F108, Resuspension 0.0005 0.0015 

 
uniform 

F1021, Storage (Sediment) 0.9985 0.9995 
 

uniform 
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Table B 10: Transfer coefficients for nano-ZnO, Switzerland. 

Parameters Minimum or Mean Maximum or SD Mode Distribution   

F12, Waste water 0.893713 0.006282591 0.893675 lognormal 
F14, Waste 0.0537692 0.004589573 0.05412263 lognormal 
F15, Particle emissions 0.02216369 0.008510911 0.0231141 lognormal 
F18, Particle emissions 0.03019197 0.008938942 0.02832097 lognormal 
F123, Elimination 0.000124107 0.000110271 5.56E-05 lognormal 
F124, Export 0 0.000515562 3.42E-06 triangular 
F23, Overflow 0 0.159647 0.01083282 triangular 
F24, STP-sludge 0 0.957456 

 
uniform 

F28, STP effluent 0 0.09056362 0.00374855 triangular 
F223, Elimination 0 1 

 
uniform 

F45, Particle emissions 0 0.004 
 

uniform 
F46, Slag, filter ash 0.196016 1 

 
uniform 

F424, Export of filter ash 0 0.799984 
 

uniform 
F57, Particle emissions 0.9496 0.9664 

 
uniform 

F58, Deposition (dry/wet) 0.0336 0.0504 
 

uniform 
F67, Infiltration 0.000008 0.000012 

 
uniform 

F69, Leaching 0.000008 0.000012 
 

uniform 
F617, Storage (Landfill) 0.999976 0.999984 

 
uniform 

F78, Leaching 0.0008 0.0012 
 

uniform 
F79, Erosion 0.0008 0.0012 

 
uniform 

F718, Storage (Soil) 0.9976 0.9984 
 

uniform 
F89, Groundwater infiltration 0 0.001198652 

 
uniform 

F810, Sedimentation 0 0.7352914 0.0402047 triangular 
F823, Elimination 0 1 

 
uniform 

F824, Export 0 0.9362417 0.0732854 triangular 
F91, Consumption 0.000008 0.000012 

 
uniform 

F920, Storage (Groundwater) 0.999988 0.999992 
 

uniform 
F108, Resuspension 0.0008 0.0012 

 
uniform 

F1021, Storage (Sediment) 0.9988 0.9992 
 

uniform 
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Table B 11: Transfer coefficients for nano-ZnO, Europe. 

Parameters Minimum or Mean Maximum or SD Mode Distribution   

F12, Waste water 0.893608 0.0134495 0.893818 lognormal 
F14, Waste 0.01722771 0.003563983 0.01704873 lognormal 
F15, Particle emissions 0.02208485 0.009848027 0.0182471 lognormal 
F16, Waste 0.0366129 0.00755419 0.03498532 lognormal 
F18, Particle emissions 0.004496354 0.06872746 0.02310138 triangular 
F111, Recycling 1.15E-06 1.32E-06 1.29E-07 lognormal 
F123, Elimination 0.000204537 0.000152739 9.62E-05 lognormal 
F124, Export 2.70E-06 3.09E-06 3.13E-07 lognormal 
F23, Overflow 0 0.2994219 0.05551895 triangular 
F24, STP-sludge 0 0.2218483 

 
uniform 

F26, Landfill 0 0.1781363 
 

uniform 
F27, Soil application 0 0.5127539 

 
uniform 

F28, STP effluent 0 0.08202423 0.003197 triangular 
F223, Elimination 0 1 

 
uniform 

F45, Particle emissions 0 0.004 
 

uniform 
F46, Slag, filter ash 0.996 1 

 
uniform 

F57, Particle emissions 0.955 0.985 
 

uniform 
F58, Deposition (dry/wet) 0.015 0.045 

 
uniform 

F67, Infiltration 0.000005 0.000015 
 

uniform 
F69, Leaching 0.000005 0.000015 

 
uniform 

F617, Storage (Landfill) 0.99997 0.99999 
 

uniform 
F78, Leaching 0.0005 0.0015 

 
uniform 

F79, Erosion 0.0005 0.0015 
 

uniform 
F718, Storage (Soil) 0.997 0.999 

 
uniform 

F89, Groundwater infiltration 0 0.00149711 0.00027759 triangular 
F810, Sedimentation 0 0.7352914 0.0402047 triangular 
F823, Elimination 0 1 

 
uniform 

F824, Export 0 0.9363088 0.07329368 triangular 
F91, Consumption 0.000005 0.000015 

 
uniform 

F920, Storage (Groundwater) 0.999985 0.999995 
 

uniform 
F108, Resuspension 0.0005 0.0015 

 
uniform 

F1021, Storage (Sediment) 0.9985 0.9995 
 

uniform 
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Table B 12: Transfer coefficients for nano-ZnO, USA. 

Parameters Minimum or Mean Maximum or SD Mode Distribution   

F12, Waste water 0.8937329 0.01397762 0.8953044 lognormal 
F14, Waste 0.01022392 0.002115279 0.01036899 lognormal 
F15, Particle emissions 0.02208611 0.00983788 0.01861337 lognormal 
F16, Waste 0.04356992 0.008979317 0.04530664 lognormal 
F18, Particle emissions 0.004594179 0.06878929 0.02277169 triangular 
F111, Recycling 2.12E-06 2.42E-06 2.37E-07 lognormal 
F123, Elimination 0.000204812 0.000152658 9.38E-05 lognormal 
F124, Export 3.54E-06 4.08E-06 3.33E-07 lognormal 
F23, Overflow 0 0.2994219 0.05551895 triangular 
F24, STP-sludge 0 0.1686047 

 
uniform 

F26, Landfill 0 0.1603227 
 

uniform 
F27, Soil application 0 0.5776622 

 
uniform 

F28, STP effluent 0 0.08202423 0.003197 triangular 
F223, Elimination 0 1 

 
uniform 

F45, Particle emissions 0 0.004 
 

uniform 
F46, Slag, filter ash 0.996 1 

 
uniform 

F57, Particle emissions 0.898534855 0.966178285 
 

uniform 
F58, Deposition (dry/wet) 0.033821715 0.101465145 

 
uniform 

F67, Infiltration 0.000005 0.000015 
 

uniform 
F69, Leaching 0.000005 0.000015 

 
uniform 

F617, Storage (Landfill) 0.99997 0.99999 
 

uniform 
F78, Leaching 0.0005 0.0015 

 
uniform 

F79, Erosion 0.0005 0.0015 
 

uniform 
F718, Storage (Soil) 0.997 0.999 

 
uniform 

F89, Groundwater infiltration 0 0.00149711 0.00027759 triangular 
F810, Sedimentation 0 0.7352914 0.0402047 triangular 
F823, Elimination 0 1 

 
uniform 

F824, Export 0 0.9363088 0.07329368 triangular 
F91, Consumption 0.000005 0.000015 

 
uniform 

F920, Storage (Groundwater) 0.999985 0.999995 
 

uniform 
F108, Resuspension 0.0005 0.0015 

 
uniform 

F1021, Storage (Sediment) 0.9985 0.9995 
 

uniform 

 

 


