
 

                                          
 

 

 

 

Final Project Report 
 

Probabilistic modeling of environmental concentrations and risks 
of engineered nanomaterials (ENMs) 

 

 
 

 

 

Im Auftrag des Bundesamtes für Umwelt (BAFU) 

 

 

 

St. Gallen, 28. November 2017 

  

Production & 
Manufacturing  

In-use stock

Consumption annual 
release

Landfill

WIP

Recycling

Export

Waste 
water

STP

Air

Soil

Sediment

Surface 
Water



	
	

2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Impressum  

 

Auftraggeber: Bundesamt für Umwelt (BAFU), Abt. Wasser, CH-3003 Bern 

 

Auftragnehmer:  EMPA- Swiss Federal Laboratories for Materials Science and Technology 

 Environmental Risk Assessment and Management Group 

 

Autoren:  Yan Wang, Prof. Dr. Bernd Nowack  

 EMPA- Swiss Federal Laboratories for Materials Science and Technology 

 Environmental Risk Assessment and Management Group  

 Lerchenfelstrasse 5 

 CH-9014 St. Gallen 

 

Datum: 28.11. 2017 

 

Begleitung BAFU: Dr. Saskia Zimmermann-Steffens 

 

 

 

Hinweis: Diese Studie wurde im Auftrag des Bundesamtes für Umwelt (BAFU) verfasst. Für den Inhalt 
ist allein der Auftragnehmer verantwortlich. 

  



	
	

3 

1. Content 

1. Content 3 

2. Introduction 4 

3. Main Results 5 

4. Conclusions 10 

Publication list 11 

 

Annex 1. Probabilistic modeling of the flows and environmental risks of nano-silica 12 

 

Annex 2. Are engineered nano iron oxide particles safe? An environmental risk assessment by 
probabilistic exposure, effects and risk modelling 37 

 

Annex 3. Dynamic probabilistic material flow analysis of nano-SiO2, nano iron oxides, nano-CeO2, 
nano-Al2O3, and quantum dots in seven European regions 60 

 

Annex 4. Risk assessment of engineered nano-SiO2, nano iron oxides, nano-CeO2, nano-Al2O3 and 
quantum dots 88 

 

Supporting information of Annex 1 105 

Supporting information for Annex 2 119 

Supporting information for Annex 3 133 

Supporting information for Annex 4 147 

	

	 	



	
	

4 

2. Introduction 

Due to the ubiquity of nanoapplications in our society, the presence of engineered nanomaterials 

(ENM) in the environment is inevitable, making environmental risk assessments for ENMs imperative. 

The standard risk assessment approach is to compare the exposure with the toxicity. The first step in 

environmental risk assessment is therefore to acquire knowledge regarding exposure of ENMs. Cur-

rently, techniques for detecting and quantifying ENMs in natural systems are still scarce. Thus, a mod-

elling approach is the best alternative to obtain predicted environmental concentrations (PEC). Several 

environmental exposure models have been developed during the last decade. Of those available mod-

els, the probabilistic MFA (PMFA) models are able to provide mass flows of ENMs towards the envi-

ronment through an in-depth analysis of the whole system, considering the complete range of nano-

products. Moreover, caused by the scarcity of data regarding production, use and release of ENMs, the 

input data for the models is associated with high uncertainties. The PMFA model is able to handle the 

inherent uncertainty by introducing each input parameter as a probabilistic distribution. As a latest im-

provement of the PMFA, the dynamic probabilistic MFA model (DPMFA) was developed, consider-

ing a dynamic input and release of ENMs. The PMFA and DPMFA model have previously been ap-

plied to estimate environmental flows and concentration of a range of ENMs.  

The second step in the risk assessment process is to estimate the hazard effects posed by ENMs. A 

large number of studies have investigated the adverse effects of ENMs. However, ecotoxicological 

concentrations vary a lot among studies. The species sensitivity distribution (SSD) method is able to 

consider all available data to calculate the predicted no observed effect concentration (PNEC). A 

handful of environmental hazard assessment studies for ENMs have been conducted using the SSD 

method. Among the studied ENMs, nano-TiO2, nano-ZnO, nano-Ag, and CNTs are the most investi-

gated ones.  

The risk characterization ratio (RCR), obtained by dividing the PEC by the PNEC value, describes the 

potential of risk - a RCR below one means that the risk is under control. If the RCR is above one, the 

risk needs to be evaluated more carefully and risk management measure may be required to be taken. 

Only few studies have so far combined exposure and hazard data and performed a holistic environ-

mental risk assessment.  

Besides the well-studies ENM mentioned above, little is known regarding the environmental exposure 

and risk of other ENM, for example nano-SiO2, nano iron oxides, nano-CeO2, nano-Al2O3, and quantum 

dots. The aim of this project was therefore to quantify the release of these five ENMs from nanoprod-

ucts to the environment using the PMFA and DPMFA models and to conduct an environmental risk 

assessments. 
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3. Main Results  

2.1 Static modelling  

In the first part of this project risk assessments were conducted for nano-SiO2 and nano iron oxides for 

the EU and Switzerland. The mass flows of these two ENMs were modelled and PECs were obtained 

for air, soil, surface water, and sediments using a PMFA model. The highest concentration of nano-

SiO2 was found in sediment in the complete sedimentation scenario, with a median annual increase of 

0.43 mg/kg·y in the EU (0.19–12 mg/kg·y, 15/85% quantiles). Moreover, the concentration in surface 

water was predicted to be 0.12 µg/l in the EU (0.053–3.3 µg/l, 15/85% quantiles). The PEC values for 

nano iron oxides are much lower. The median concentration in surface water was predicted to be 3.4 

ng/l in the EU (0.011–36 ng/l, 15/85% quantiles), and the yearly concentration increase in sediment is 

predicted to be 390 µg/kg·y (0.16-490 µg/kg.y, 15/85% quantiles). The concentrations for these two 

ENMs in other compartments are shown in Table 1 and Table 2.  

 

Table 1. Mean, mode, median values and 15th and 85th percentiles of predicted nano-silica concen-

trations (or yearly increase in concentration) in different environmental and technical compartments 

EU 
Compartment mean mode  median Q15 Q85 Unit 

Soil 6.2 0.42 0.43 0.14 11 µg/kg.y 
Sludge treated soil  6,300 370 420 160 11,000 µg/kg.y 
Surface water 1.9 0.037 0.12 0.053 3.3 µg/L 
Sediment 6.7 0.13 0.43 0.19 12 mg/kg.y 

Air 1.9 0.07 0.12 0.0029 3.5 ng/m3 
STP Effluent 56 1.3 3.8 0.61 83 µg/L 
STP sludge 940 36 63 25 1,600 mg/kg 
Solid waste 160 2.9 10 4.4 280 mg/kg 
WIP bottom ash 1,000 12 68 28 1,800 mg/kg 
WIP fly ash 1,400 61 93 37 2,400 mg/kg 

CH 
Compartment mean mode  median Q15 Q85 Unit 

Soil 21 0.64 1.3 0.42 34 µg/kg.y 
Sludge treated soil  -- -- -- -- -- µg/kg.y 
Surface water 2.8 0.19 0.17 0.064 4.4 µg/L 
Sediment 9.8 0.66 0.60 0.23 16 mg/kg.y 
Air 5.6 0.21 0.3 0.00015 9.5 ng/m3 
STP Effluent 900 43 57 8.7 1,200 µg/L 
STP sludge 1,400 83 86 35 2,300 mg/kg 
Solid waste 75 1.6 4.5 1.9 120 mg/kg 
WIP bottom ash 920 23 54 24 1,500 mg/kg 
WIP fly ash 1,000 77 63 26 1,700 mg/kg 
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Table 2. Concentrations of nano-FeOX in technical and environmental compartments. For soils and 

sediments, the yearly increase in concentration is given. All values are rounded to two significant 

numbers. 

EU 

  Q15 Mean Median  Q85 Unit 
Air  1.1E-04 2.9E-01 3.4E-02 3.6E-01 ng/m3 
Sediment 1.6E-01 390 44 490 µg/kg·y 
N&U* soil  3.8E-05 9.4E-02 1.1E-02 1.2E-01 µg/kg·y 
ST* soil  4.4E-02 110 13 140 µg/kg·y  
Surface water 1.1E-02 2.9E+01 3.4 36 ng/L 
Waste 1.2E-02 31 3.7 39 mg/kg 
WIP* bottom ash 7.0E-02 191 22 242 mg/kg 
WIP* fly ash  1.0E-01 261 29 334 mg/kg 
WWTP* effluent 4.9E-04 2.2 1.2E-01 2.4 µg/L 
WWTP* sludge 3.1E-02 79 9.3E+00 100 mg/kg 

CH 

  Q15 Mean Median  Q85 Unit 
Air  2.7E-04 7.6E-01 9.4E-02 9.7E-01 ng/m3 
Sediment 1.5E-01 450 50 560 µg/kg·y 
N&U* soil  9.2E-05 2.5E-01 2.9E-02 3.3E-01 µg/kg·y 
ST* soil  0 0 0 0 µg/kg·y  
Surface water 2.0E-02 5.5E+01 6.7 69 ng/L 
Waste 2.4E-02 69 8.5 87 mg/kg 
WIP* bottom ash 4.0E-02 120 14 150 mg/kg 
WIP* fly ash  5.0E-02 140 16 180 mg/kg 
WWTP* effluent 6.6E-04 3.4 1.9E-01 3.6 µg/L 
WWTP* sludge 3.7E-02 110 12 140 mg/kg 

   * N&U soil: Natural and urban soil; ST soil: Sludge treated soil; WIP: Waste incineration plant; 

       WWTP: Wastewater treatment plant 

 

Hazard assessments in the surface water system were also conducted for these two ENMs using the 

PSSD approach. PSSD of nano-SiO2 and nano iron oxides, respectively are displayed in Annex 1 and 

2. The mean PNEC values were predicted to be 1028 and 218 µg/l for nano-SiO2 and nano iron oxides, 

respectively. The corresponding mean values of the RCR in the EU for them are predicted to be sever-

al orders of magnitude smaller than 1 (0.0018 for nano-SiO2 and 0.00012 for nano iron oxides). The 

low RCR can also be deduced from the comparison between the PEC and PNEC distributions (Figure 

1). The distribution of RCR for Switzerland is shown in Figure A3. Therefore, the output of these two 

studies indicates that only a very limited risk is expected by for nano-SiO2 and nano iron oxides at the 

current release level. Other ecological systems, e.g. soil, sediment, were not considered so far in the 

studies due to the lack of enough ecotoxicological data.  
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Figure 1. The predicted no-effect concentration (PNEC) distribution (in red) compared with the 

probability density distribution of predicted environmental concentrations (PEC) (in blue) for 

nano silica (left) and nano-FeOX (right) in the Swiss surface water system. 

 

2.2 Dynamic modelling  

The DPMFA model is more advanced compared to the static PMFA, because DPMFA is able to con-

sider the change of the modelling system over time, incorporating a changing input over time and a 

dynamic release of ENMs from nanoproducts. The release and environmental concentrations were 

modelled using this model for nano-SiO2, nano iron oxides, nano-CeO2, nano-Al2O3, and quantum dots 

in the EU as a whole and six geographical sub-regions (Central Europe, Northern Europe, Southern 

Europe, Eastern Europe, South-eastern Europe, and Switzerland). The model showed that a large 

amount of ENMs are accumulated in stocks, e.g. soils and sediments. For example, 80,400 tonnes of 

nano-SiO2 accumulated in sediments from 1990 to 2014 (see Figure 2).  
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Figure 2. Mass flow diagrams for five ENMs in the EU in 2014 based on dynamic modeling: (a) nano-

SiO2, (b) nano-iron oxides, (c) nano-CeO2, (d) nano-Al2O3, and (e) quantum dots. The red boxes rep-

resent the model input compartments. The green and brown boxes represent those waste treatment 

processes for which reuse or recycling processes are or are not involved, respectively. The blues box-

es represent the environmental compartments. The dark grey boxes show the amount of ENMs held in 

stocks in each compartment up to 2014. A dashed line was used to represent the flow from surface wa-

ter to sediment as two extreme scenarios were assumed: a) no transfer and b) complete sedimentation. 

All presented values are the means of the mass distributions and are rounded to three significant num-

bers. The unit for QDs is kg/y, while the unit for the other ENMs is tonnes/y. “Unconsidered” repre-

sents those products, of which the further behavior after recycling processes was not considered due 

to lack of data; WIP: waste incineration plant; STP: sewage treatment plant; BS: bottom ash; N&U 

soil: natural & urban soil. ST soil: sludge-treated soil. 

 

Hazard assessments were performed for nano-SiO2, nano iron oxides, nano-CeO2, nano-Al2O3, and 

quantum dots using an PSSD method, as well as an environmental risk assessment based on the expo-

sure level obtained from the DPMFA. The PNEC and the RCR values are presented in Table 3. The 

risks posed by these five ENMs were demonstrated to be nano-SiO2 > nano-Al2O3 > nano iron oxides > 

nano-CeO2 > quantum dots. However, all the RCR values for the considered ENMs are three to seven 

orders of magnitude lower than one.  
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Table 3. Mean values of predicted no effect concentrations (PNEC) and risk characteristic ratio (RCR) 

Note: the values in the bracket are the 5th and 95th percentiles. NE: Northern Europe, SEE: Southeast-

ern Europe 

 

4. Conclusions 

The output from this project provides an in-depth evaluation of the release of ENMs to technical and 

environmental systems and presents risk assessments towards organisms in surface water systems for 

nano-SiO2, nano iron oxides, nano-CeO2, nano-Al2O3, and quantum dots. Our risk assessment shows no 

overlap between the PEC distributions in fresh waters and PNEC distributions in all cases for these 

materials. Therefore, no risk is predicted under the estimated release level in 2020 for the five 

considered ENMs. 

The results obtained in this project can serve as a starting point for further environmental fate 

modelling studies by providing regionalized data as input values. More importantly, the results from 

this work can also provide a scientific foundation to evaluate policies regarding environmental risks of 

ENMs.  

 

 

ENM PNEC (µg/l) RCR (NE) RCR (SEE) 

nano-SiO2 220 (196 - 248) 2.21E-03 (2.25E-05 - 7.16E-03) 1.13E-02 (9.85E-05 - 3.86E-02) 

nano iron oxides 128 (84 - 169) 1.10E-04 (2.18E-06 - 6.27E-04) 3.64E-04 (8.25E-06 - 1.67E-03) 

nano-Al2O3 120 (107 - 134) 3.21E-04 (6.68E-06 - 8.57E-04) 1.93E-03 (3.13E-05 - 6.41E-03) 

nano-CeO2 2.6 (2.1 - 3.2) 9.14E-05 (2.33E-06 - 4.09E-04) 3.6E-04 (7.88E-06 - 1.58E-03) 

Quantum dots 0.32 (0.07 - 1.11) 2.43E-07 (1.75E-08 - 8.06E-07) 7.84E-07 (3.59E-08 - 3.13E-06) 
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Abstract 

Nano-silica, the engineered nanomaterial with one of the largest production volumes, has a wide range 

of applications in consumer products and industry. This study aimed to quantify the exposure of nano-

silica to the environment and to assess its risk to surface waters. Concentrations were calculated for 

four environmental (air, soil, surface water, sediments) and two technical compartments (wastewater, 

solid waste) for the EU and Switzerland using probabilistic material flow modeling. The correspond-

ing median concentration in surface waters is predicted to be 0.12 µg/L in the EU (0.053-3.3 µg/L, 

15/85% quantiles). The concentrations in sediments in the complete sedimentation scenario were 

found to be the largest among all environmental compartments, with a median annual increase of 0.43 

mg/kg·y in the EU (0.19-12 mg/kg·y, 15/85% quantiles). Moreover, probabilistic species sensitivity 

distributions (PSSD) were computed and the risk of nano-silica in surface waters was quantified by 

comparing the predicted environmental concentration (PEC) with the predicted no-effect concentration 

(PNEC) distribution, which was derived from the cumulative PSSD. This assessment suggests that 

nano-silica currently poses no risk to aquatic organisms in surface waters. Further investigations are 

needed to assess the risk of nano-silica in other environmental compartments, which is currently not 

possible due to a lack of ecotoxicological data. 
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A1.1 Introduction 

As a result of the development of nanotechnology, the production of engineered nanomaterials (ENMs) 

has increased significantly over the last decades and numerous applications penetrate almost every as-

pect of our life. Although nanomaterials benefit our everyday life, they can also have adverse impacts 

on humans and the environment [92]. Due to their small size and large specific surface area, nanopar-

ticles are more likely than large-scale materials to penetrate cells, pass through biological barriers and 

generate free radicals and reactive oxygen species [93, 94]. Thus it is critical to evaluate human and 

environmental risks posed by ENMs, especially those with high production volume. This field has re-

ceived a lot of attention from researchers and regulators [95].  

Nano-silica represents silica particles and agglomerates with a size of the primary particles between 1 

and 100 nm [96]. Synthetic amorphous silica (SAS) has been produced since the 1950s and has a 

worldwide production of several million tons [97]. Nano-silica is used in various pharmaceutical 

products, cosmetics, printer toners and food products because it can provide materials with a desired 

consistency and prevents separation of various ingredients [65]. In addition, it is also widely used in 

paints, surgical tools, medical equipment, textiles and all sorts of surfaces and substrates due to its 

high water repellence [66]. With desired surface and internal functionality, nano-silica also has a high 

potential for application in different biorecognition agents, e.g. antibodies, protein complexes, etc. [67]. 

Furthermore, the silica matrix has a negative charge and can provide a high number of electrostatic 

binding sites. This property is widely used for drug delivery purposes [98]. 

The production and use of nano-silica unavoidably cause environmental release of it. However, the 

knowledge about environmental exposure to nano-silica still remains scarce. Currently, only a few re-

lease studies are available that have investigated the release of nano-silica from products [99]. For ex-

ample, the release of nano-silica from nanocomposites by three different release mechanisms has been 

studied [100]. Nguyen et al. (2012) have reported the release of nano-silica during the irradiation of 

polymer composites  and Al-Kattan et al. (2015) and Zuin et al. (2014) have quantified the release of 

silica from paint containing nano-silica into water. 

To date, there are no analytical methods available to detect trace concentrations of inorganic ENMs 

such as nano-silica in environmental samples [30]. Environmental exposure assessment therefore has 

to depend on modeling approaches to predict the environmental concentrations [104]. In the past few 

years, several models have been developed to assess release and environmental concentrations of 

ENM [34, 37, 38, 40, 41, 105]. Some modeling studies have also included nano-silica. Boxall et al. 

(2007) have modeled the environmental exposure to more than ten ENMs in the UK environment in-

cluding nano-silica and the concentrations of nano-silica were predicted to be 0.0007 µg/l in water and 

0.03 µg/kg in soil, assuming a 10% market penetration of the nano-products. Keller et al. (2013) have 

predicted a global release of 10,600 metric tons of nano-silica to soil and 2,100 metric tons to water in 

2010. Furthermore, they have performed a local modeling study to calculate the release of nano-silica 



15 
 

in effluents from sewage treatment plants (STP) in California (0.63-53 metric tons/year) and San 

Francisco bay (120-10,000 kg/year) in 2010 [40]. However, the methods used in these models did not 

consider the high uncertainties of almost all model parameters. A simplistic algorithm approach was 

applied in Boxall’s model considering only one use and complete release. In Keller’s model linear 

equations to calculate the concentrations of ENMs in the environment were used without considering 

the uncertainty of the input data. The probabilistic material flow model developed by Gottschalk et al. 

(2010) is able to consider the uncertainty of all model parameters. The release of a variety of different 

nanomaterials has been studied using such model [37, 41, 42].  

The hazards of nano-silica have been investigated by several toxicological and ecotoxicological stud-

ies [65, 106-108]. Napierska et al. (2010) have evaluated both nano-silica and synthetic amorphous sil-

ica in in vivo and in vitro studies and apoptosis was only detected after exposure to nanoparticles (14 

nm) and no effect was observed after treatment with micro particles (1-5 µm). Dekkers et al. (2013) 

described a higher toxic potential of nano-silica in food after intravenous injection than after oral ad-

ministration and adverse effects were detected after exposure to 3 mg/kg body weight per day for in-

travenous injection in comparison with 1000-2000 mg/kg body weight per day/day for oral administra-

tion. The effects of nano-silica on aquatic organisms have also been investigated to some extent. Yang 

et al. (2014) for example have analyzed the ecotoxicological effect of nano-silica and bulk silica to 

Daphnia magna. The study indicated that nano-silica has a dose-dependent effect on Daphnia magna 

but bulk silica does not.  

Risk assessments for nano-silica have been performed so far only for specific applications. One exam-

ple is the risk assessment of a glass cleaner formulation (spray application) containing nano-silica [61]. 

In addition, Dekkers et al. (2013) have conducted a risk assessment of nano-silica in food. However, 

no environmental risk assessment covering a broad range of products containing nano-silica has been 

performed so far.  

Considering the lack of exposure concentrations and the absence of generalized environmental risk as-

sessments for nano-silica, the aim of this study is to evaluate the environmental release and risks of 

nano-silica using probabilistic material flow and environmental risk assessment models.  

 

A1.2 Methods 

A1.2.1 General layout of the model 

Material flow analysis (MFA) was used to determine the flows and stocks of nano-silica. The principle 

of MFA is to express all available information concerning a material presenting in processes, flows 

and stocks. Figure A1.1 presents the general structure of the MFA model which is based on Gottschalk 

et al. (2009) and Sun et al. (2014). The idea behind the model is to trace nano-silica during all phases 

of the product life cycle (e.g. production, manufacturing, use, and disposal) and to quantify the 
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transport to technical compartments and transfer from technical compartments to the environment. The 

system boundaries considered in this work are the EU and Switzerland. 

 

  

Figure A1.1. Framework of the material-flow model. The principle is to trace the flows of nano-silica 

from production, manufacturing, and use to disposal and to quantify the transport from technical 

compartments (landfill, waste incineration plant (WIP), cement, sewage treatment plant (STP), recy-

cling and export) to environmental compartments (air, soil, surface water and sediments). 

 

The model contains four environmental compartments: soil (split into general soils and sludge treated 

soils); surface water; air; sediments; and seven technical compartments: production, manufacturing, 

consumption (PMC); sewage treatment plants (STP); waste incineration plants (WIP); landfills; recy-

cling; cement; export.  

 

A1.2.2 Model input parameters 

A1.2.2.1 Input data treatment 

Due to limited knowledge about input parameters (production, allocation of nano-silica to product cat-

egories and transfer coefficients), the output of the model is inherently uncertain. To deal with this 
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high uncertainty, all input values were introduced into the model as probability distributions. Two 

types of distributions – triangular and uniform distributions - were used to process the input parame-

ters. The principle of applying these distributions to different data sources was shown in Sun et al. 

(2014).  

The Degree of Belief (DoB) parameter was assigned to production volumes and STP removal efficien-

cy from different sources as a measure of their reliability. Two levels of DoB were used: 20% and 80% 

DoB, which were assigned to the sources of low and high reliability, respectively. This method also 

was used in a previous study [41]. High reliability was assigned to data from reviewed studies with 

explicit focus on the parameters of interest or with detailed explanation for data collection. Data ob-

tained from personal communications and market reports were also attributed to having high reliability. 

Other information sources such as presentations or booklets, where only general information was giv-

en without detailed description concerning the used methods, were considered as low reliability 

sources, as well as studies published before 2007. In the probabilistic model, a DoB of a parameter 

was reflected by a larger or smaller sampling size for the corresponding parameter, which is in propor-

tion to the assigned DoB when applying the Monte Carlo (MC) approach [109]. For instance, if a data 

point had a DoB of 20%, then 20,000 samples out of the total 100,000 samples were assigned to this 

data point. The underlying methodology is described in Gottschalk et al (2010) and Sun et al (2014). 

To perform the exposure assessment the predicted environmental concentrations (PECs) have to be 

quantified. PECs were calculated by dividing values of the modeled material flows of nano-silica to 

the environmental compartments by the volume or mass of the respective compartment. The volumes 

of environmental and technical compartments for the EU and Switzerland were taken from Sun et al 

(2014). The obtained concentrations are average values for each compartment assuming that the envi-

ronment is a homogeneous and well-mixed system. For the air and water compartment, a retention 

time of 10 days and 40 days was considered respectively [110, 111]. The concentration in surface wa-

ters was calculated assuming no sedimentation, while for sediments 100% sedimentation was consid-

ered. The concentration results for these two compartments therefore constitute mutually exclusive 

worst-case scenarios. 

A1.2.2.2 Nano-silica production volume 

The production volume is the primary input parameter for the material-flow model. We have consid-

ered ten studies, which have reported the production volume of nano-silica. Global and regional (e.g. 

France) production volumes were extrapolated to the EU and Switzerland in proportion to PPP GDP 

(Gross Domestic Product per capita based on Purchasing Power Parity). PPP GDP, which is the Gross 

Domestic Product (GDP) converted to international dollars using purchasing power parity rates, was 

used as scaling factor to extrapolate production volumes from one country or region to another. Com-

pared to the GDP, which was employed as scaling factor in previous studies [41], the PPP GDP takes 

into account the relative cost of local goods, services and inflation rates, which could be a better meas-
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ure of the purchasing power of a country. A similar approach applying the Inequality-adjusted Human 

Development Index has also been used by other modeling studies [39]. As a result of using such fac-

tors, extrapolated production volumes of the EU and Switzerland can better present the actual values. 

A DoB was assigned to each data source as shown in the Table A1.1. 

A1.2.2.3 Product distribution 

The properties of a product incorporating nano-silica together with the shares of nano-silica in differ-

ent product categories determine where and how much of the ENMs are released. All data from avail-

able product inventories were combined to estimate the allocation of nano-silica to different product 

categories. The structured methodology to record all relevant information about products (weight, the 

amount of nano-silica contained and number of products) was applied as described in [35, 37]. For 

each product category, maximal, minimal and mean values of the nano-silica share were defined. The-

se values formed a triangular distribution of the share of nano-silica in each product category. This 

category is called ‘own categories’ with all details shown in Table A1.3 in the appendix 1. The prod-

uct categories were defined based on categories in the French registration report (ANSES, 2013) to-

gether with data from the databases and inventories described. The following databases were used as 

data sources: the inventory of the Woodrow Wilson Centre for Scholars’ Project on Emerging Nano-

technologies [112]; the ANEC/BEUC Inventory [113]; the BUND inventory [114]; and the Nanodata-

base [115]. In addition, patent Information about products containing nano-silica was collected from 

two patent databases: the American US Patent & Trademark Office [116] and the European Patent 

Register [117]. EC21 [118] was also used to count the number of products containing nano-silica for 

different utilization fields on the market.  

In addition, it is also important to consider product categories for nano-silica from previous studies to 

estimate the allocation of nano-silica to different product categories. In this work we also used the cat-

egorization from Keller et al. (2013), in which six categories are listed (automotive, catalysts, electron-

ics & optics, energy & environment, sensors and coatings, paints & pigments) and they have equal 

contributions to the global production of nano-silica. We assumed that nano-silica is allocated to the 

categories in the EU in the same way as worldwide. However, it is necessary to point out that the cate-

gories developed in the Keller et al. (2013) study are industrial sectors rather than product categories. 

For instance, the category “energy & environment” has 20% of the total nano-silica production and it 

is not clear which products it actually contains. This categorization method is named “Keller’s catego-

ries” in this study. 

A1.2.2.4 Release and transfer factors 

The transfer coefficients describe what share of nano-silica in a product is released to different tech-

nical or environmental compartments. Transfer coefficients between and within compartments were 

estimated based on the current knowledge of behavior and fate of nano-silica in these compartments 

[96, 101]. If there was no release information regarding those product categories containing nano-
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silica, we adopted transfer factors from release studies for products with similar properties or for the 

same product categories but containing metal oxide ENMs with similar behavior, e.g. textile and paint 

[119-121]. For Keller’s categories, the transfer coefficients were reassessed based on those determined 

by Sun et al. (2014) instead of taking the transfer factors from Keller et al (2013). This is because in 

their evaluation over 80% of nano-silica was estimated to end up in landfills, but in the EU and Swit-

zerland many products containing nano-silica are recycled. The transfer coefficients for “own catego-

ries” and “Keller’s categories” are given in Table A1.4 which also contains a complete description 

how the transfer coefficients were obtained. 

The removal efficiency of STP and WIP was modeled based on data from the literature. Table A1.5 

lists the removal efficiency of nano-silica during wastewater treatment from different studies that were 

combined into a probability distribution for removal efficiency (Figure S1.1). The removal efficiency 

of nano-silica during waste incineration was assumed to be equivalent to CeO2 [122].  

 

A1.2.3 Hazard assessment 

The goal of the hazard assessment is to identify the hazards of nano-silica towards the ecosystem. 

Hazards can be identified by the predicted no effect concentration (PNEC) which is the threshold of 

not having adverse effects on ecosystems. Based on the European regulation [48], species sensitivity 

distributions were used for deriving the PNEC. Probabilistic species sensitivity distributions (PSSD) 

[54, 56] were computed by combining the probabilistic distributions of all single species into 

oneprobability density function. The value of the 5th percentile of the cumulative PSSD (Hazard effect 

5, HC5) was then used as the PNEC value for further analysis according to[48]. In our probabilistic 

approach not a single PNEC value but a distribution of the PNEC values was derived from the PSSD 

by abstracting values from 10,000 runs. The detailed methodology to derive the PSSD and PNEC dis-

tribution is described in Coll et al. (2015). 

According to the ECHA guidance[48], it is advisable to collect a dataset of at least 10 (preferably 

more than 15) concentration endpoints for different species from at least 8 taxonomic groups to devel-

op a SSD. We were able to collect 20 concentrations from 8 species for 4 taxonomic groups. Table 2-1 

shows that twenty endpoints (EC20, NOEC, IC50, EC50, LOEC, HONEC and LC50) from eight dif-

ferent species were found for nano-silica. The detailed dataset is presented in the Table A1.7 with the 

types of endpoint, names of the tested organisms and their taxonomic groups, and exposure time. 

NOEC values were obtained by transforming each endpoint concentration by two assessment factors 

(AF)[48]. One factor is used to extrapolate observed effects into no-observed effect concentrations 

(NOEC). An AF of 10 was used for LC/EC25-50, an AF of 2 for LC/EC10-20, and an AF of 1 for 

LOEC, LED, MIC, HONEC and NOEC values. The second AF of 10 was considered to convert the 

short term to long term effects based on established thresholds for test duration [48]. 
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Table A1.1. Taxonomic groups and species, which were used to compute endpoint concentrations for 

nano-silica 

Taxonomic group Test organism Endpoints available 

Algae Scenedesmus obliquus; Pseudokirchneriella subcapitata, Chlorella kessleri 12 

Invertebrates Daphnia magna 3 

Unicellular Saccharomyces cerevisiae 1 

Vertebrates Carassius auratus; Poecilia reticulata; Danio rerio 4 

 

A1.2.4 Risk characterization 

According to the ECHA guidance, environmental risk is quantified by comparing the exposure levels 

to the hazard effects. The risk is characterized by the risk characterization ratio (RCR), which is ob-

tained by comparing the exposure concentrations with computed PNEC values. The RCR was calcu-

lated using the following equation 1 [60]:  

 

          RCR= PEC/PNEC   Eq. (1) 

 

An RCR is lower than 1 indicates that the risk is controlled for the particular environmental compart-

ment, route and conditions. An RCR that is higher than 1 shows the needs to implement additional risk 

management measures, or ban production or usage of this material [60]. Although the methodology 

was designed for conventional chemical substances or mixtures, the same framework can be applied to 

nanomaterials [123].  

Equation 1 is used for a single value of PEC and a single value of PNEC in a deterministic approach. 

The same calculation principle was applied in the probabilistic approach employed in this study. The 

RCR distribution for a particular compartment was obtained by dividing all values of the PEC distri-

bution of a compartment by all values of the PNEC distribution of the same compartment [124]. 

 

A1.3 Results 

A1.3.1 Exposure assessment 

A1.3.1.1 Production volume 
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All available sources with the information of production volumes for nano-silica were analyzed to es-

timate the production volume in the EU and Switzerland. The sources and scaling factors from global 

to regional production volume are presented in Table S1.1. The probability distribution of the produc-

tion volume was computed out of all collected data by applying the MC method [36]. Figure A1.2 

shows the probability distribution of the production volume in the EU in 2014 with mean, mode, me-

dian, quantile 0.15 and quantile 0.85 (Q15 and Q85) marked. The median value of production of nano-

silica in the EU is 5,800 tons per year (the corresponding distribution and values for Switzerland are 

given in Figure S1.2.) Due to the very large range of reported production volumes, the probabilistic 

distribution curve has a long tail. In the model the complete distribution was used, considering also the 

likely range reflected by the 15-85% interval. The median value is used as the representative of an en-

tire distribution, because it is less affected by the skewed raw data. 

 

 

 

 

 

 

 

 

 

 

 

Figure A1.2. Probability distribution of the nano-silica production in the EU in 2014 in tons/y, all 

values are rounded to two significant numbers. 

 

A1.3.1.2 Allocation of nano-silica to product categories 

Some product categories have almost negligible percentage of nano-silica in the total production, only 

nine categories from the “own” categorization are shown in Figure A1.3. Other categories with less 

than 0.5% of the total nano-silica production were included into the 10th category as “Others”. The 

largest fraction in the category “Others” belongs to the category “Adhesives and sealants”. The mini-

mal, mean and maximal shares of nano-silica in different products in the “own” categorization which 

were taken from different inventories and sources as well as shares for the Keller’s categories are 
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shown in Table S1.2. The category “Paints” was found to be the largest product category containing 

nano-silica followed by the categories “Polymer” and “Coating”. Only two consumer products con-

taining nano-silica were found in the Nanodatabase, which is the most up-to-date database of engi-

neered nanomaterials used in consumer products. Those two are allocated to the categories “Paints” 

and “Adhesives, sealants” categories. A Wide application of nano-silica in coatings is reflected in a 

high share of the category “Coating”. The results correlate well with literature information about the 

applications of nano-silica in different products, and the characteristics (properties) that nano-silica 

gives to products [65, 125, 126]. 

 

 

Figure A1.3. The largest nine product categories containing nano-silica with their shares of the total 

production volume 

 

A1.3.1.3 Nano-silica flows 

Based on the production volume and the product distribution together with the transfer factors given in 

Table S1.4, we calculated the nano-silica flows for the EU and Switzerland (Figure A2.4). The mean 

value of each flow is given in metric tons/year in the flow chart. In these charts mean values are pre-

sented because the mass balance is not obtained with median values. In Table A1.6 the mode, mean, 

median, Q15 and Q85 values are also given to allow a better evaluation of the spread of the values. 

The model has one total input flow, which is the annual production of nano-silica. Export from the ge-

ographic region represents the only output of the modeled system. The amount of nano-silica exported 

from the EU is almost negligible and contributes to less than 3% of the annual production (the value is 

3.6% for Switzerland). 
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Figure A1.4. Nano-silica flows in the EU (top) and Switzerland (bottom). The mass of inflow and out-

flow of the model are balanced in terms of the mean values of the probability distribution (tons/year), 

which are noted on the flow chart and the flows given in the same color are the outflows from the 

same compartment. All values are rounded to two significant numbers; therefore the input and output 

flows from one compartment might not be balanced. 

 

Shares of emissions to different compartments are strongly correlated with the specific aspects of the 

products application, as well as with the life cycles of the products. For instance, the release from 
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paints and polymers mainly goes to landfill and recycling and around 70% of nano-silica is applied in 

paints and polymers. Therefore, the two dominant flows from Production, manufacturing and con-

sumption (PMC) are to landfill (27,000 tons/a) and recycling (31,000 tons/a) in the EU. Together with 

the flow to wastewater, they account for 77% of the nano-silica mass which released from PMC. The 

“Landfill” and “Recycling” compartments are technical compartments where the nano-silica mainly 

goes. However, leachates from landfills and behavior of nano-silica during recycling were not consid-

ered due to lack of sufficient data in our model.  

Nanomaterial flows from wastewater to STP are mostly captured in the sludge and are eventually 

transported to WIP, landfill and soil when part of sludge is used as fertilizer (in the EU but not in 

Switzerland). The main flows of nano-silica to surface water are from PMC (2,600 tons/year) and 

wastewater (2,100 tons/year) that is not connected to STP. Another considerable release to surface wa-

ter is through sewage treatment plants (1,700 tons).  

Soil, landfill and sediment are the compartments where nano-silica tends to accumulate. The air is the 

least affected compartment by nano-silica. The main material flow to air is from PMC (310 tons/year), 

and other trivial flows are from WIP both in the EU and Switzerland.  

A1.3.1.4 Predicted concentrations in technical and environmental compartments 

Probabilistic distributions of concentrations for the environmental compartments were determined for 

air, surface water, sediment, soil and sludge treated soil. In addition, nano-silica concentrations were 

also calculated for STP sludge, treated effluent from STP and municipal solid waste and the residues 

from waste incineration (bottom ash and fly ash). The predicted mean, median and mode values, as 

well as 15th and 85th percentiles of each distribution for the EU and Switzerland are presented in Ta-

ble A1.2. The units of concentrations in soil, sludge treated soil and sediment correspond to the yearly 

increase. Under Swiss regulation, sewage sludge is transported to cement plants or WIP, instead of go-

ing to agriculture. Therefore, there is no sludge treated soil in Switzerland.  

Among the environmental compartments, sediments have the highest yearly accumulation both in the 

EU (0.43 mg/kg.y) and Switzerland (0.60 mg/kg.y), followed by sludge treated soil (420 µg/kg.y) in 

the EU and soil (0.43 µg/kg.y in the EU and 1.3 µg/kg.y in Switzerland). The lowest concentration 

was found in air, which can be explained by the very low release of nano-silica to the air compartment 

and short retention time. It is necessary to point out that all concentrations in this model only represent 

the amount of nano-silica in the compartments in 2014 without considering the accumulation of nano-

silica in the environment.  
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Table A1.2. Mean, mode, median values and 15th and 85th percentiles of predicted nano-silica con-

centrations (or yearly increase in concentration) in different environmental and technical compart-

ments 

EU 
Compartment mean mode  median Q15 Q85 Unit 

Soil 6.2 0.42 0.43 0.14 11 µg/kg.y 
Sludge treated soil  6,300 370 420 160 11,000 µg/kg.y 
Surface water 1.9 0.037 0.12 0.053 3.3 µg/L 
Sediment 6.7 0.13 0.43 0.19 12 mg/kg.y 

Air 1.9 0.07 0.12 0.0029 3.5 ng/m3 
STP Effluent 56 1.3 3.8 0.61 83 µg/L 
STP sludge 940 36 63 25 1,600 mg/kg 
Solid waste 160 2.9 10 4.4 280 mg/kg 
WIP bottom ash 1,000 12 68 28 1,800 mg/kg 
WIP fly ash 1,400 61 93 37 2,400 mg/kg 

CH 
Compartment mean mode  median Q15 Q85 Unit 

Soil 21 0.64 1.3 0.42 34 µg/kg.y 
Sludge treated soil  -- -- -- -- -- µg/kg.y 
Surface water 2.8 0.19 0.17 0.064 4.4 µg/L 
Sediment 9.8 0.66 0.60 0.23 16 mg/kg.y 
Air 5.6 0.21 0.3 0.00015 9.5 ng/m3 
STP Effluent 900 43 57 8.7 1,200 µg/L 
STP sludge 1,400 83 86 35 2,300 mg/kg 
Solid waste 75 1.6 4.5 1.9 120 mg/kg 
WIP bottom ash 920 23 54 24 1,500 mg/kg 
WIP fly ash 1,000 77 63 26 1,700 mg/kg 

 

A1.3.2 Hazard characterization 

Twenty ecotoxicological endpoint concentrations were collected from eight different species. The spe-

cies sensitivity spanned several orders of magnitude. It is found that Chlorella kessleri (Algae) has the 

lowest sensitivity to nano-silica [107], whereas Pseudokirchneriella subcapitata (algae) has the high-

est sensitivity [127]. Exposure time also was shown to be a crucial parameter for aquatic toxicity of 

nano-silica [128]. The size-dependent toxicity of nano-silica to Chlorella kessleri was investigated and 

it was found that the smaller particles are more toxic, which was reflected by the half maximal inhibi-

tory concentrations (IC50) [127]. The IC50 for particles of 5 nm was 8,000 mg/l and it increased to 

91,000 mg/l as the size went up to 78 nm. 

The PSSD was computed only for the surface compartment, since endpoint concentrations were avail-

able only for aquatic organisms. The distribution was built by combining sensitivity distributions for 

eight individual species. The modeled cumulated PSSD is shown in Figure A1.5 as well as the meas-

ured data points and geometric mean values for the different species.  
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Figure A1.5. Cumulative probabilistic species sensitivity distribution (PSSD) of nano-silica in surface 

water based on NOEC values. The small blue points represent the single values of the endpoint con-

centrations, the empty circles are the geometric mean values (for illustration only, not used in the 

modeling) and red curve is the PSSD. 

 

The PNEC values were obtained by extracting the 5th percentile from the PSSD. The computational 

procedure for the cumulative form of PSSD was repeated 10,000 times and 10,000 PNEC values were 

therefore obtained. All these values were used to derive the probability density distribution of PNEC. 

The median PNEC value is calculated to be 1,023 µg/L (mode value is 1,030 µg/L, mean value is 

1,028 µg/L, Q15 is 787 µg/L, Q85 is 1,265 is µg/l). 

 

A1.3.3 Risk calculation 

The comparison between the PEC and the PNEC distributions is shown in Figure A1.6 for the EU (the 

distribution for Switzerland is shown in Figure A1.3). No overlap was observed in both cases. The 

RCR values were calculated by dividing all values of the PEC distribution by all values of the PNEC 

distribution. Table A1.3 gives the mean, mode, median, Q15 and Q85 values of RCR for the EU and 
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Switzerland. The calculated median RCR values are 0.00012 for the EU and 0.00017 for Switzerland. 

Figure S1.4 shows the distribution of the RCR for the EU and Switzerland. It is obvious that all RCR 

values are much lower than 1 within both system boundaries.  

 

 

Figure A1.6. The Predicted No-Effect Concentration (PNEC) distribution in red compared with the 

probability density distribution of Predicted Environmental Concentrations (PEC) in blue for nano-

silica in the EU surface waters. 

 

Table A1.3. Risk Characterization Ratio of nano-silica in the surface water compartment in the EU 

and Switzerland 

  mean mode  median Q15 Q85 

RCR (EU) 0.0018 5.8 X 10-5 0.00012 5.1 X 105 0.0034 

RCR (Switzerland) 0.0031 5.4 X 10-5 0.00017 6.9 X 10-5 0.0046 

 

A2.4 Discussion 

This work predicted concentrations of nano-silica in several environmental and technical compart-

ments by using probabilistic material flow modeling. In addition, the possible environmental risk of 

nano-silica was quantified in the surface water compartment by using probabilistic risk assessment. 

The study did not focus on one specific application but rather considered all possible product catego-

ries incorporating nano-silica. Hence the results here provide overall knowledge of environmental risk 

posed by nano-silica.  

The estimation of the production volume of nano-silica was based on ten different sources, which pro-

vide values spanning a large range. The highest value was from the French registration report (scaled 
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to the EU: 836,467 tons/year) [129], which is almost ten times more than the global production vol-

ume used in the studies by [40, 130]. This large spread of data is likely caused by different considera-

tions of categorizing nano-silica and bulk silica. Silica incorporated in a “nanostructured material” can 

be either counted as nano-silica or as conventional material in different inventories for production es-

timates [131]. It can be expected that current and future inventories are based on the same EU defini-

tion for nanomaterials and thus this issue of definition could be resolved in the near future by using a 

unified description. 

The flows to and concentrations of ENMs in the environment are determined by the properties of the 

products and the contained ENM. Our modeling results show the released nano-silica is distributed 

mainly to landfills and recycling. Keller et al. (2012) predicted that more than 86% of nano-silica ends 

up in landfills. The differences of the release behavior are because the product categories defined and 

estimated transfer factors are not the same between the current study and the previous work. The cate-

gories used by Keller et al (2012) are rather technological sectors than product categories. Thus, the 

estimation of transfer factors of those technological sectors is more difficult because they contain 

products with very different life cycles. Another explanation for the difference is that different ways of 

waste handling were considered: recycling, not mentioned in Keller’s model, is a non-negligible com-

partment where about 38% of nano-silica ends up in this study. However, we simplified the model by 

not considering the fate of nano-silica in the recycling system. Caballero-Guzman et al. (2015) provid-

ed information on the further fate during recycling by modeling the flows of nano-TiO2, nano-ZnO, 

nano-Ag and CNT in the recycling system in Switzerland. The results showed that the largest portion 

of the nano-flows in recycling processes for the considered materials is subsequently properly handled 

in incineration plants or landfill as wastes. This is because ENMs are usually incorporated in material 

fractions that are not targeted in recycling processes but are considered as waste. A small fraction of 

ENMs is eliminated or kept in materials that are exported to further recovery processes and go back to 

productive processes of the economy in a limited number of sectors. Hence, our material flow model 

could be improved by including the behavior of nano-silica during recycling phases. However, cur-

rently no data are available for the EU to parameterize the system.  

The modeled PEC of nano-silica in surface water is 0.12 µg/l (EU) with a likely range from 0.053-3.3 

µg/l (15-85% quantile). These values can be compared to the previous estimates that were based only 

on simplistic assumptions. Michel et al. (2013) estimated local concentration of 1 µg/l of nano-silica in 

surface water. This estimation was based on the conservative assumption that 10% of the total con-

sumption (18,000 tons /year) of nano-silica is released to the environment. Boxall et al. (2007) pre-

dicted the concentration of nano-silica to be 0.0007 µg/l in surface water in the UK. They assumed 

that nano-silica is only used in paints with 10% market penetration. The concentration of nano-silica in 

surface water in the Los Angeles region was modeled to be 0.03 µg/l and Keller and Lazareva (2014) 

predicted nano-silica concentrations in the San Francisco Bay for STP effluents in the range of 0.1-9 

µg/l. In general, the differences in the concentrations correspond to differences in the estimated pro-
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duction volumes as well as the transfer factors to the water system. In the studies of Liu and Cohen 

(2014) and Keller and Lazareva (2014), nano-silica is more likely to flow to STP from paints coatings 

& pigments (60% to STP), automotive (90%) and catalysts (90%), and this in fact can result in a high-

er concentration in the surface water compartment. A large fraction of nano-silica is transferred to 

soils from electronics & optics (90%), environment & energy (90%) and sensors (95%) in the study of 

Liu & Cohen, 2014. This probably can explain why the PEC in soil (around 60 µg/kg) is higher than 

that of the current study (0.43 µg/kg·y in the EU and 1.3 µg/kg·y in Switzerland). The study by Boxall 

et al. (2007) predicted a concentration of nano-silica in soil of 0.03 µg/kg in the UK. Keller and Laza-

reva (2014) also predicted the nano-silica flow to the European environment, with a range of 282 to 

1,753 tons released to soil. Overall the concentration is decided by production volume and transfer 

factors to different compartments. 

The nano-silica concentrations predicted in our study for surface water and sediment are both for 

worst-case scenarios. We did not model any environmental fate processes but assumed for the surface 

water concentration no sedimentation and for the sediment concentration complete sedimentation. On-

ly a fully mechanistic environmental fate modeling including heteroagglomeration, sedimentation and 

sediment transport will enable to predict nano-silica concentrations in water and sediments more pre-

cisely. The available fate models [130, 133, 134] rely strongly on input data to the environmental 

compartments that are provided by the material flow modeling presented in this study.  

The environmental and technical concentrations predicted in this work correspond to a regional as-

sessment and are based on well-mixed compartments and follow as such the ECHA guidance [135]. A 

next step in the exposure assessment would be to regionalize the emissions which would also allow us 

to identify hotspots [136, 137]. The flows presented in this work will provide the basic data needed to 

regionalize flows. 

In the risk assessment conducted by Michel et al. (2013) for nano-silica in a glass cleaner formulation, 

the PNEC value was predicted to be 100 µg/l, which is ten times less than the value obtained in this 

paper (1,033 µg/L). This is due to the different computational process: more data was available for the 

construction of the PSSD while in the paper by Michel the PNEC value was obtained by applying a 

safety factor of 1,000 to the lowest toxicity value (algae, EC50 of 100 mg/l). In the PSSD approach 

smaller safety factors are used due to higher data availability. 

The PEC values of nano-silica in the surface water compartment do not overlap with the PNEC values. 

The PEC values in the possible range of 0.053-3.3 µg/L in the EU and 0.06-4.46 µg/l in Switzerland 

(15-85% quantile) are three orders of magnitude lower than the PNEC values that are in the range of 

787-1,265 µg/L (15-85% quantile). Concentrations of nano-silica are therefore not critical within both 

system boundaries. Moreover, the median values for the risk characterization ratio were estimated to 

be 0.00012 in the EU and 0.00017 in Switzerland. Hence, harmful effects caused by the exposure to 

nano-silica in the surface water compartment are negligible in the current situation.  
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Meanwhile, ecotoxicological studies and environmental risk assessments for bulk silica have also been 

performed. It has been reported that bulk silica is nontoxic to Pseudokirchneriella subcapitata up to 1 

g/L [138]. Yang et al. (2015) have compared the effects of nano and bulk silica on Daphnia magna. It 

was found that at exposure concentrations of 400 mg/L, the rate of death was 43% for nano-SiO2 ex-

posure group while for bulk SiO2 the i mortality rates were 6%.. The risk assessment report from the 

Synthetic Amorphous Silica and Silicate Industry Association has shown that bulk silica and silica gel 

are non-active substances in the environment and they are practically non-toxic to non-target organism 

[97]. Although nano-silica seems to be more toxic that bulk silica, it poses no environmental risks at 

the current production amounts and use pattern. 

It is necessary to point out that in our risk assessment model uncertainties exist in the exposure as-

sessment as well as in the hazard assessment. The applied probabilistic approach helps to deal with 

uncertainty of the input data (production volumes and transfer coefficients). However, other sources of 

uncertainty or variability might still remain, for example, the dynamics of the system or fate processes. 

If processes such as dissolution were considered, the emission routes of nano-silica could be different. 

Al-Kattan et al. (2015) for example, reported that silica released from paint fragments was mainly in 

the dissolved form, indicating significant dissolution during the experiment. Data on the characteriza-

tion of the released materials and the quantification of the dissolution process is therefore needed be-

cause the dissolution can substantially lower the released concentration of nano- silica. However, this 

would further decrease the PEC values and thus further increase the gap between PEC and PNEC. 

High uncertainty of effect concentrations for the tested aquatic organisms was found during the litera-

ture review. Lack of essential information about testing conditions is missing in some reports. This 

might introduce uncertainty in the results, as it is possible that the same organism shows different ef-

fects under different environmental conditions such as pH, temperature, extent of UV radiation, etc. 

The uncertainty of ecotoxicological effect concentrations were handled by computing probability dis-

tributions for each tested organism and considering all available endpoints. However, a better under-

standing of the effects of different conditions on nano-silica behavior would make the results of the 

hazard assessment more reliable and minimize the uncertainty associated with the endpoints. Because 

some of the extrapolations applied to toxicity datasets include the use of acute data to predict chronic 

toxicity effects (i.e. the acute to chronic ratio). In addition, a low number of endpoint concentrations 

(only twenty endpoint concentrations were used for the model presented) can be another source of un-

certainty for the hazard assessment results. 

By using probability distributions instead of single endpoint value, we attempted to address the uncer-

tainty which is inherent in toxicity studies. The hazard assessment we performed is for a “generic” 

nano-silica and is considering all different sizes, coatings and synthesis methods, representing all types 

of currently used nano-silica in toxicity studies. This enables us to compare in a next step the “generic 
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nano-silica SSD” with the modeled flows and concentrations which are also for a “generic nano-silica” 

because data on production and use of specific forms of nano-silica is not available. 

Nanoscale materials including silica occur naturally in the atmosphere, in natural waters, the ocean 

and in biological systems [139]. Conventional materials may also contain a non-negligible fraction of 

nano-size particles [140, 141]. Amorphous silica can be found in a range of products including tooth-

paste, cosmetics, paints, foods and dietary supplements [142]. Dissolved silica concentrations in Euro-

pean rivers are in average 5.6 mg/l [143]. Suspended solids in rivers are in average 55% SiO2 and at a 

global scale the dissolved/particulate silica ratio is 4.2% [143]. Hence the background concentration of 

particulate silica in river waters is in the 100 mg/l range. The predicted concentration of nano-silica in 

surface water in EU is 0.12 µg/l, negligible compared with total particulate silica. Particulate silica is a 

source of dissolved silica which is an important nutrient and the limiting factor in many aquatic sys-

tems. Soluble silicates from industrial applications were modeled to account for only 2% of the dis-

solved silica in surface water [144]. Dissolved silica is only toxic to aquatic organisms at concentra-

tions well above the solubility limit in the hundreds of mg/l range [144]. The nano-silica flows 

calculated in our work are therefore neither affecting dissolved nor particulate silica flows in the envi-

ronment to any significant degree. 

There are a number of future steps that could be taken to improve outputs of the environmental risk as-

sessment. First, the further development of the techniques to measure ENMs concentrations in the en-

vironment could be used to define the exposure concentration of ENM directly. In addition, a dynamic 

MFA model, for example, considering dynamic life cycles of products [145], would also help to im-

prove the reliability of the predicted exposure concentrations. In the case of nano-silica, the estimated 

exposure would be closer to the actual values, if more investigations had been done to achieve better 

quantitative understanding of transformation processes such as dissolution. Further investigations and 

data collection are also needed to be able to assess the risk posed by nano-silica in other environmental 

compartments such as sediments and soil for which currently not enough data is available to perform 

any reasonable hazard assessment. 
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Annex 2. Are engineered nano iron oxide particles safe? An 

environmental risk assess-ment by probabilistic exposure, ef-

fects and risk modelling 

 

 

 

 

 

Nanotoxicology 2016, volume 10, page 1545-1554 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



38 
 

Abstract  

Nano iron oxide particles are beneficial to our daily lives through their use in paints, construction ma-

terials, biomedical imaging and other industrial fields. However, little is known about the possible 

risks associated with the current exposure level of engineered nano iron oxides (nano-FeOX ) to or-

ganisms in the environment. The goal of this study was to predict the release of nano-FeOX to the en-

vironment and assess their risks for surface waters in the EU and Switzerland. The material flows of 

nano-FeOX to technical compartments (waste incineration and waste water treatment plants) and to 

the environment were calculated with a probabilistic modeling approach. The mean value of the pre-

dicted environmental concentrations (PECs) of nano-FeOX in surface waters in the EU for a worst-

case scenario (no particle sedimentation) was estimated to be 28 ng/l. Using a probabilistic species 

sensitivity distribution, the predicted no effect concentration (PNEC) was determined from ecotoxico-

logical data. The risk characterization ratio, calculated by dividing the PEC by PNEC values, was used 

to characterize the risks. The mean risk characterization ratio was predicted to be several orders of 

magnitude smaller than 1 (0.00014). Therefore, this modeling effort indicates that only a very limited 

risk is posed by the current release level of nano-FeOX to organisms in surface waters. However, a 

better understanding of the hazards of nano-FeOX to the organisms in other ecosystems (such as sed-

iment) needs to be assessed to determine the overall risk of these particles to the environment. 
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A2.1 Introduction 

Assessing the environmental risks of engineered nanomaterials (ENMs) has received a lot of attention 

in the last years. Whereas for ENMs such as nano-Ag and nano-TiO2 a large amount of research on 

exposure, hazard and risk has been published, other materials have only received very limited attention 

despite potentially high poduction amounts. An example of these under-studied materials is engi-

neered nano-iron oxides (nano-FeOX). Iron oxides are not only engineered materials, but are also pre-

sent in various forms in natural systems, both in bulk as well as in nano-form [146]. Nano-scale iron 

oxides can be formed under mineral weathering process and biotic processes or nanobiomineralization 

[147-149]. Naturally occuring nano-scaled iron oxides are widely distributed throughtout the atomo-

sphere, ocean, water, and most living organisms [150]. 

Engineered nano-FeOX have unique properties that can be applied in various industrial fields. Nano-

FeOX can be fully dispersed in a matrix due to the small size and do not scatter light anymore. There-

fore, they can be used to manufacturing transparent nano-FeOX transparent coatings with high UV ab-

sorption and increased durability [69]. Nano-FeOX based materials have been found to be effective 

catalysts involded in oxygen evolution processes, such as water splitting and chloring evolution [71, 

151, 152]. Nano-sized FeOX particles are more efficient in catalysis than micro-sized particles [73]. 

Magnetic nano-FeOX can be used in both in vivo and in vitro biomedical application. e.g. drug target-

ing, hyperthermia and nuclear magnetic resonance imaging, [74-76, 153]. With their large surface area 

and adjustable surface charge, nano-FeOX can be used to absorb cations such as Cd, Co, Zn etc. and 

anions such as PO4
3- [150, 154, 155]. Moreover, when the particle size is below a few nanometers, 

nano-FeOX become superparamagnetic, which facilitates phase separation processes after metal bind-

ing and selective adsorption [156, 157].  

Due to these diverse uses and an increasing market demand, nano-FeOX can be expected to be re-

leased to the environment. However, little is known regarding the environmental exposure and risk of 

nano-FeOX . It is therefore imperative to quantify the release of nano-FeOX to natural systems and 

determine their possible risks on organisms. 

To assess the release of nano-FeOX to the environment from applications, a modeling appraoch is cur-

rently the only choice because analytical methods are not advanced enough to distinguish between en-

gineered and naturally occurring nanoparticles [33]. Exposure models for ENMs have evolved since 

Mueller and Nowack initially set the scene with a first material flow modeling framework [35]. The 

model was updated with a lifecycle concept to trace ENMs from cradle to grave and a probabilistic 

approach to address the uncertainty of the input parameters [36, 37]. Material flow models have been 

applied to calculate the mass flows and concentrations for various ENMs in different regions [41, 42, 

158, 159]. Keller et al. (2013) predicted the combined flows of nano-FeOX /zero-valent iron (NZVI) 

to landfill, air, water and soil at a global level, where seven industrial sectors were considered [39]. In 

a follow-up study in 2014, the same authors calculated the released amount of nano-FeOX /NZVI for 
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eight different regions and predicted the concentration of nano-FeOX /NZVI in wastewater treatment 

plant effluents and bio-solids in California [40]. The models in the two aforementioned studies used 

mathematic algorithms, in which the input parameters are based on data from one market research re-

port (production volume and distribution to products of nano-FeOX /NZVI).  

The toxic effects of nano-FeOX have been studied including short-term and long-term toxicity [160-

166]. Early toxicity studies for nano-FeOX found that their toxicity is low and that there is no link be-

tween size and toxicity [167, 168]. However, some later studies found that nano-FeOX can be cytotox-

ic and can induce systemic toxicity [164, 169]. Prodan et al. (2013) have shown that nano-FeOX can 

be toxic to rats and a size-dependent toxicity has been found by Hazeem et al. (2015). Zhang et al. 

(2015) observed a high accumulation of nano-FeOX in Zebrafish, accompanied, however, by a high 

elimination rate.  

In environmental risk assessment, the risk is quantified by comparing the predicted environmental 

concentration (PEC) and the predicted no effect concentration (PNEC) [60]. The PNEC represents the 

critical concentration at which no effects are expected in a given ecosystem. The PNEC can be ob-

tained from the lowest observed no-effect concentration (NOEC) or from statistical extrapolation 

methods using species sensitivity distribution (SSD) [60]. SSDs have been built for various ENMs [54, 

57, 58]. However, up to date, no evaluation using SSD has been performed so far for nano-FeOX. 

NZVI and nano-FeOX have common properties (e.g. magnetic properties) and similar potential for 

environmental applications and therefore they are often grouped together, e.g. in [39]. NZVI has 

emerged as a new option in treating soil and groundwater with contaminants [171]. Due to its suscep-

tibility to oxidation, it is rapidly oxidized to form an iron oxide when oxygen is present. To estimate 

the environmental risk of nano-FeOX more precisely, in the current paper the target material is nano-

FeOX only, not including NZVI or its transformation products. 

To date, no complete environmental risk assessment for nano-FeOX has been conducted. Therefore, 

this study aims to assess the release of nano-FeOX to the EU and Swiss environment, predict exposure 

levels and assess the risks of nano-FeOX to the environment using a probabilistic material flow mod-

eling and risk assessment approach. 

 

A2.2 Methods 

A2.2.1 Model description  

A material flow modeling approach was used to predict the mass flows and environmental concentra-

tions of nano-FeOX for the targeted environmental compartments, including air, water, soil, and sedi-

ments as shown in Figure A2.1. The targeted system boundaries in this study are EU and Switzerland 

(CH). The model is based on a material flow analysis from a life cycle perspective to analyze mass 
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flows of nano-FeOX to the environment as it can be released through the whole lifetime [37, 41, 158]. 

The model includes four different stages: production of nanoparticles; manufacturing and consumption 

of consumer products incorporating nano-FeOX ; waste management processes; and environmental 

compartments. Mass loss during production and manufacturing processes were considered in the mod-

el, as described in Mueller and Nowack (2008) . Waste management compartments include landfill, 

waste incineration plant (WIP), wastewater treatment plant (WWTP), recycling and export. Potential 

leaching from landfills was not included in this iteration of the model. However, the behavior of nano-

FeOX after it flows into the recycling processes was considered based on the study from Caballero-

Guzman et al. (2015). However, this investigation was only done for four product categories: ‘Elec-

tronics’; ‘Paints’; ‘Battery’; and ‘Construction’ because no data were reported for the other product 

categories in [132]. As the basis for the previous recycling model only targeted the Swiss system, we 

extrapolated this data and assumed that the fate of nano-FeOX during recycling is the same in the EU 

as in Switzerland.  

Environmental compartments considered in the modeling were air, soil, surface water, and sediment. 

In the case of the EU, the soil compartment was separated into ‘natural & urban soil’ (N&U soil) and 

‘sludge treated soil’ (ST soil) because sewage sludge is applied as fertilizer in most European coun-

tries. The retention time of nanoparticles in the air and surface water system were defined as 10 and 40 

days, respectively [110, 111]. Two worst-case scenarios were chosen for the aquatic system: no sedi-

mentation for the surface water compartment and complete sedimentation for the sediment compart-

ment. It was assumed that all compartments are homogenous and well-mixed systems. Based on the 

model framework, three fundamental input parameters are required: production volume, product allo-

cation, and transfer factors among different compartments.  
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Figure A2.1. Framework of the material flow model. The framework contains four parts: production; 

manufacturing & consumption; waste management; and the environment. Waste management includes 

landfills, waste incineration plants (WIP), waste water treatment plants (WWTP), recycling and ex-

port. There are four environmental compartments: air, water, soil and sediment. The arrow from the 

waste management box to manufacturing represents reuse of materials after recycling.  

 

A2.2.2 Input parameters 

A2.2.2.1 Production volume 

The goal was to predict the material flows and risk of nano-FeOX in the environment in the calendar 

year of 2014. The most fundamental input parameter of the model is the production volume. Data re-

garding produced amounts of nano-FeOX was collected from different sources such as market re-

search reports and official registration reports, reflecting the production values for the year 2014. All 

production data of years other than 2014 were projected to 2014 based on a published general devel-

opment of ENMs production over time [46] . We assumed that the development of production volume 

of nano-FeOX was proportional to the general development of ENMs production as no specific data 

for nano-FeOX are available. The ratios between each year to the reference year 2014 were brought in-

to the model as a probability distribution, presenting a comprehensive picture of the real production 

volume for the calculated year compared to the reference year 2014. All data were extrapolated to es-

timate the production volume in the EU and Switzerland using GDP ppp (Gross Domestic Product per 

capita based on Purchasing Power Parity) [172].  
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To handle the uncertainty in production volumes from various datasets, each value was introduced to 

the model as a probability distribution [41, 158]. Moreover, a Degree of Belief (DoB), 20 or 80, was 

assigned to each source as a measure of reliability. The detailed explanation and the decision tree of 

choosing a certain DoB is described in supporting information. The DoB of a data source was reflect-

ed by the sample size during the modeling. The sample size of each input parameter is 100,000. Hence 

the sampling sizes were for example 20,000 for data sources with DoB of 20 and 80,000 for those with 

DoB of 80.  

A2.2.2.2 Product allocation  

The distribution of nano-FeOX to nano-products is the second most important input parameter for our 

modeled system. This allocation determines the further fate of nano-FeOX based on the life cycles of 

different product categories. Because no single database provides a comprehensive overview of prod-

ucts containing nano-FeOX , a list of categories for nano-FeOX was defined based on market reports 

and the official French registration report [64, 129, 173]. Four different methods were used to generate 

the share of nano-FeOX in different categories: M1- using the data in the Future Markets report from 

2012 to calculate the allocation of nano-FeOX in each category [63]; M2- a patent search of U.S. and 

European patent inventories [116, 117]; M3- using the known market value of each product category 

incorporating nano-FeOX to calculate the product distribution; and M4- taking available direct pro-

duction data for nano-FeOX in a product category. A DoB was assigned to each method depending on 

their reliability. A detailed description of the four methods and the data collected is described in the 

Table A2.2. 

A2.2.2.3 Transfer coefficients 

Transfer coefficients determine how much nano-FeOX flows between different compartments of the 

model. However, there is no study available regarding releases of nano-FeOX from commercial appli-

cations. The transfer factors were therefore based on those of the same product categories containing 

engineered nano-TiO2 from Sun et al. (2014). This is because nano-FeOX is used in the same or simi-

lar products as engineered nano-TiO2 such as paints, electronics and cosmetics, which have the same 

or similar lifecycles. Table A2.3 presents where nano-FeOX goes during use and disposal. WWTP and 

WIP are technical processes where significant amounts of nano-FeOX are captured. Therefore, the re-

moval efficiencies of these processes are critical for the environmental releases of nano-FeOX . Nano-

FeOX share similar properties with other nano metal oxides. e.g. solubility and reactivity. No infor-

mation is available regarding removal efficiency of nano-FeOX during wastewater treatment or WIP. 

We therefore used the removal rates of total iron and nano-TiO2 (Table S2.4) to build a probability 

distribution (Figure S2.2) for nano-FeOX . For the removal rate in WIP, the data for engineered nano-

CeO2 from a full-scale WIP was chosen [122]. The transfer coefficients within the recycling systems 

are chosen from Caballero-Guzman et al. (2015).  
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A3.2.3 Hazard assessment  

For the hazard assessment, the potential hazardous effects posed by nano-FeOX to organisms were 

evaluated and PNECs for a specific environmental system were obtained. The collected endpoint con-

centrations (EC50, EC10, EC55, LC50, NOEC and LOEC) contains ecotoxicological data of both 

modified and non-modified nano-FeOX. All sensitivity concentrations were converted to NOEC val-

ues using assessment factors. The criteria for choosing the assessment factors were described in our 

previous study [172]. We generated the PNEC values from the 5th percentile of cumulative SSD as 

recommended by the REACH guidance [174]. In this study we combined individual probabilistic spe-

cies sensitivity distributions (PSSD) of each species to generate one PSSD [54, 172]. With 100’000 

simulation runs, a PNEC distribution was derived by abstracting the 5th percentiles from PSSDs [55]. 

Due to the limited availability of ecotoxicological data, the risk assessment for nano-FeOX is currently 

only feasible for surface waters.  

 

A3.2.4 Risk assessment 

The environmental risk was quantified by comparing the PEC with the PNEC values. The risk charac-

terization ratio (RCR), the ratio of PEC over PNEC shown in equation 1, was used as a measure of the 

risk level [52]. Here, if the RCR value is over 1, it indicates that the risk management measures should 

be taken regarding a given material. If not, it suggests the risk is under control at the current release 

level. 

 

RCR = PEC/PNEC                 (1) 

 

Instead of calculating one single RCR, a RCR distribution was derived by dividing all PEC values by 

all PNEC values of the respective probability distributions [55]. 

 

A2.3 Results  

A2.3.1 Exposure assessment  

A2.3.1.1 Nano-FeOX production values 

The data sources used to obtain production volume of nano-FeOX with their assigned DoBs are shown 

in Table S2.1. The values are valid for different years and are extrapolated to 2014 using the scaling 

factors from Sun et al. (2016). The summary of the production volumes for the EU and Switzerland in 

2014 is presented in Table A2.1. The modeled mean production amount is 7,500 tons/year for the EU, 
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with a range of the 15 to 85% percentiles from 2.9 to 9400 tons/year. The reported production num-

bers cover a very large range, indicating a high uncertainty about the amount produced. The scaled 

mean production for Switzerland is 190 tons/year. Because no information shows if the produced ma-

terials are all used up within the reference year or stored for next year onwards, we equate production 

to use as done in all previous studies about material flows of ENMs. 

 

Table A2.1. Summary of production volumes in the EU and Switzerland in 2014 (Tons) 

System  Q15 Mean Median  Q85 

EU 2.9 7,500 910 9,400 

CH  0.060 190 35 230 

 

A2.3.1.2 Product allocation  

14 product categories were identified based on the information collected using the 4 different methods. 

Table A2.2 shows the share of nano-FeOX in each product category calculated by the different meth-

ods, as well as the assigned DoB of each method. The weighted mean values of the shares of nano-

FeOX in each category from all methods were calculated using the DoB and they were included in the 

model as triangular distributions. The 9 major categories with the share of nano-FeOX used in each 

category are displayed in Figure A2.2. The category “Others” expresses those categories where less 

than 1% of nano-FeOX is used. 37.6% of total nano-FeOX is applied in ‘paints’ followed by the cate-

gories ‘Electronics’ and ‘Construction’, which account for 16% and 12.9% respectively. These estima-

tions are consistent with the Future Markets report (2014), which is primarily based on interviews. In 

the report it desciribes high volume applications are pigments, polishing, and electronics. A significant 

amount of nano-FeOX also is allocated to the categories ‘Cosmetics’ and ‘Catalyst’. Smaller fractions 

of nano-FeOX are used in categories such as batteries, water treatment and plastics. 
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Figure A2.2. Distribution of nano-FeOX in product categories 

 

A2.3.1.3 Mass Flows of nano-FeOX  

Before calculating the mass flow to different compartments, transfer factors were assessed (Table 

S2.3). The data collected for removal efficiency during wastewater treatment are shown in Table S2.4, 

the resulting probability distribution if the transfer factor in Figure S2.2. 

Based on the input parameters mentioned above, probability distributions for each flow were generat-

ed. The median, mean, Q15 and Q85 values were abstracted from each distribution and are given in 

Table A2.5. Figure A2.3 illustrates the mean mass flows, giving an overview of the mass distribution 

of nano-FeOX among all compartments in the EU and Switzerland. The only inflow is from ‘produc-

tion, manufacturing and consumption’. Nano-FeOX flows out of the system boundary through ‘export’ 

or ‘recycling’. This is because some wastes in the EU and Switzerland are exported to other counties 

to be reused or recycled (e.g. E-waste). The most dominant flow is from “Production, manufacturing 

and consumption (PMC)” to recycling. 3,100 tons nano-FeOX in the EU goes to recycling processes 

and this number for Switzerland is 75 tons. Another significant flow is from ‘PMC’ to ‘landfill’, in the 

EU, 1,700 out of total 7,500 tons of produced nano-FeOX (75 out of 190 tons in Switzerland). The 

main flows to surface water are from the ‘PMC’ compartment, the untreated wastewater and from the 

effluent from wastewater treatment plants. The amount of nano-FeOX released to the air is very small 

and is mostly from the PMC compartment. The nanoparticles in air further deposit to the soil and sur-

face water. Soils and sediment were compartments where nano-FeOX is likely to accumulate. The 

main input to soil is through application of sewage sludge. However, in Switzerland, sludge is inciner-

ated or used as alternative fuel in cement plants and therefore the overall flow of nano-FeOX to soil is 

much smaller than in the EU. 
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Figure A2.3. Material flows of nano-FeOX in the EU (top) and CH (bottom) in tons/year. Nano-FeOX 

flows out of the same compartment are shown in the same color. All values are rounded to two signifi-

cant numbers. The input and output flows are balanced in terms of mean values of the probabilistic 

distribution. ‘Unconsidered’ represents product categories which were not considered in the recycling 

process evaluation of Caballero-Guzman et al. (2015).  



48 
 

The fate of nano-FeOX during recycling processes was also included in the model (Table S2.5). After 

entering the recycling process, nano-FeOX flows to ‘Cement’, ‘WIP’, ‘Export’, ‘PMC’, and ‘Landfill’. 

Nano-FeOX flows into the recycling compartment from nine product categories, but due to limited da-

ta availability we could only include the further fate of nano-FeOX contained in ‘Paints’, ‘Construc-

tion’, ‘Electronics’ and ‘Battery’ [132]. A significant percentage of nano-FeOX (2,600 out of 3,100 

tons in the EU, 64 out of 75 tons in Switzerland) went to recycling and could be further allocated to 

outgoing flows. The remaining mass was attributed to the "unconsidered" sub-compartment and not 

analyzed any further. A major fraction of the recycled materials containing nano-FeOX was landfilled 

(1700 tons in the EU and 42 tons in Switzerland). In addition, a noticeable flow from recycling pro-

cesses goes to waste incineration plants (440 out of 2600 tons in the EU). It is obvious from the flow 

charts that differences in the waste management process exist between the EU and Switzerland that 

have a profound influence on the final mass flows, e.g. sludge from the WWTP is incinerated in Swit-

zerland (78%), while it can be landfilled (20%) or applied as fertilizer in the EU (55%).  

A2.3.1.4 Predicted nano-FeOX concentrations in technical and environmental compartments 

The predicted nano-FeOX concentrations were calculated by dividing the mass flows by the mass or 

volume of each compartment, as described in further detail in Sun et al. (2014). These data therefore 

provide average concentrations in well-mixed systems. Environmental concentrations were estimated 

for four environment compartments: air, soil (natural and urban soil (N&U soil) and sludge-treated 

soil (ST soil)), surface water, and sediment; in addition, concentrations of nano-FeOX in effluent and 

sludge from wastewater treatment plants were calculated, as well as concentration of nano-FeOX in 

the waste, WIP fly ash, and WIP bottom ash. Table A2.3 presents the mean, median, Q15, and Q85 

values of the predicted concentrations. The concentrations for soils and sediments correspond to the 

yearly increases in concentrations since the ENMs are assumed to accumulate there. The lowest con-

centration is found in air (EU, 0.29 ng/m3 and CH, 0.76 ng/m3). This is because the application of 

nano-FeOX in products results only in small amount of releases to the atmosphere. In the complete 

sedimentation scenario, the concentration in sediments is predicted to be the highest of all environ-

mental concentrations (EU, 390 ug/kg·y and CH, 450 ug/kg·y). However, our model is a static model 

and therefore the accumulation of nano-FeOX in all compartments from previous years was not con-

sidered. The calculated concentrations are only based on the input flow in 2014. 
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Table A2.3. Concentrations of nano-FeOX in technical and environmental compartments. For soil and 

sediments the yearly increase in concentration is given. All values are rounded to two significant 

numbers. 

EU 
  Q15 Mean Median  Q85 Unit 
Air  1.1E-04 2.9E-01 3.4E-02 3.6E-01 ng/m3 
Sediment 1.6E-01 390 44 490 µg/kg·y 
N&U* soil  3.8E-05 9.4E-02 1.1E-02 1.2E-01 µg/kg·y 
ST* soil  4.4E-02 110 13 140 µg/kg·y  
Surface water 1.1E-02 2.9E+01 3.4 36 ng/L 
Waste 1.2E-02 31 3.7 39 mg/kg 
WIP* bottom ash 7.0E-02 191 22 242 mg/kg 
WIP* fly ash  1.0E-01 261 29 334 mg/kg 
WWTP* effluent 4.9E-04 2.2 1.2E-01 2.4 µg/L 
WWTP* sludge 3.1E-02 79 9.3E+00 100 mg/kg 

CH 

  Q15 Mean Median  Q85 Unit 
Air  2.7E-04 7.6E-01 9.4E-02 9.7E-01 ng/m3 
Sediment 1.5E-01 450 50 560 µg/kg·y 
N&U* soil  9.2E-05 2.5E-01 2.9E-02 3.3E-01 µg/kg·y 
ST* soil  0 0 0 0 µg/kg·y  
Surface water 2.0E-02 5.5E+01 6.7 69 ng/L 
Waste 2.4E-02 69 8.5 87 mg/kg 
WIP* bottom ash 4.0E-02 120 14 150 mg/kg 
WIP* fly ash  5.0E-02 140 16 180 mg/kg 
WWTP* effluent 6.6E-04 3.4 1.9E-01 3.6 µg/L 
WWTP* sludge 3.7E-02 110 12 140 mg/kg 

   * N&U soil: Natural and urban soil; ST soil: Sludge treated soil; WIP: Waste incineration plant; 

       WWTP: Wastewater treatment plant 

 

A2.3.2 Hazard assessment  

The hazard assessment could only be conducted for the surface water compartment because insuffi-

cient ecotoxicity studies with usable endpoint concentrations for soils and sediments were available. 

From freshwater studies, 26 endpoint concentrations were collected from 12 species from unicellular, 

invertebrate, and vertebrate groups (Table A2.4). The original test concentration, assessment factors 

and the calculated NOEC values are displayed in Table S1.6. 

Table A2.4. Test species and taxonomic groups, and total number of endpoints 

 

 

 

 

 

Taxonomic group Test organism 
Total number of end-

points available 

Unicellular V. fischeri, E. coli, P. phosphoreum, R. subcapita 9 

Invertebrate 
D. magna, B. plicatilis, P. subcapita,  

C. dubia, D. magna, T. thermophila 
11 

Vertebrate D. rerio, O. latipes,  6 
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Figure A2.4 shows the NOEC values considered in this work and the cumulative SSD. The most sensi-

tive species from the data points collected is a unicellular organism, T. thermophila (Tetrahymena 

thermophila). C. dubia (Ceriodaphnia dubia) is the least affected species by nano-FeOX in surface 

water from the species studied thus far. The NOEC values of Daphnia magna differ by two orders of 

magnitude (from 23 µg/l to 5000 µg/l), a range that is smaller than that for other ENMs (where the da-

ta for one species can have a range of up to five orders of magnitude) [55].  

The probability distribution of the PNEC was built based on the 5th quantile from each PSSD generat-

ed during the simulation run. The obtained mean value of the PNEC is 218 µg/l, with a range from 169 

µg/l (Q15) to 267 µg/l (Q85). A sensitivity analysis was conducted to evaluate the influence of the 

lowest endpoint concentration to D. magna on the PNEC value. A new PSSD, obtained by removing 

the lowest NOEC value for D. magna is given in Figure S2.3. The new PNEC value was calculated to 

be 239 µg/l, an increase by 8% compared to the PNEC from the complete data set.  

 

 

Figure A2.4. Cumulative PSSD for nano iron oxides in the surface water compartment: the red curve 

is the cumulative PSSD; green dots are the NOEC values, the empty circles are the geometric mean of 

NOEC for each species. 

 

A2.3.3 Risk characterization 

The distributions of PEC and PNEC are plotted together in Figure A2.5 for the EU. The corresponding 

plot for Switzerland is shown in Figure S2.4. This plot shows that the expected environmental concen-

trations are several orders of magnitude below the concentrations where effects can be expected. 
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The risk characterization ratios were calculated by dividing all values of the PEC distribution by those 

of the PNEC distribution. The mean values of the RCR are 1.4 х 10-4 for the EU and 2.6 х 10-4 for 

Switzerland. The likely range of the RCR is from 5.3 х 10-8 (Q15) to 1.7 х 10-4 (Q85) for the EU (for 

CH from 9.3 х 10-8 to 3.3 х 10-4) which indicates that the potential risk posed by nano-FeOX in the EU 

and Swiss surface water systems is very limited. The complete RCR distribution curves are given in 

Figure A2.5.  

 

 

Figure A2.5. The predicted no-effect concentration (PNEC) distribution (in red) compared with the 

probability density distribution of predicted environmental concentrations (PEC) (in blue) for nano-

FeOX in the European surface water system. 

 

A2.4 Discussion 

This work provides the first probabilistic flow assessment and the first risk assessment for nano-FeOX 

in aquatic systems. Many steps in this risk assesment process are based on data with high variability or 

uncertainty and we discuss in the following the various parts of the modeling in this context. 

In the current situation with limited knowledge about the fate of ENMs applied in commercial prod-

ucts, all estimations of environmental flows and risks are definitely associated with uncertainties and 

variability. One of the main causes of uncertainty in the flow modeling presented here is the overall 

production amount of nano-FeOX . Data regarding production collected from different sources varies 

widely. The highest production volumes were obtained from Schmid and Riediker (2008) (scaled to 

the EU and CH: 32,000 and 365 tons/a), which were about 10,000 and 5,000 times more than the pro-

duction volumes provided by the Future Markets report (2014) (scaled to the EU and CH: 2.7 and 
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0.0675 tons/a). The Schmid and Riediker value was derived from a mandatory survey of all companies 

in Switzerland using nanomaterials and therefore constituted a source with high credibility. The Future 

Markets values are the most recent and come from a source with an in-depth evaluation of production 

and use of nanomaterials. The variability of the production volume is likely caused by different per-

spectives of defining a nanomaterial. EU member states, agencies and economic operators are recom-

mended to use the nanomaterial definition provided by the EU Commission [175]. Studies using other 

or not clear definitions before 2011 may consider different types of materials as nanomaterials (e.g. in-

cluding or excluding some traditional materials with similar size distribution). Older data were there-

fore assigned a lower DoB and thus had less influence on the final result than more recent data. 

In all mass flow analyses for ENMs that have been performed so far, product allocation is the weakest 

step in the modeling process, potentially having a large influence on the final mass flows because the 

life cycles of products are decisive in determining the potential and the magnitude of release. Without 

exception, another origin of uncertainty of the mass flows of nano-FeOX is the uncertain allocation of 

the produced nano-FeOX to different product categories. The properties and life-cycles of the products 

determine where and how much of nano-FeOX is released. In this study, the product categories were 

defined mainly based on the French registration report, supported by a survey and market research re-

ports [64, 176, 177]. The share of nano-FeOX in each category was determined by four different 

methods. With this approach we aimed to capture all possible products and applications that are on the 

market. Certain products only appeared in the result of one method whereas others came out in all of 

the 4 methods. These ‘certain’ product categories such as paints and electronics also have the major 

market share and therefore dominated the overall flows of nano-FeOX . A product category only cov-

ered by one evaluation method makes up a small share of the total mass and it only had a small influ-

ence on the overall share of nano-FeOX in this category. The use of different methods therefore in-

creased our confidence in the product allocation obtained.  

Transfer factors decide where nano-FeOX distributes after the nano-enabled products were used. The 

dominant transfer factors are the release fractions from a product to technical and environmental com-

partments. Other important factors are the removal efficiency during waste management processes. 

Release from nano-FeOX enabled products, in most cases, is not nano specific, but depends on the life 

cycles of the products and we have therefore used in most cases the transfer factors for nano-TiO2 also 

for nano-FeOX . This is justifiable since both engineered nano-TiO2 and nano-FeOX are rather insolu-

ble and have similar chemical and physical properties. Therefore, it is possible to use previous release 

assessments of products containing other ENMs for nano-FeOX -enabled products. Some of transfer 

factors of nano-FeOX in this work were based on surveys, e.g. for ‘Paints’ and ‘Construction’ [178]. 

Other transfer coefficients were chosen from the transfer factors of engineered nano-TiO2 for the same 

product categories or the categories with similar life cycles from Sun et al. (2014).  
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The flow analysis revealed that nearly 40% of nano-FeOX was discharged to recycling in both the EU 

and Switzerland. This can be explained by the fact that a significant amount of nano-FeOX is used in 

‘electronics’, ‘paints’, and ‘construction’, which were recycled in significant amounts as e-waste and 

construction waste. From 'production/manufacturing/use', approximately 23% of nano-FeOX flows to 

landfill, 13% deposits in wastewater, 15% in waste incineration and approximately 5% of nano-FeOX 

flowed out of the system boundaries since the nano-enabled products were exported. The rest of nano-

FeOX was distributed to air, soil, and surface water from ‘PMC’.  

As 40% of nano-FeOX flows to the recycling system, it was important to further investigate the fate of 

nano-FeOX during the recycling processes. Referring to the previous study by Caballero-Guzman et al. 

(2015), 4 categories (over 80% of nano-FeOX ) was considered after entering the recycling stage. The 

majority of the recycled nano-FeOX was predicted to be landfilled (65%) and WIP (16%), which is a 

consequence of the use of over 50% of nano-FeOX in the ‘Paints’ and ‘Construction’ categories, 

which have a high recycling rate of 46% and 70%, respectively (in the EU). Around 8% of recycled 

nano-FeOX from the ‘Paints’ and ‘Construction’ categories was reused in cement plants and approxi-

mately the same amount was reused in other materials coming from construction waste recycling. 

Nano-FeOX within the product categories ‘Electronics’ and ‘Battery’ was also exported as E-waste 

out of Europe and Switzerland to be reused or recycled. To improve the current model, more studies 

are needed to investigate specific fate of nano-FeOX during recycling processes. 

The distribution of nano-FeOX to product categories with different life cycles strongly affects the 

mass of nano-FeOX flows to environmental compartments, as well as environmental concentrations. 

The predicted concentrations of nano-FeOX were calculated to be 0.011-36 ng/l in European surface 

water. The concentration range for engineered nano-TiO2 in Sun et al. (2014) in the EU was estimated 

to be 0.4-1.4 µg/l, the upper boundary was 38 times larger than that of nano-FeOX . However, the in-

put flow (production volume) of engineered nano-TiO2 was only 1.5 times larger than that of nano-

FeOX . This is because in the former stud, a much higher percentage (60%) of engineered nano-TiO2 

is used in cosmetics, which is mainly released to waste water and finally discharged to surface water.  

There are other modeling studies available for nano-iron (combining both nano-FeOX and NZVI in 

the same model) where the authors used the production amount (over 40,000 tons) and the product al-

location (7 technological sectors) from one commercially market research report [39, 40, 130]. We al-

so included the data from this report as one of the sources to define the production amount and as one 

of the methods to obtain the product allocation [63]. Both production amount and product distribution 

are associated with high uncertainty. By combining different sources with different DoB in our ap-

proach, we were able to obtain probability distributions and therefore had the possibility to quantify 

the uncertainty of the model results by providing probability ranges of flows and concentrations. Other 

differences between the Keller model [39, 40, 130] and ours are the selection of product categories and 

the values for the transfer factors, e.g. the removal efficiencies in WWTP and WIP. Another major dif-
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ference is that the ‘recycling’ compartment was not considered in the Keller model. However, this is 

the compartment where about 40% of nano-FeOX from ‘PMC’ flows to in our model and thus repre-

sents an important driver of the flows.  

The PEC values we provide cannot be validated at the moment because analytical measurements are 

not advanced enoguht to quantify trace amount of ENMs with a high background concentration of 

naturly occurring nanoparticles [33]. These authors stated that combing modelling with analytical 

method can provide an overall view of the presence of the nanomaterial in the environment [33]. This 

is especially important for iron oxides which are known to occur naturally in nano-scaled form in all 

environmental compartments [179]. The riverine suspended sediment concentration was reported up to 

50 mg/L [180]. The share of particulate iron in suspended sediments in European rivers was investi-

gated by Poulton and Raiswell (2002) and the average riverine particulate iron accounts for 1.4% (wt) 

[181]. Hence, the average concentration of particulate iron in European rivers can reach up to 70 µg/l. 

This result is three orders of magnitudes higher than the predicted concentration of nano-FeOX in this 

study, indicating that nano-FeOX particles only have an insignificant contribution to the total concen-

tration of iron in the European environment. 

 The flows of nano-FeOX in technical compartments, such as waste materials and wastewater treat-

ment plant effluents, can provide input data for environmental fate modeling studies. In addition, the 

predicted concentrations also can be a reference for policy makers to decide whether it is necessary to 

monitor an effluent or biosolid [182]  

Our work also provides the first hazard assessment for nano-FeOX based on a dataset covering 11 

species and 26 endpoint concentrations, but only for aquatic system due to data availability. The lower 

boundary of the PNEC (169 µg/l) is at least four orders of magnitude larger than the upper boundary 

of the PEC of nano-FeOX in surface water (36 ng/l in the EU). Therefore, the current expected amount 

of nano-FeOX does not has an adverse impact to organisms in surface waters and the potential risk 

posed by nano-FeOX in the surface water is predicted to be limited. There is a high variability associ-

ated with the various ecotoxicological endpoint concentrations that we have used to calculate the 

PNEC. The data cover the toxicity of different iron oxides (nano Fe3O4 and nano Fe2O3) but also of 

functionalized nano Fe2O3 particles. For instance, for D. magna, the smallest observed NOEC is 23 

µg/l, which is about 200 times smaller than the largest value (5,000 µg/l). Here the lowest NOEC indi-

cates the toxicity of bare Fe3O4 nanoparticles to D. magna. However, the other five sensitivity concen-

trations for D. magna correspond to Fe3O4 with four different coatings, indicating that the coating 

plays a critical role in determining the toxicity of nano iron-oxide-based materials [183]. Nano-FeOX 

is incorporated in products directly or in a modified form. However, there is no data available on pro-

duction or use of functionalized nano-FeOX and it is therefore not possible to conduct a risk assess-

ment only for modified iron oxides nanoparticles. In this case, to better estimate the hazards of nano-

FeOX applied in products, sensitivity concentrations should cover both the non-modified and the mod-
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ified form of nano-FeOX . The probabilistic approach used in this study is able to cope with this un-

certainty when defining the PNEC value. A larger set of ecotoxicity endpoints of nano-FeOX in dif-

ferent forms under various test conditions would help to better determine the hazard of nano-FeOX .  

In summary, using the current model framework plus the included applications and transfer factors, 

less than 15% of produced nano-FeOX was directly released to environment (Air, Soil, Water & sedi-

ment). Moverover, the results also indicate that, at the predicted release level, nano-FeOX does not 

endanger the aquatic organisms in the EU and Swiss systems. 
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Annex 3. Dynamic probabilistic material flow analysis of nano-

SiO2, nano iron oxides, nano-CeO2, nano-Al2O3, and quantum 

dots in seven European regions  
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Abstract 

Static environmental exposure assessment models based on material flow analysis (MFA) have previ-

ously been used to estimate flows of engineered nanomaterials (ENMs) to the environment. However, 

such models do not account for changes in the system behavior over time. Dynamic MFA used in this 

study includes the time-dependent development of the modelling system by considering accumulation 

of ENMs in stocks and the environment, and the dynamic release of ENMs from nano-products. In ad-

dition, this study also included regional variations in population, waste management systems, and en-

vironmental compartments, which subsequently influence the environmental release and concentra-

tions of ENMs. We have estimated the flows and release concentrations of nano-SiO2, nano-iron 

oxides, nano-CeO2, nano-Al2O3, and quantum dots in the EU and six geographical sub-regions in Eu-

rope (Central Europe, Northern Europe, Southern Europe, Eastern Europe, South-eastern Europe, and 

Switzerland). The model predicts that a large amount of ENMs are accumulated in stocks (not consid-

ering further transformation). For example, in the EU 2,040 Mt of nano-SiO2 are stored in the in-use 

stock, 80,400 tonnes have been accumulated in sediments and 65,600 tonnes in natural and urban soil 

from 1990 to 2014. The magnitude of flows in waste management processes in different regions varies 

because of differences in waste handling. For example, concentrations in landfilled waste are lowest in 

South-eastern Europe due to dilution by the high amount of landfilled waste in the region. The flows 

predicted in this work can serve as improved input data for mechanistic environmental fate models and 

risk assessment studies compared to previous estimates using static models. 
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A3.1 Introduction 

Due to their unique properties, nanomaterials are being increasingly used in a wide range of consumer 

products and industrial applications and a sizeable nano-industry has rapidly developed. This, in turn, 

has led to a rise in the release of engineered nanomaterials (ENMs) to the environment, which is a 

concern due to their potentially negative effects on organisms (Chen et al. 2011, Klaine et al. 2012, 

Money et al. 2012). However, evaluating the environmental impacts of ENMs is challenging due to 

difficulties in quantifying ENM concentrations in the environment by analytical measurements 

(Nowack et al. 2015). Given these challenges, material flow analysis (MFA) models and environmen-

tal fate models have emerged as the best alternative approach for estimating ENM release amounts 

(Baalousha et al. 2016, Dale et al. 2015a, Hendren et al. 2013, Nowack 2017). 

Mueller and Nowack (2008) developed the first generation of a nano-MFA model based on a life cycle 

concept and applied it to estimate concentrations of nano-TiO2, nano silver, and carbon nanotubes 

(CNT) in air, soil, and water. Later, Gottschalk et al., (2010) proposed a second generation model 

based on a probabilistic approach, with uncertain parameters described by probabilistic distributions. 

This model has been applied to estimate the environmental flows and concentrations of different 

ENMs in Europe, the USA and Switzerland (Gottschalk et al. 2009, Mahapatra et al. 2015, Sun et al. 

2014, Wang et al. 2016a, Wang et al. 2016b). However, these models have two important limitations: 

a) the input is only for a single, specific year, which might result underestimating flows to and concen-

trations in the environment, especially for compartments, where ENMs are likely accumulated, and b) 

all ENMs are assumed to be released during the same year in which they are produced. This may over-

estimate the amount of ENMs in the compartments, where ENMs run through, e.g. surface water. 

Hence, by not considering time-dependent input and release, these models simplify the behaviour of 

complex, dynamic systems.   

To address these problems, a third generation model was developed by Bornhöft et al (2016), the dy-

namic probabilistic MFA (DPMFA). This model considers the historic input of ENMs from previous 

time periods and the residence time of ENMs in nano-products. With the DPMFA model, it is possible 

to calculate the amount of ENMs stored in products in the use phase (henceforth, in-use stock) from 

where they will likely be released or disposed along nano-products in the future, as well as the 

amounts of ENMs that are stored in environmental compartments and waste management processes 

(sinks). DPMFA has been applied by Sun et al (2016) to estimate the emissions of nano-TiO2, nano-

ZnO, nano-Ag and CNT to the environment and the environmental stocks in the EU from 1990 to 

2020. The authors suggest that a significant share of ENMs remain in-use stock for a period of time 

instead of being released immediately in the year of their production. Due to the consideration of ac-

cumulation of ENMs in in-use stocks and the environment, the DPMFA provides a more rational 

means of predicting ENM concentrations in the environment compared to traditional static MFA mod-
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els. The model has also been applied to predict future releases under different scenarios (Sun et al. 

2017). 

MFA models have been applied to estimate releases and environmental concentrations of various 

ENMs, covering nano-CeO2, nano-Al2O3, fullerenes, nano-gold, nano-Ag, nano-SiO2, nano-TiO2, 

nano-ZnO, CNTs, and quantum dots (QD) (Boxall et al. 2007, Gottschalk et al. 2015, Gottschalk et al. 

2009, Keller &Lazareva 2014, Keller et al. 2013, Keller et al. 2014, Mueller &Nowack 2008, O'Brien 

&Cummins 2008, Sun et al. 2014, Wang et al. 2016a, Wang et al. 2016b). Studies have also applied 

MFA to nano-CuCO3, carbon black and nano-clays (Gottschalk et al. 2015, Keller &Lazareva 2014). 

Among the studied ENMs, nano-TiO2, nano-ZnO, nano-silver, CNTs, and fullerenes are the most in-

tensively studied materials using various modelling approaches. Only few modelling studies have cov-

ered nano-SiO2, nano-iron oxides, nano-CeO2 and nano-Al2O3 (Boxall et al. 2007, Keller &Lazareva 

2014, Keller et al. 2013, Wang et al. 2016a, Wang et al. 2016b), and only one included so far QDs 

(Gottschalk et al. 2015). Given the increasing use and importance of these materials in commercial 

products (Future Markets 2014), it is imperative to estimate their environmental release using updated 

data on production and use.  

Previous modelling studies have predicted environmental exposure of ENMs at global, regional and 

local scales (Dumont et al. 2015, Gottschalk et al. 2011, Johnson et al. 2011, Keller &Lazareva 2014, 

Keller et al. 2013, Sun et al. 2015). Gottschalk et al (2011) investigated the exposure of ENMs in 

Swiss surface water with a high temporal and spatial resolution and found that local concentrations 

varied by up to a factor of 10 between different locations. Keller et al (2014) have predicted the 

worldwide release level of 10 different ENMs. Later they conducted another MFA study that considers 

differences in consumption levels and waste management strategies to estimate exposure of the same 

ENMs in different regions, e.g. Europe, Asia, North America. They predicted that Asia has the highest 

consumption and release of ENMs, followed by Europe and North America. Another recent modelling 

study by Dumont et al (2015) has estimated the concentration of nano-Ag and nano-ZnO in European 

surface waters at high spatial and temporal resolution, and higher concentrations were typically found 

in water systems near large cities. The surface water concentrations in Eastern and Southern Europe 

were modelled to be three orders of magnitude higher than in Northern Europe. It is clear that econom-

ic and environmental differences between sub-regions of the EU affect the mass flows of ENMs 

through these separate systems. For instance, previous MFA studies used average values of transfer 

factors to describe the mass transport of ENMs between waste management processes and environ-

mental compartments, to represent the EU. Specifically, the share of wastewater treated in sewage 

treatment plants in the EU was considered to be on average 80% in previous MFA studies (Sun et al. 

2016, Wang et al. 2016b). However, the connection rate in Central Europe is much higher than in 

South-eastern Europe (EEA. 2013), which results in less release of ENMs directly to surface water in 

Central Europe compared to Southern Europe. To ensure that these potentially important differences 
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between sub-regions of Europe are duly considered, it is important that modelling is undertaken at 

least at a regional scale. 

There is still a lack of information regarding the environmental exposure level of the engineered nano-

SiO2, nano-iron oxides, nano-CeO2, nano-Al2O3, and QDs. The aim of this study is thus to predict the 

flows of nano-SiO2, nano-iron oxides, nano-CeO2, nano-Al2O3, and QDs to the environment using a 

dynamic model from 1990 to 2020 in seven geographic systems: the EU as a whole, Central Europe, 

Northern Europe, Southern Europe, Eastern Europe, South-eastern Europe, and Switzerland.  

 

A3.2 Methods 

A3.2.1 Exposure model 

A3.2.1.1 Model framework 

The model used in this paper is based on the dynamic probabilistic material flow (DPMFA) model de-

veloped by Bornhöft et al (2016) and previously applied by Sun et al (2016) and Sun et al. (2017) to 

predict flows and concentrations of ENMs in the EU. The model is dynamic in respect to its treatment 

of input flows and releases of nanomaterials into the environment. Whereas previous static MFA mod-

els used ENM production volume data for a single, specific year as input, the DPMFA considers the 

increase of ENM production over multiple years. Dynamic release into the environment is reflected by 

the time-dependent release of ENMs from nano-products. ENMs may be released to the environment 

during any stage of the life cycle, i.e. during production, manufacturing, and use (Koivisto et al. 2017, 

Wohlleben &Neubauer 2016), which cause environmental impact through releases during every life 

cycle stage (Zhang et al. 2016).The dynamic model considers the whole product life cycle from the 

production of the ENMs, the manufacturing of nano-products, their use/application, and, finally, their 

end-of-life (EoL) management. Figure 1 shows the structure of the DPMFA model. Following produc-

tion, ENMs are incorporated into nano-products and subsequently used. The release of ENMs from 

nano-products may occur during the use phase (use release) or during the EoL phase (EoL release). 

Therefore, the total release in a specific year consists of use release and EoL release. Furthermore, the 

releases of ENMs may occur during the same year in which they were produced (immediate release) 

or in subsequent years (delayed release). These releases are distributed amongst environmental com-

partments and waste management processes.  
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Figure A3.1. The structure of the dynamic probabilistic material flow analysis (DPMFA) model. In the 

model, ENMs produced in a given year are allocated to different product categories (PC). For each 

annual time step, ENMs are either released immediately (immediate use) or stored in the in-use stock 

and are released in later periods of time (delayed release). The release box consists of releases from 

the use phase (use release), and from the end of life stage (end of life release). The environmental 

compartments are air, soil, water and sediment. The considered waste management processes are 

STP, waste incineration plants (WIP), landfills, export and recycling. 

 

The required input parameters for the model are the annual production volumes of ENMs for the peri-

od 1990-2020, the share of ENMs in defined product categories, the release schedules of ENMs from 

different product categories and transfer factors between waste management processes and environ-

mental compartments. Products can be treated or disposed of via a number of different waste man-

agement processes. The waste management processes considered here are landfilling, waste incinera-

tion plants, sludge treatment plants, recycling, and export. Export represents a process through which 

ENMs flow out of the system boundary, e.g. some material might be recycled in other geographical 

regions due to economical reasons (Caballero-Guzman &Nowack 2016). The environmental com-

partments are air, natural and urban soil, sludge treated soil, surface water, and sediment. Landfill, 

soil, and sediment were considered as final sinks. 

The time period considered in this study were the years 1990-2020. Data on the estimated develop-

ment of nanotechnology from 1990 to 2020 were taken from Sun et al (2016). Data on the production 

volumes of an ENM for a specific year, if not available, was extrapolated from available data for other 

years based on the estimates in Sun et al (2016).  

A3.2.1.2 Assumptions  

The environmental fate of ENMs was not included in the model. It was assumed that no leachate from 

landfills or run-off from soil reaches surface waters. At the end of the life-cycle, products may be 

treated in different recycling methods after flowing to the recycling system. The outflows of ENMs 

from recycling were only considered for those product categories where data were available (Caballe-

ro-Guzman et al. 2015). Based on the literature, the residence time of ENM in air was assumed to be 
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the same than that of ultrafine particles (10 days, Anastasio &Martin 2001). The residence time of wa-

ter was set to 40 days based on ECHA 2016.  

Data from different sources were often inconsistent, for example, the production volume of target 

ENM varies a lot from one source to another, and data on the release amount of ENMs from their ap-

plications are largely missing. In many cases data were not available at all, e.g. the release amount of 

ENMs from their applications. In these cases, experts were consulted to overcome such data gaps. To 

account for the uncertainty in parameter values that stems from our incomplete knowledge, Bayesian 

distributions were applied to each parameter value, with outputs (e.g. release and concentration of 

ENMs in soil) calculated through Monte Carlo simulations (10,000 iterations) (Bornhoft et al. 2016). 

With this approach, DPMFA is able to translate the uncertain input parameters to the model and ex-

press the uncertainty in each output variable based on 15% and 85% quantiles.  

 

A3.2.2 Geographical regionalization 

31 countries were considered: the 27 countries of the EU plus Iceland, Norway, Switzerland, and Tur-

key. These countries were grouped into seven regions: the EU 27 (EU), Switzerland (CH), Central Eu-

rope (CE), Eastern Europe (EE), Southern Europe (SE), northern Europe (NE), and South-eastern Eu-

rope (SEE). Details of the grouping of the countries are shown in Table S1. The grouping of countries 

was based on a report on urban wastewater treatment by the European Environmental Agency (EEA. 

2013).  

Geographic differences in waste management processes were taken into account, including (a) 

wastewater connection rate to sewage treatment plants (the remainder is discharged directly to surface 

waters); (b) biosolids use on agricultural land; and (c) municipal waste and construction waste man-

agement to determin how much ENMs flow through EoL products to landfill, waste incineration plant, 

recycling, and export. The detailed information regarding the waste management for each EoL product 

category is presented in Table 1 and Table S2. If data is missing for EoL products in any region, the 

number for the general EU was chosen for the region.  
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A3.2.3 Input parameters and their allocation 

A3.2.3.1 Production volume 

Data were collected from various sources, e.g. scientific literature, market reports, and expert consulta-

tion. Since the production volumes of ENMs in a given year vary considerably between sources, a 

weighting factor was given to each data source based on their relative degrees of uncertainty. Figure 

S1 in the SI illustrates the decision tree to assign a weight to each source. The collected production da-

ta are shown in Table S2 in the SI. The production value for each target region was allocated from the 

global production amount using the GDP (PPP) (Gross Domestic Product per capita based on Purchas-

ing Power Parity) (Wang et al. 2016a, Wang et al. 2016b), as well as the market demand of each re-

gion (Future Markets 2014). A weight was also assigned to each scaling factor (shown in Table S2). In 

this paper, we assumed that the amount of ENMs used in each region equals to their production vol-

ume. 

A3.2.3.2 Application of ENMs 

Information related to types of applications in which ENMs are used was obtained from several data-

bases. Table S4 shows the approaches used to estimate the share of ENM use between product catego-

ries, as well as details of the method for weighting data sources (see Figure S2). The allocation of the 

five ENMs to the different product categories is shown in Figure 2. Significant percentages of nano-

SiO2 and nano-iron oxides are used in paints, 42% for nano-SiO2 and 54% for nano-iron oxides, re-

spectively. More than 50% of nano-Al2O3 is relatively evenly distributed among the categories ’Filter’, 

‘Paint’, ‘Cement’, and ‘Cosmetics & personal care’. ‘Polishing’ (42%) ‘Fuel additive’ (16%), and 

‘Glass’ (13%) are the dominant categories for nano-CeO2. The two main uses of QDs are in medical 

applications and electric devices. The shares of nano-SiO2 and nano-iron oxides in each product cate-

gory in this work are different from those in the previous static MFA studies, because an additional 

method based on the market size is included in the model to obtain the product distribution (see SI for 

details) (Wang et al. 2016a, Wang et al. 2016b). It was assumed that there are no temporal or spatial 

differences in the shares of ENMs between product categories in the current study. 

A3.2.3.3 Release schedule and distribution 

To simulate the time-dependent nature of ENM releases, the following aspects were considered: the 

life time of each product category, the annual release rate during the use phase and the distribution of 

these releases between environmental compartments and finally the release during the EoL phase and 

the distribution of these releases between waste management processes. Wohlleben and Neubauer 

(2016) have shown that the release of ENMs from nanoproducts is mostly determined by the matrix 

and only marginally by the type of ENM (Wohlleben &Neubauer 2016). Therefore, release data for 

the product categories in Sun et al (2016) were used in this work. Data regarding wastewater treatment, 

solid waste handling, and lifespans of products were also taken from (European Commission 2010, 
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Eurostat 2014, JNIES 2016) and from waste expert at Empa . Product lifespans were assumed to be 

consistent with those reported in the Lifespan Database for Vehicles, Equipment, and Structures pub-

lished by the Japanese National Institute for Environmental Studies (JNIES 2016). If data were not 

available from this database, they were taken from the literature or estimated. As an example of a re-

lease schedule, the values for QDs are presented in Table 1. The same data for the other ENMs are 

given in Table S5.  

The waste management processes in each region were assumed to be consistent with the average situa-

tion in the EU for the case of QD. However, for product categories containing other ENMs, e.g. ‘Plas-

tic’, the regional differences in waste management processes was included in the model (see Table S5). 

The distribution of the considered ENMs among waste management processes depends on the prod-

ucts within which they are contained. QDs are commonly incorporated into the matrix of electrical 

products, which are sent for waste management at the end of their lives and are predominantly trans-

ferred to recycling, as shown in Table 1. Only a small amount of QDs are released during the use 

phase (from product categories “Catalyst” and “Ink”) to wastewater treatment and air. 

 

 

  



69 
 

Figure A3.2. The allocation of the ENMs considered in this work to different product categories (a) 

nano-SiO2, (b) nano-iron oxides, (c) nano-Al2O3, (d) nano-CeO2, (e) QDs. The common categories of 

ENMs are in the same color. ‘Paint’ in red; ‘Cosmetics & personal care’ in green; ‘Cement’ in blue. 

 

A3.2.4 Predicted Environmental Concentrations 

Concentrations of ENMs in waste management processes and environmental compartments were cal-

culated by dividing the released mass of ENMs in each process and compartment by the mass or vol-
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ume of the compartment, as shown in Table A3.6. It was assumed that all compartments are homoge-

nous and well-mixed [200]. 

Table A3.1. Release schedule of Quantum dots (QD). The table gives information regarding QDs re-

lease during use (in light green) and at the EoL stages (in light grey). The use release part describes 

how much QDs are released during the use phase (“use release amount”), how long this release lasts 

(“use release duration”), how much is released in each year (“use release schedule”), and the com-

partment to which the QDs are flowing (“use release distribution”). For the EoL release (grey cells), 

the same approach is used. Lifetimes are modelled using normal distributions. Y1 = Year 1, Y2 = Year 

2. WIP: plant. * are based on expert judgments.   

 

 

 

 

 

 

 

 
 

 

 

 

 

A3.3 Results  

A3.3.1 Probabilistic dynamic modelling  

The main output of the model are probability distributions of masses of the five ENM for each year 

from 1990 to 2020. Figure 3 shows the development of the masses of nano-CeO2 in different 

compartments over the considered 31-year time period: the use amount (a), the mass in the in-use 

stock (b), the mass accumulated in soils (c) and in sediments (d). Every grey dot corresponds to an 

iteration from the Monte Carlo simulation. The number of dots in Figure 3 is limited to 2000 to 

enhance visualization (10000 iterations in total). Mean values (red lines) are given in each subplot, as 

well as the 15% and 85% quantiles (green dashed lines). Figure 3a shows that the production volume 

of nano-CeO2 has increased, and continues to increase substantially, particularly since 2013. This 

rapidly increasing rate of production, unsurprisingly, induces a substantial growth of nano-CeO2 in the 

in-use stock as well as in the environmental sink compartments (soil and sediment). Comparing Figure 

3b with Figure 3a, it is visible that the amount of nano-CeO2 stored in the in-use stock is larger than 

QD 
Use 

 Release 
amount 

Use  
Release 

 duration 

Use  
release 

schedule 
Use release distribution 

EoL  
Release 
amount 

Lifetime  
distribution 
parameters 

(years) 

EoL release distribution Reference 

Product  
Category x   Y1 Y2 Waste 

water Air Surface 
water Soil 1-x   Landfill WIP Recycling  Export  

Catalysts 0.01 *   1 1   1       0.99 1 *     1*    

QD chips 0 [190]               1 mean=10, 3σ= 
5 [203] 0.09 0.06 0.65 0.2 [190] 

Displays 
 0 [190]               1 mean=10, 3σ= 

5 [203] 0.09 0.06 0.65 0.2 [190] 

Inks 0.005 *  1 1     1     0.995 1  0.07 0.03 0.7 0.2  [190] 

Laser  
devices 0 [190]               1 mean=10, 3σ= 

5 [203]     1*    

LEDs 0 [190]               1 mean=14, 
3σ=5 [203] 0.09 0.06 0.65 0.2 [190] 

Medical ap-
plication 0 [190]               1 

Y=0.9, Y=0.1 
* 
  1*      

Optics 0 *               1 mean=40, 
3σ=10  *   1*      

Paints 0 *               1 mean=25, 
3σ=10 [203] 0.05* 0.05* 0.9*    

PV  
devices 0 *               1 mean=30, 

3σ=10 [190]    1*    

Sensors 0 *               1 mean=8, 3σ=8 
[190] 0.09 0.06 0.65 0.2 [190] 
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the annual production volume, with 3,240 tonnes of nano-CeO2 in the in-use stock in 2014 while 1,300 

tonnes were produced in the same year. Moreover, Figure 3c and 3d demonstrate that a significant 

amount of nano-CeO2 has already accumulated in soils and sediments, with the amount in soils being 

twice larger than that in sediments. This is because nano-CeO2 flows to soil from deposition from air, 

and from sludge application.  

Figure A3.3. Evolution of nano-CeO2 in the EU from 1990 to 2020 (tonnes) in (a) production, (b) in-

use stock, (c) soil, and (d) sediment. The grey dots represent a single simulation. The two green 

dashed lines in each subplot are the 15% and 85% quantiles of the probability distributions of each 

year. The red lines are the mean values. The blue vertical lines indicate the reference year (2014). 

 

A3.3.2 Mass flows  

As 2014 was the reference year in our static modeling studies for nano-SiO2 and nano-iron oxides, the 

mass flows of the ENMs considered in this work were also calculated for 2014. To estimate the release 

of ENMs in 2014, we considered 25 years of input from 1990 to 2014, combining direct and delayed 

release ENMs from nano-products. As shown in Figure 4, the ENM flows from ‘Production & Manu-
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facturing’ to ‘Consumption’ are split into the in-use stock (where ENMs are temporarily stored) and 

immediate use (corresponding to immediate release). Between the five ENMs considered, the greatest 

estimated amount consumed in the EU in 2014 is observed for nano-SiO2 (599,000 t), followed by 

nano-Al2O3 (14,800 t), nano-iron oxides (9,260 t), nano-CeO2 (1,300 t), and QDs (413 kg). The esti-

mated use volume of nano-SiO2  in the EU is more than six times higher than in our previous study 

(Wang et al. 2016b). This can be explained by the data from additional sources, e.g. Future Market 

(2014), or SRI consulting (2011) (see Table S2), that are several times higher than the mean value in 

the study published previously (Future Markets 2014, SRIConsulting 2011).  

For all considered ENMs, more than 60% of them flow to the in-use stock, which results a delayed re-

lease. Many ENMs are typically incorporated into products that have lifetimes longer than one year. 

Two thirds of the total releases of nano-SiO2 in 2014 are from the in-use stock, having entered the use 

stage in previous years, whereas for nano-CeO2 this number is less than 20%. This is because 42% of 

nano-CeO2 is used in chemical and mechanical polishing, an application which results in immediate 

release. For the other three ENMs, the delayed release accounts for 25-35% of the total release. The 

differences are, again, due to the variations in applications between ENMs and the life times of the 

nano-products.  

Using the DPMFA model, we are able to calculate the quantity of ENMs that are permanently or tem-

porarily stored in environmental compartments. The amount of ENMs in the in-use stock is over two 

to five times larger than the annual input in 2014. The gap is even greater when the flow to sink com-

partments is compared with the total amount of ENMs in those compartments (landfill, natural and ur-

ban soil, sludge treated soil, and sediments). For example, the total stock of nano-SiO2 in landfills in 

2014 is about ten times that of the annual landfill input. Therefore, considering the accumulation of 

ENMs over time allow us to better estimate the total amount of ENMs in environmental compartment.   
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Figure A3.4. Mass flow diagrams for five ENMs in the EU in 2014 based on dynamic modeling: (a) nano-

SiO2, (b) nano-iron oxides, (c) nano-CeO2, (d) nano-Al2O3, and (e) quantum dots. The red boxes repre-

sent the model input compartments. The green and brown boxes represent those waste treatment process-

es for which reuse or recycling processes are or are not involved, respectively. The blues boxes represent 

the environmental compartments. The dark grey boxes show the amount of ENMs held in stocks in each 

compartment up to 2014. A dashed line was used to represent the flow from surface water to sediment as 

two extreme scenarios were assumed: a) no transfer and b) complete sedimentation. All presented values 

are the means of the mass distributions and are rounded to three significant numbers. The unit for QDs is 

kg/y, while the unit for the other ENMs is tonnes/y. “Unconsidered” represents those products, of which 

the further behavior after recycling processes was not considered due to lack of data; WIP: waste incin-

eration plant; STP: sewage treatment plant; BA: bottom ash; N&U soil: natural & urban soil. ST soil: 

sludge-treated soil. 

 

The distribution of ENMs after release is determined by the processes that the nano-product is going 

through. For instance, QDs are mostly applied in a matrix within products and, consequently, only negli-

gible amounts of QDs are released to wastewater during use. Another example is release of nano-CeO2, of 

which about 97% is released to landfill and recycling at the EoL stage. This is resulting from the fact that 

around 88% of nano-CeO2 are used in ‘Polishing’, ‘Fuel additive, ‘Glass’, ‘Paint’, and ‘Fuel cell’ and on-

ly 0-5% from each category is released during use phase, mainly to wastewater (see Table S4b). The main 

use of nano-CeO2  is in polishing slurries, and 90% of it is captured in the spent slurries, which are further 

treated and then completely landfilled (Ruth 2014). Another important use of nano-CeO2 is in fuel addi-

tives, from which nano-CeO2 is expected to be released with the exhaust after diesel combustion. Howev-

er, the diesel particulate filter is able to capture 99% of particulate matters, which is finally collected for 

recycling (ATC 2013, Wade et al. 1981).  

ENMs used in products that are likely to flow partially to wastewater (e.g. cosmetics, paints, and cleaning 

agents). As shown in Figure 4, there is a significant flow from consumption to wastewater for all ENMs 
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except nano-CeO2 and QDs. For other ENMs, between 20% and 33% are flowing to recycling. Waste in-

cineration is another process to which large amounts of ENMs flow at the EoL stage. For nano-SiO2, in 

particular, around 19% and 16% of ENMs flow to landfill and waste incineration plant, respectively. QDs 

have a notable percentage in medical use (in vitro biomarkers), consequently, three quarters of total re-

leased QDs is incinerated along with medical waste. 

The outflows of ENMs from recycling was considered when relevant information was available (Caballe-

ro-Guzman et al. 2015). In Figure 4, the unconsidered stock inside the recycling box represents those 

product categories which are not covered by Caballero-Guzman et al (2016). Other studies that quantita-

tively cover the final disposal of ENM after recycling are not available. For all ENM except QDs, most of 

the mass flowing into recycling could not be further assessed. The work by Caballero-Guzman et al 

(2015) evaluated the fate of ENM in several product categories such as ‘Paints’, ‘Textile’ and ‘Electron-

ics’. These categories make up an important fraction for most of the ENM considered in this work (see 

Figure 2). However, ENM contained in paint have not yet reached the EoL stage in 2014 to a significant 

degree because of the long lifetime of buildings where paints are applied. Therefore, there is no substan-

tial inflow from paint to recycling in 2014 for nano-SiO2, nano-iron oxides, nano-CeO2 and nano-Al2O3. 

The remaining flows into recycling are mainly from product categories not covered by the previous study 

and could therefore not be modelled (Caballero-Guzman et al. 2015). More than 70% of QDs are used in 

electronics and electrical devices and their flows after recycling were considered in the model. This is 

why the ratio between the outflow and inflow of the recycling of QDs is much higher than those of other 

ENMs. 

	

A3.3.3. Predicted Environmental Concentrations 

Table 2 gives the mean release concentrations of each ENM in technical and environmental systems in 

the seven geographical systems considered for the year 2014 (median, Q15, and Q85 values are presented 

in Table S6 of the SI). The concentrations in sink compartments (e.g. soils, sediments) reported in the 

previous static models referred to yearly increases in concentrations, while the concentrations in sinks re-

ported in the current work are absolute ones considering the accumulation of ENMs over time (Gottschalk 

et al. 2009, Sun et al. 2014). Nano-SiO2 with the largest use amount has the highest release concentrations 

in the environment, while QDs, with the smallest use amount, have the lowest concentrations. Nano-

CeO2, with smaller use amount than those of nano-iron oxides and nano-Al2O3, has nonetheless higher 

concentrations in landfilled waste due to the dominant release to landfill.  

For all ENMs, the highest concentrations among the environmental compartments were found in sludge 

treated soil, which is at the level of mg/kg for nano-SiO2, nano-iron oxides, and nano-Al2O3, µg/kg for 

nano-CeO2, and ng/kg for QDs. The second highest ranked compartment is sediment followed by natural 

and urban soil, surface water, and, finally, air (ng/m3 to fg/m3). In the waste management processes, the 

highest concentrations of nano-CeO2 is found/obtained in landfilled waste, while for all other ENMs the 
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highest ones are predicted in sewage sludge. The lowest concentrations of all ENMs are found in sewage 

effluent. The ENMs in fly ash and bottom ash are a result of the incineration of waste and sludge. Hence, 

the higher concentrations in sewage sludge and in waste leads to a higher concentration in waste incinera-

tion bottom ash and fly ash.   

 



	 77	

Table A3.2. Concentrations of five ENMs in different environmental compartments and waste manage-

ment processes in seven systems in 2014.  

Nano-SiO2 concentration in 2014 Nano-CeO2 concentrations in 2014 

Compartments EU CE EE NE SE SEE CH unit EU CE EE NE SE SEE CH unit 

STP Effluent 65 74 51 48 23 34 12 µg/L 37 44 25 29 19 18 4.8 ng/l 

STP Sludge 4.4 5.3 2.4 4.6 2.1 3.3 6.8 g/kg 1.8 2.5 0.89 2 1.2 1.3 2.6 mg/kg 

Landfilled waste 490 620 450 1500 400 200 - mg/kg 6.5 23 3.3 41 4.4 1.3 - mg/kg 
Incinerated 
waste 490 620 380 470 180 5900 670 mg/kg 8.4 10 8.1 7.8 4.7 150 10 µg/kg 

Bottom ash 3.4 4.5 2.8 3.1 1.1 25 5.7 g/kg 0.55 0.85 0.66 0.25 0.32 7.1 0.9 mg/kg 

Fly ash 4.7 6.1 3.9 4.1 1.5 35 7.9 g/kg 0.77 1.2 0.91 0.36 0.45 9.8 1.2 mg/kg 

Air 16 34 8.7 2.6 10 18 48 ng/m3 42 100 20 6.8 35 43 110 pg/m3 

N&U soil 86 170 52 28 68 92 290 µg/kg 42 96 22 14 39 41 120 ng/kg 

ST soil 150 390 330 240 240 110 - mg/kg 60 180 120 110 130 45 - µg/kg 
Surface 
water 4.3 4.4 2.5 0.22 8.6 11 4.2 µg/L 2.0 2.6 1.1 0.11 5.1 4.9 1.9 ng/l 

Sediment 79 79 46 4.1 180 210 75 mg/kg 35 46 19 2.1 95 87 32 µg/kg 

Nano-iron oxides concentrations in 2014 Nano-Al2O3 concentrations in 2014 

Compartments EU CE EE NE SE SEE CH unit EU CE EE NE SE SEE CH unit 

STP Effluent 1.5 1.3 1.2 0.85 0.7 0.56 0.24 µg/L 3.6 5.1 3.5 2.6 2.5 2.5 1.1 µg/L 

STP Sludge 75 85 44 73 53 45 110 mg/kg 240 380 160 250 220 240 620 mg/kg 

Landfilled waste 0.89 1.9 1.03 4.7 1.2 0.35 - mg/kg 9.9 20 13 41 16 4.7 - mg/kg 
Incinerated 
waste 1 1.2 1.3 0.94 0.67 19 1.4 mg/kg 9.6 17 11 9.9 6.1 140 21 mg/kg 

Bottom ash 22 31 32 11 14 240 42 mg/kg 93 190 120 64 55 870 300 mg/kg 

Fly ash 32 44 44 16 19 340 59 mg/kg 130 260 170 88 77 1200 410 mg/kg 

Air 0.23 0.53 0.15 0.04 0.25 0.24 0.76 ng/m3 1.2 3.7 0.88 0.21 1.6 1.9 6.5 ng/m3 

N&U soil 0.32 0.67 0.22 0.11 0.33 0.31 1.2 µg/kg 1.3 4.1 1.2 0.51 1.9 2 8.4 ug/kg 

ST soil 2.7 6.6 6 4.2 5.8 1.7 - mg/kg 8.2 27 24 14 23 7.9 - mg/kg 
Surface 
water 86 110 58 4.7 250 180 110 ng/L 0.31 0.53 0.22 0.02 1.1 1 0.65 µg/L 

Sediment 1.6 2 1.03 0.09 4.4 3.6 2 mg/kg 5.7 9.3 4.1 0.33 19 17 11 mg/kg 

QD  concentrations in 2014         

Compartments EU CE EE NE SE SEE CH unit         

STP Effluent 2.7 3.2 2.4 2.3 1.6 1.6 0.48 pg/L         
STP Sludge 0.18 0.23 110 0.22 0.14 0.15 0.26 µg/kg         
Landfilled waste 91 330 57 660 70 22 - ng/kg         
Incinerated 
waste 1.6 1.2 3.4 1.2 1.8 72 0.83 µg/kg         
Bottom ash 8 6.1 17 6.1 9.3 260 4.8 µg/kg         
Fly ash 11 8.4 23 8.5 13 350 6.6 µg/kg         
Air 7.9 19 5.1 1.5 8.4 10 22 fg/m3         
N&U soil 8.4 18 5.8 3 9.1 9.9 27 pg/kg         
ST soil 6.2 17 16 11 15 5.3 - ng/kg         
Surface 
water 170 180 120 9.6 500 530 150 fg/L         
Sediment 3.2 3.2 2.1 0.17 9.1 9.4 2.8 ng/kg         

N&U soil is natural and urban soil, ST soil is sludge treated soil. EU: EU 27, CH: Switzerland, CE: Cen-

tral Europe, EE: Eastern Europe, SE: Southern Europe, NE: Northern Europe, SEE: South-eastern Eu-

rope. 
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A3.3.4 Geographical distribution 

Table 2 shows that regional differences of the release concentrations in air, natural and urban soil, surface 

water and sediments of each ENM follow the same patterns, which are driven by the mass or volume of 

the receiving medium of each compartment. However, concentrations in sludge treated soil are dependent 

on the concentrations in sewage sludge, the amount of sewage sludge that is applied as fertilizer and the 

volume of sludge treated soil. Nano-SiO2 is presented as an example in Figure 5, which shows the region-

alized distributions of nano-SiO2 in 2014 in natural and urban soil, sludge treated soil, surface water, and 

sediment. Each subplot comprises one large map and one small map, where the large maps shows the dis-

tribution of nano-SiO2 in four compartments in the different regions and the small maps show the average 

concentration levels  in the EU. As shown in Figure 5a, Switzerland has the highest concentration of 

nano-SiO2 in natural and urban soil (290 µg/kg), due to its relatively large use amount and small geo-

graphical area, while Northern Europe has the lowest concentration (28 µg/kg), due to the relatively small 

use amount within the region and its large geographical area. The second highest concentration in natural 

and urban soil was found in Central Europe, followed by South-eastern Europe, EU, and Southern Euro-

pean Eastern Europe.  

The lowest concentration in sludge treated soil is observed in South-eastern Europe (from 5.3 ng/kg for 

QDs to 110 mg/kg nano-SiO2), as it is the region with the lowest percentage of sludge applied to soil. 

Central Europe has the highest concentration of ENMs in sludge treated soil, a consequence of having the 

highest concentration of ENMs in sewage sludge. However, the EU, despite the largest amount of sludge 

applied in agriculture (see Table S5 and S7), has only the second lowest concentration due to the low 

concentrations of ENMs in the sludge, as well as the large area of sludge treated soil in the region. There 

is no land application of sludge in Switzerland. Hence, Switzerland is blank in the map in Figure 5b.  

The most relevant flow to surface water comes from untreated wastewater, as shown in Figure 4. There-

fore, the fraction of households in a region that is not connected to the sewage treatment system is the de-

cisive factor in determining the amount of ENM that are released to surface water. This is especially no-

ticeable for nano-SiO2 because a large share of it is used in cleaning agents and cosmetics, with the 

resulting release of nano-SiO2 to waste water. As a result of the lowest share of households connected to 

sewage treatment plants, South-eastern Europe has the highest concentration of nano-SiO2 in surface wa-

ter (11 µg/L). This is approximately 50 times greater than the concentration in Northern Europe. Alt-

hough the connection to wastewater systems in Northern Europe is not as high as it is in Central Europe, 

it has the lowest concentration in surface water (0.22 µg/L) because it has the largest volume of surface 

water amongst all EU sub-systems. The ranking of regions with regards to the concentrations of ENM in 

sediment is the same as that for concentrations in surface water. This is caused by the scenario-type mod-

eling with complete sedimentation for calculating the concentration for the sediment compartment, and no 

sedimentation when calculating the surface water concentrations.  
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 Figure A3.5. Geographical distribution of nano-SiO2 in seven European regions. The darkness of a color 

is defined by the concentration in each compartment among all regions. The darkest and lightest colors 

indicate the highest and lowest concentrations, respectively. Each plot comprises one large map and one 

small map, presented in the upper right corner. The small maps indicate the average concentration in the 

EU.  

 

4.4 Discussion 

Many research studies have already endeavoured to estimate the release of ENMs towards the environ-

ment (Boxall et al. 2007, Gottschalk et al. 2015, Johnson et al. 2011, Keller &Lazareva 2014, Sun et al. 

2016, Wang et al. 2016a). The predicted concentrations for nano-SiO2, nano-CeO2, and nano-Al2O3 in the 

current study are one to three orders of magnitudes higher than those in Boxall et al (2007), which is due 
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to the fact that they considered only single nano-products for each ENM. For nano-CeO2 and quantum 

dots, the predicted release concentrations in Gottschalk et al (2015) are ten to hundred times lower com-

pared with our study. The reason of the differences is that no direct environmental release of these two 

ENMs was estimated in the previous model (Gottschalk et al. 2015). Compared to the output of our mod-

el, the concentrations in effluents and biosolids from sewage treatment plants around San Francisco Bay 

predicted by Keller et al. (2014) are one to three orders of magnitude higher for nano-iron oxides and 

CeO2, one order of magnitude lower for nano-SiO2, and at the same level for nano-Al2O3. These differ-

ences can be explained by the considered product categories, and the release pathway of which varies 

from the current work. 

The mass flow results from our static modelling work of nano-iron oxides have the same order of magni-

tude with those in the current work (Wang et al. 2016a). The estimated use volume in the current study is 

more than six times higher than in the static study because additional data sources were considered, how-

ever the released amount in the EU is close to our previous study (Wang et al. 2016b). This similarity de-

spite very different input is the effect of considering time-dependent input, use release and EoL release in 

the current study. Specifically, EoL release did not occur for the product category ‘Paint’ in 2014 because 

it is still stored in the in-use stock, whereas the EoL release of ENMs in the static model occurs in the 

production year of the ENMs and the nano-products. Therefore, the predicted concentrations in this work 

are more complete by considering a more complex system with time-dependent variables. The gap be-

tween the annual input and the annual release and the high percentage of release from the in-use stock for 

some materials highlights the importance of using dynamic compared to static MFA, which does not con-

sider the in-use stock.  

The large data set of five ENMs in various compartments in seven regions obtained in our work can be 

evaluated for the relationship between use amount and the resulting release concentrations in environmen-

tal compartments. Figure 6 shows that the concentration levels of ENMs in environmental compartments 

are, as expected, generally correlated to the input of the ENMs within the system boundary. However, 

there is considerable deviation from a linear relationship because of the different life cycles of the nano-

products from which varying proportions of ENMs are released into different compartments. This is espe-

cially visible within the landfill process: higher concentrations of nano-CeO2 are predicted in landfilled 

waste compared to nano-iron oxides, even though the use level of nano-CeO2 is lower.  This is mainly due 

to its important use in mechanical chemical polishing, which results in a dominant release to landfill. Pre-

vious studies assumed a different release pathway for nano-CeO2, namely that nano-CeO2 is released 

completely from the polishing slurry to air and water (Collin et al. 2014). However, the spent polishing 

slurry is, in fact, collected and then landfilled (Janos et al. 2015, Ruth 2014). The current recycling tech-

nology is not yet advanced enough to allow an industrial scale recycling of nano-CeO2 from spent polish-

ing slurry. In our model, around 75% of nano-CeO2 is predicted to be eventually released to landfills. 

This result is close to that of a previous modeling study (Keller &Lazareva 2014) in which 80-97% of 

nano-CeO2 was suggested to flow to landfills. However, this study considered a very general “electronics 
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and optics” category without specifying any particular use. The second main use of nano-CeO2 is in diesel 

additives. Park et al (2008) have estimated a release of 6-100% of nano-CeO2 to air under different sce-

narios, which are: 1) no filter, 2) traps, 3) filter equipped in vehicles. However, due to the technological 

advancement (ATC 2013), as well as the implementation of legislation (PARLIAMENT 2007), modern 

diesel vehicles are equipped with particle filters, which are able to remove 99% of particulate matter from 

the exhaust. The captured particles are finally entering recycling at the EoL of the filter (ATC 2013). 

Therefore, in the current study an estimation of 99% of nano-CeO2 flowing from fuel additive to recycling 

is much closer to the real situation. 

 

 

Figure 4-6. Correlation between production volume of ENMs and their concentrations in different re-

gions in (a) surface water; (b) natural and urban soil; (c) landfill waste; (d) sludge treated soil. The col-

ours represent the ENM, the shape represent the region. 

 

The release distributions of other ENMs during the use phases and EoL stages are different from nano-

CeO2. For nano-iron oxides and nano-Al2O3, the two main release flows are to wastewater due to use, 

mainly in the product categories ‘Cosmetics’, ‘Medical use’ or ‘Cleaning agent’, and to recycling, mostly 
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resulting from applications in the product categories ‘Catalyst’, ’Electronics’, or ‘Special paper’. ENMs 

are largely removed during sewage treatment and are then partially transferred to soil by sludge applica-

tion. Therefore, the main flows of nano-iron oxides and nano-Al2O3 go to recycling and soil. Nano-SiO2 

has two other release destinations in addition to recycling and wastewater: landfills and bottom ash from 

incineration plants. This is due to a significant amount used in ‘Plastic’ with the major part of the EoL 

plastic products ending up in landfills and incineration plants with the municipal waste (Eurostat 2017). 

Keller et al (2014) have considered similar product categories for these three ENMs: ‘Catalyst’, ‘Personal 

care’, ‘Medical use’, ‘Paint’, and ‘Electronics’, but they modelled release mainly to landfill and soil. 

Moreover, their study did not consider any recycling processes. Two other static MFA modelling studies 

for nano-SiO2 and nano-iron oxides have used similar release pathways as in the current work (Wang et 

al. 2016a, Wang et al. 2016b). However, the flows of nano-SiO2 and nano-iron oxides to landfill in these 

studies accounted for a higher percentage of the total release, which can be explained by the high percent-

age of ENMs used in paint of which 40% are released to landfill in the previous model. Additional data 

taken into consideration in the current study affected the distribution of the produced mass to product cat-

egories. This shows the great importance to obtain specific data about product distribution, a parameter 

that exhibits a large variability between different sources. The approach chosen in this work was to com-

bine different sources and derive an overall probability distribution. Quantum dots have about 25% use in 

medical applications which results in release to incineration plants together with medical waste (ICRC 

2011). The remainder is mostly used within electronic devices, from which only release during recycling 

is likely. This is consistent with the study from Gottschalk et al (2015), where they estimated that 90% of 

quantum dots are ending up in recycling and 10% go to incineration plants. 

Previous studies have shown that the local waste management systems have a strong influence on the dis-

tribution of ENMs (Heggelund et al. 2016, Keller &Lazareva 2014, Wigger et al. 2015). Also in the cur-

rent work, we found that the regional waste management processes determine the distribution of EoL 

products between the waste management processes, and ultimately, determine the flows of ENMs into 

different environmental compartments. For instance, the proportion of wastewater treated in each region 

affects the release of ENMs to surface water and the concentration of ENMs in sewage sludge, which, to-

gether with the amount of sludge applied to land (depending on the national regulation) and the area size 

of sludge treated soil, determines the concentration of ENMs in sludge treated soil. Another factor affect-

ing the concentration level is the volume or mass of the receiving medium. Therefore, Northern Europe 

was found to have the lowest concentration of ENMs in most compartments because it has the lowest ra-

tio between input of ENMs and the volume/mass of the receiving medium in each compartment. South-

eastern Europe had the highest concentration of ENMs in surface waters because of a high share of 

wastewater bypassing wastewater treatment. The previous regionalized modelling study for Europe from 

Dumont et al (2015) considered regional differences of the water compartment but did not include differ-

ences in the regional waste management. Their study also predicted the lowest and highest concentrations 

in Northern Europe and Southern Europe, respectively. The differences in regional concentrations 
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demonstrate that subdividing Europe according to the similarity of waste management systems of coun-

tries enabled us to better estimate the distribution of ENMs between waste management processes within 

Europe. However, other studies have shown that concentration of ENMs can vary a lot at even higher spa-

tial resolution within a single watershed (Dale et al. 2015b, Dumont et al. 2015, Gottschalk et al. 2011). 

The predicted concentrations in each geographical system in this work represent the average values of the 

region. However, concentrations at local level might be under- or over-estimated because concentrations 

at local release points, such as effluent of STP, are more likely higher than those in rural areas. The re-

sults still provide useful information for further investigating the local concentrations in the environmen-

tal compartments. 

After being released to the environment, ENMs are unavoidably affected by physical and chemical reac-

tions, such as homo and heteroagglomeration, sedimentation and transformations (Arvidsson et al. 2011). 

These processes are not included in our model and therefore it is not able to provide real environmental 

concentrations. The model is quantifying the total amount of ENM that end up in an environmental com-

partment but this may not represent the actually present amount, especially for reactive ENM such as QD. 

We therefore use the term “release concentration” to distinguish our values from environmental concen-

trations derived from fate models. By considering fate processes, environmental fate models are able to 

predict the distribution and concentration of different species of ENMs (Liu &Cohen 2014). These fate 

modelling studies are based on the input data from release models (Markus et al. 2017). For example, the 

amount of nano-Ag and nano-ZnO loading to the environmental systems in the fate model of Dale et al 

(2015) are taken from the release studies of Gottschalk et al (2009) and Keller et al (2014). The output of 

Keller et al (2014) has been also used by Pu et al (2016) for the fate modeling of nano-Cu in 17 subconti-

nental freshwaters.  

A validation of the modelling output (flows and concentrations) by measurements is not possible at the 

moment. It has been discussed in detail in Nowack et al. (2015) that the results currently provided by ana-

lytical methods are not yet specific to ENM (they include all nanoparticles) or are just not sensitive 

enough to reach realistic environmental concentrations. The available analytical results can therefore not 

be used to validate model results but they provide additional information that can be used together with 

the modelling results to gain a complete understanding of the presence of natural and engineered nanopar-

ticles in the environment. 

The uncertainty of the current modelling results is due to incomplete knowledge regarding input parame-

ters e.g. production/use volume, product allocation, release schedules of ENMs from products and the dis-

tribution to the receiving compartments after release. The probabilistic approach used in this study al-

lowed us to include the plausible values for each parameter and represent uncertain input parameters. The 

dynamic aspect considered the impact of time-dependent variables on outcome of the model by incorpo-

rating use amounts over multiple years into the model input and the dynamic release of ENMs from nano-

products. In the current model, we assumed that ENM application share and release schedule would re-

main constant over the 31 year time period. This is a limitation of the model as it is unlikely that ENM 
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application shares and release schedules remained constant in the past. Sun et al (2017) have predicted fu-

ture flows of ENMs toward the environment in the EU under various application scenarios of ENMs in 

products. They identified a notable difference in mass flows over time due to the change of the share of 

ENMs in product categories. DPMFA models can be improved by considering the development in ENMs 

application and release schedules.  

A further limitation of this work is that the destinations to which nano-products flow following recycling 

were not considered fully for all product categories. However, even the partial consideration of flows out 

of recycling constitutes a significant advancement over previous modelling studies that either did not con-

sider recycling at all (Gottschalk et al. 2015, Keller &Lazareva 2014, Mueller &Nowack 2008) or just in-

cluded flows into recycling but no outflows (Sun et al. 2014). For all considered ENMs, 20%-58% of the 

total release in 2014 flows to recycling. These EoL products are further shredded (electronics), cut (com-

posites) or dissolved (paper), during which a release to air or water might occur (Methner et al. 2012, 

Raynor et al. 2012, Zhang et al. 2016). The remaining materials are further landfilled, incinerated, or en-

ter recycling processes. However, there is no published data available for every product category to fur-

ther investigate where the ENMs flow after EoL treatment. In this study, the behaviour of ENMs during 

recycling was included for only two categories, ‘Paint’ and ‘Electrical’ based on the data provided by Ca-

ballero-Guzman et al (2015). Given the significant amount of ENMs flowing to recycling, a better under-

standing of the quantities and destinations of ENMs outputs from recycling is really important to improve 

estimates of ENM flows during the EoL stage. 

 

4.5 Conclusions 

Our work provides the most up-to-date information on the flows of nano-SiO2, nano-iron oxides, nano-

CeO2, nano-Al2O3, and QDs to the environment. The dynamic nature of the model allows to consider the 

accumulation of ENM in stocks and environmental sinks and is therefore more accurate that results from 

static models. The modeling is based on an integration of all available data on production of ENM, use of 

nanoproducts and flows to technical systems. The probabilistic nature of the model allows to capture 

quantitatively the full range of uncertainty. Large shares of the total flows go to waste treatment systems 

and thus this part of the model was considered in more detail. Because waste handling exhibits large dif-

ferences between European countries, a regionalization was included in the model. 

The flows derived from our material flow model can be used as input values in future exposure and fate 

modeling of ENMs at the sub-regional/local level. Environmental risk assessment studies for ENMs also 

rely on exposure data provided by mass flow modelling studies (Coll et al. 2016, Gottschalk &Nowack 

2012). The current study can therefore also lay the foundation for a comprehensive assessment of the en-

vironmental risk posed by the investigated ENMs, which subsequently may support policy-making.  
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Annex 4. Risk assessment of engineered nano-SiO2, nano iron ox-

ides, nano-CeO2, nano-Al2O3 and quantum dots 
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Abstract 

A lot of research studies have endeavored to investigate the ecotoxicological hazards of engineered na-

nomaterials (ENM). However, little is known regarding the actual environmental risks of ENM, combin-

ing both hazard and exposure data. The aim of this study is to quantify the environmental risks for nano-

Al2O3, nano-SiO2, nano iron oxides, nano-CeO2, and quantum dots by comparing the predicted environ-

mental concentrations (PEC) with the predicted no effected concentrations (PNEC). The PEC values of 

these five ENMs in fresh waters in 2020 for northern Europe and southeastern Europe were taken from a 

published dynamic probabilistic material flow analysis model. PNEC values were calculated using proba-

bilistic species sensitivity distribution (PSSD). The order of the PNEC values was quantum dots<nano-

CeO2<nano iron oxides<nano-Al2O3<nano-SiO2. The risks posed by these five ENMs were demonstrated 

to be in the reverse order: nano-SiO2>nano-Al2O3>nano iron oxides>nano-CeO2>quantum dots. However, 

all risk characterization values are three to seven orders of magnitude lower than one and no risk was 

therefore predicted for any of the investigated ENMs at the estimated release level in 2020. Compared to 

static models, the dynamic material flow model allowed us to use PEC values based on a more complex 

parameterization, considering a dynamic input over time and time-dependent release of ENMs. The PSSD 

approach makes it possible to include all available data to estimate hazards of ENMs by considering the 

whole range of variability between studies and material types. The risk assessment approach is therefore 

able to handle the uncertainty and variability associated with the collected data. The results of the current 

study are able to provide a scientific foundation for risk-based regulatory decisions of the investigated 

ENM. 
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A4.1 Introduction  

Applications of engineered nanomaterials (ENMs) are ubiquitous in industry and consumer products due 

to the rapid development of nanotechnology [220, 221]. The use of these nanoproducts inevitably causes 

the release of ENMs throughout the whole life cycle of nanoproducts to air, soil, water and sediments 

[222]. It has been demonstrated that ENMs often have special properties, which are more likely to induce 

hazardous effects compared to conventional materials [92, 223]. Therefore, it is imperative to evaluate the 

environmental risks posed by these materials, especially to support regulatory decision making [224]. The 

quantitative environmental risk assessment approach is comparing the exposure level of a compound with 

their hazard by dividing the predicted environmental concentration (PEC) by the predicted no effect con-

centration (PNEC) [225].  

With the current analytical techniques it is difficult to identify specifically engineered nanoparticles in the 

environment [30]. This therefore limits the exposure assessment and consequently restricts the environ-

mental risk evaluation of ENMs [33]. Currently, environmental exposure assessments are mostly depend-

ing on an exposure modelling approach [18]. Environmental exposure models have been advancing sig-

nificantly during the last years, going from simplified to more complex models, from deterministic to 

probabilistic modeling, from regional to local systems, and from static to dynamic models [18, 187, 226]. 

Gottschalk et al (2010) developed a probabilistic material flow analysis (PMFA) model based on a life-

cycle perspective, which is able to include all applications of a specific ENM and handle the uncertainty 

and variability associated with the input parameters, e.g. production volume or product allocation of 

ENMs. Based on the same concept, a dynamic probabilistic material flow analysis (DPMFA) model was 

developed by Bornhöft et al (2016) and used to estimate the environmental release and concentrations of 

nano-TiO2, nano-Ag, nano-ZnO, and CNT in the EU in different scenarios [46, 47]. Another study has 

predicted environmental concentrations of nano-SiO2, nano iron oxides, nano-CeO2, nano-Al2O3, and 

quantum dots in seven European regions using the same DPMFA model [227]. Compared to the static 

model, the DPMFA model considered 1) a dynamic input of ENMs to the system from 1990 to 2020, 2) a 

dynamic release: ENM release was considered to follow different kinetics for different product catego-

ries, resulting in different delayed release schedules, and 3) the differences in waste management systems 

among European regions. These novel aspects make the PEC values from the dynamic models more real-

istic than those from the simpler static models. 

The other critical point of environmental risk assessment is the hazard evaluation. The species sensitivity 

distribution method (SSD) is able to derive a PNEC, defined as the 5th percentile of the SSD, a threshold 

concentration so that 95% of species in an ecosystem are protected [225]. SSD is a well-established way 

to estimate the adverse effects of chemical substances by considering all available data instead of just us-

ing the lowest response endpoint [51-53]. The challenges of assessing the ecotoxicity of ENMs using the 

SSD method are manifold: There is only limited availability of ecotoxicological studies: whereas the ef-

fects on aquatic organisms have been intensively studied, much less studies are available for soils and 



	 91	

sediments. The observed toxic effects also show a very large variability between studies, due to differ-

ences in test conditions and the different forms of the ENM that are investigated [54]. To overcome those 

challenges and handle variability of data, Gottschalk et al (2012) developed a probabilistic species sensi-

tivity distribution (PSSD) method, which was applied later to evaluate hazardous effect of five ENMs 

(nano-TiO2, nano-Ag, nano-ZnO, fullerenes and CNT) [55]. Semenzin et al. (2015) assessed the ecotoxi-

city of nano-TiO2 using a weighted SSD approach, which includes three weighting criteria: the species 

relevance, the trophic level abundance and the nanotoxicity data quality. Garner et al. (2015)   combined 

all available data to investigate toxicity of nano-Ag, PVP-coated nano-Ag, nano-Al2O3, nano-C60, CNT, 

nano-Cu, nano-CuO, nano-TiO2 , nano-ZnO and nano-CeO2 by also considering the particle characteris-

tics. Another recent study constructed a SSD for metallic nanomaterials based on data, that are grouped 

according to the characteristics of ENMs, test conditions and types of endpoints [59].  

In the field of environmental risk assessment, early studies have used the lowest response concentration to 

evaluate adverse effect of nano-TiO2, nano-ZnO, nano-Ag, carbon nanotubes, and fullerenes [35, 37]. 

Later, researchers have also estimated risks posed by ENMs from specific nanoproducts, e.g. a glass 

cleaner [61, 140, 159]. However, these studies either calculated the PNEC value using the lowest effect 

concentration or estimated the release of ENMs only from a single application. Other studies have as-

sessed the risks from all possible applications using a PMFA model and a PSSD for nano-TiO2, nano-Ag, 

nano-ZnO, fullerenes, CNT, nano-SiO2 and nano iron oxides for fresh waters, soils, and sediments [55, 

56, 172, 189]. In both parts of the risk assessment, the exposure and the hazard assessment, the scientific 

progress is fast with new exposure models and large numbers of ecotoxicological studies being constantly 

published that can be used in new risk evaluations. 

In light of these issues, the aim of this work was to conduct an environmental risk assessment for ENM 

that have not or only marginally been covered (nano-SiO2, nano iron oxides, nano-CeO2, nano-Al2O3, and 

quantum dots). The PEC was modeled using the DPMFA model described in Wang & Nowack (2017) 

and the hazard assessment is based on updated ecotoxicological data using a PSSD approach [32]. The re-

sults from the current study provide insights into the possible risk posed by the considered ENMs in the 

future based on the predicted release level, and contribute to future regulatory risk assessment framework 

for ENMs [228]. 

 

A4.2 Materials and methods 

A4.2.1 Predicted environmental concentration 

The exposure assessment for nano-SiO2, nano iron oxides, nano-CeO2, nano-Al2O3, and quantum dots us-

ing the DPMFA model has been described in Wang & Nowack (2017). This study shows that the PEC in 

fresh water compartments in Europe is the lowest in northern Europe and the highest in southeastern Eu-

rope (of seven European regions considered). These two regions were therefore selected in the present 
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work. Due to the increase in production over time, the PEC values are constantly increasing in environ-

mental compartments. In order to consider also the near-future increase, we selected the year 2020 as ba-

sis for the model. Therefore, the PEC values in northern Europe and southeastern Europe were extracted 

from Wang & Nowack (2017) for the year 2020. These PEC values represent average concentrations in 

standard environmental compartments as defined in the REACH guidance [225]. 

 

A4.2.2 Ecotoxicological data collection  

Ecotoxicological data for nano-Al2O3, nano-SiO2, nano iron oxides, nano-CeO2, and quantum dots were 

collected from peer-reviewed studies published before July 2017. The data screening followed the criteria 

described in Coll et al (2016). All endpoints from the same study using nanoparticles with different size 

and/or type (e.g. coating) were considered as individual data points. If tests in one study were conducted 

under various test conditions, maximal three values were chosen (minimum, median, and maximum). 

Hence, the collected data covered studies investigating the ecotoxicity of a range of species exposed to 

varied test materials with different particles sizes and test media. Too little information regarding the haz-

ard of the considered ENMs to soil and sediment organisms was found to build a PSSD for these systems. 

Hence, the data presented here is restricted to the risk assessment of the targeted ENMs in fresh waters. 

The summary of collected ecotoxicological concentrations is given in Table A4.1 and the detailed infor-

mation extracted from the studies is presented in Table S4.1. In total 173 endpoints were collected, in-

cluding EC10, EC15, EC20, EC50, LC10 LC20, LC50, IC50, LOEC, HONEC, and NOEC. Among the 

five ENMs, nano-CeO2 has the most data available with 71 endpoint concentrations covering 17 species, 

and the least data is available for quantum dots with 16 data points from 7 species.  

Table A4.1. Summary of endpoint concentrations collected for the five considered ENMs 

ENM Number of species Number of Endpoints 

nano-SiO2 12 34 

nano iron oxides 13 26 

nano-Al2O3 16 26 

nano-CeO2 17 71 

Quantum dots 7 16 

 

A4.2.3 Probabilistic species sensitivity distribution modelling 

According to the European Chemical Agency guidelines, the calculation of PNEC values for fresh waters 

using the SSD method should be based on all available NOECs from long term studies [48]. In this work, 

two assessment factors (AF) were used to derive chronic NOEC values from the collected data. One AF is 

used to derive the no observed concentration from the observed concentration if a NOEC is not available. 

The other AF is applied to extrapolate long-term effects from short-term studies. The method of assigning 
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the AF was described in detail in the previous studies [55, 189]. All input data were used in the model as 

triangular distributions obtained by multiplying or dividing each value with 2 to obtain a range of final 

NOEC values that includes the uncertainty of the AF. This method was first developed by Gottschalk and 

Nowack (2013), and has been applied to generate SSDs in several risk assessment studies [55, 172]. With 

the Monte Carlo approach in the model, a probabilistic distribution was derived and an overall PSSD of 

each ENM was then generated by combining all data of single species. The PNEC value was obtained by 

abstracting the 5th quantile from PSSD. By running the whole calculation 10,000 times, a PNEC distribu-

tion was derived (each distribution contains 10,000 random values).  

 

A4.2.4 Risk calculation  

The environmental risks of ENMs were quantified by calculating the risk characterization ratio (RCR) by 

comparing the exposure level (PEC) with the corresponding PNEC according to the risk assessment 

guidelines (Equation 1) [225]. If the RCR is less than 1, the risk to the environment is controlled at the 

given exposure scenario. If the RCR is larger than 1, certain risk management measures have to be taken. 

The RCR distribution was generated by dividing each values of the PEC distribution by all data from the 

PNEC distribution of each ENM. 

 

RCR = PEC / PNEC                 (1) 

 

A4.3 Results 

The PEC values for fresh waters are based on the dynamic MFA model by Wang and Nowack (2017) and 

therefore consider the accumulation of ENM in stocks and the delayed release from them. The dynamic 

nature of the model also allows an extrapolation of the release into the future and 2020 has been chosen as 

reference year to enable a precautionary assessment. The mean concentrations of the five considered 

ENMs in 2020 in northern Europe and southeastern Europe, as well as the 5th and 95th percentiles of the 

distribution, are given in Table A4.2. Quantum dots have the lowest concentration among the five studied 

ENMs at the level of fg/l and the highest concentrations are observed for nano-SiO2 at the µg/l level. 

Based on the study by Wang and Nowack (2017), northern and southeastern Europe were chosen because 

they represent the European regions with the lowest and highest fresh water concentrations of ENM, 

mainly caused by their different volume of fresh waters and the different level of wastewater treatment in-

frastructure. 
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Table A4.2. Predicted environmental concentrations of five ENMs in the fresh water in 2020 based on the 

model by Wang and Nowack (2017) 

ENM Northern Europe  Southeastern Europe Unit 

nano-SiO2 562 (5.35 - 1640) 2600 (21.7 - 8460) ng/l 

nano iron oxides 12.8 (0.271 - 55.5) 44.2 (0.872 - 171) ng/l 

nano-Al2O3 39.6 (0.716 - 99) 221 (3.48 - 780) ng/l 

nano-CeO2 268 (5.81 - 1230) 1130 (23.2 - 5430) pg/l 

Quantum dots 32.8 (10.9- 89.3) 107 (14.9 - 369) fg/l 

Note: Means values are given, and the values in the bracket are the 5th and 95th percentiles.  

 

The NOEC values calculated from the reported endpoints are contained in Table S4.1 and have been used 

to construct the PSSD for each material shown in Figure A4.1. The NOEC values of individual species 

are indicated with blue triangles, the calculated PSSD with the red line. The NOEC values for one species 

exposed to the same ENM from different studies can vary a lot. For example, the highest NOEC value of 

P. subcapita for nano-CeO2 is five orders of magnitude higher than the lowest value. The range of re-

sponse concentrations between the most and the least sensitive species for all considered ENMs is be-

tween four and six orders of magnitude.  

The PNEC values, which are derived from the 5th percentile of the PSSD, are given in Table A4.3. The 

highest PNEC is found for nano-SiO2  with 220 µg/l, the lowest one for quantum dots with 0.32 µg/l. 

Figure A4.2 shows the comparision of whole PNEC distribution (red line) and the corresponding PEC 

distributions for each of the ENM in the fresh water compartment in northern Europe (blue line) and in 

southeastern Europe (green line) in 2020. The PEC distribtution of southeastern Europe is found to be 

closer to the PNEC compared to the PEC of northern Europe. This is because the concentration of ENMs 

in 2020 in southeastern Europe is higher than that in northern Europe. Overall, no overlap was observed 

between PEC and PNEC distributions for any of the considered ENMs. However, the distance between 

the PEC and PNEC curves of these ENMs varies a lot. For example, for nano-SiO2, the PEC and PNEC 

curves are quite close to each other, while the gap for quantum dots is much larger. To quantify this gap, 

we calculated the RCR. 
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Table A4.3. Mean values of predicted no effect concentrations (PNEC) and risk characteristic ratio (RCR) 

Note: the values in the bracket are the 5th and 95th percentiles. NE: Northern Europe, SEE: Southeastern 

Europe 

The mean RCR values and the range between the 5th and 95th percentiles are also given in Table 5-3. The 

complete probability distributions of the five RCR are shown in Figure A4.3. All RCR values are at three 

to seven orders of magnitudes lower than 1, and the order of RCR values among all ENMs is nano-SiO2 > 

nano-Al2O3 > nano iron oxides > nano-CeO2 > quantum dots. The risk posed by the considered ENMs in 

2020 in northern Europe is smaller than that in southeastern Europe. 

 

  

ENM PNEC (µg/l) RCR (NE) RCR (SEE) 

nano-SiO2 220 (196 - 248) 2.21E-03 (2.25E-05 - 7.16E-03) 1.13E-02 (9.85E-05 - 3.86E-02) 

nano iron oxides 128 (84 - 169) 1.10E-04 (2.18E-06 - 6.27E-04) 3.64E-04 (8.25E-06 - 1.67E-03) 

nano-Al2O3 120 (107 - 134) 3.21E-04 (6.68E-06 - 8.57E-04) 1.93E-03 (3.13E-05 - 6.41E-03) 

nano-CeO2 2.6 (2.1 - 3.2) 9.14E-05 (2.33E-06 - 4.09E-04) 3.6E-04 (7.88E-06 - 1.58E-03) 

Quantum dots 0.32 (0.07 - 1.11) 2.43E-07 (1.75E-08 - 8.06E-07) 7.84E-07 (3.59E-08 - 3.13E-06) 
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Figure A4.1. Probabilistic species sensitivity distribution (PSSD) for nano-Al2O3, nano-SiO2, nano iron 

oxides, nano-CeO2, and quantum dots in fresh water. The blue triangles represent no observed effect con-

centration (NOEC), which are calculated based on collected endpoint concentrations. The red lines are 

the PSSD. 
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Figure A4.2. Comparison of predicted no-effect concentration (PNEC) (red line) with predicted environ-

mental concentrations (PEC) of nano-Al2O3, nano-SiO2, nano iron oxides, nano-CeO2, and quantum dots 

in fresh water in northern Europe (blue line) and in southeastern Europe (green line) in 2020. 
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Figure A4.3. Risk characterization ratio (RCR) distribution of nano-Al2O3, nano-SiO2, nano iron oxides, 

nano-CeO2, and quantum dots in northern Europe (red line) and in southeastern Europe (green line) in 

2020. 
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A4.4. Discussion 

This study is the first to conduct an environmental risk assessment for ENM using release data based on 

dynamic material flow modeling. This dynamic model is considering a material input into the environ-

ment from 1990 to 2020 and also reflects regional differences in waste management [227]. From previous 

static models, PEC values are available for nano-SiO2, nano iron oxides, nano-Al2O3, nano-CeO2, and 

quantum dots [42, 172, 189]. The concentrations presented in the current paper can be either higher or 

lower than those from previous studies, depending on the material. This can be explained by the follow-

ing factors: i) the different input data and methods used to assess production volume and product alloca-

tion that are at the basis for the different models; ii) the various time periods or geographic systems con-

sidered in the studies; iii) the different modelling approaches used to predict PEC and PNEC. For 

example, the dynamic model considers both the increasing production of ENM over time as well as time-

dependent releases and accumulation of ENMs in stocks and environmental compartments. Therefore, the 

PEC values in 2020 in this work are slightly larger than that predicted in the previous study using the 

same DPMFA model as the production and use of ENMs have been increasing after 2014, the base year 

in the previous model [227].  

The DPMFA model allows us to predict environmental concentrations considering the changing behavior 

of the model system over time. However, it does not include one fact, which is the change of nanoapplica-

tions over time. Due to an almost complete lack of data on historic product distributions for ENM, the 

model is based on the simplifying assumption that the product distribution in the past was the same as 

currently and that it remains the same in the near future. Sun et al. (2017) have used the dynamic MFA 

model to predict future scenarios of changing product distributions which could be used in the future in 

prospective risk assessments. 

It is necessary to state that the risk assessment in the current study is generic for each modelled ENM, 

namely that the exposure and hazard assessments are not specific in terms of type of ENM. The PNEC 

values derived in the current study did not distinguish ENMs with various sizes, forms, and test condi-

tions. However, researchers have demonstrated that the type of crystal phase can change the toxic effects 

of ENMs significantly [229]. A first study by Gottschalk et al (2015) provides PEC values for different 

forms of nano-TiO2, which could form the basis to assess the environmental risk posed by the different 

form of nano-TiO2 (e.g. photocatalytic and photostable) [42].  

The exposure assessment in this study estimated the total flux and concentrations of each considered 

ENM in the environment without considering the transformation of ENMs. Therefore, the exposure level 

predicted for 2020 is rather conservative under a worst scenario with no transformations included. ENMs 

are affected in the environment by a series of reactions such as agglomeration, dissolution, and sedimen-

tation [43, 230]. These reactions will decrease the exposure concentration in water and thus decrease the 

calculated risks even further. 
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Another aspect determining the PEC values that needs consideration is the fact that the predicted concen-

tration is represents an average level for the target region. One of the possible release pathways of ENM 

entry to the environment is from production and manufacturing, with the effluent of sewage treatment 

plants and by emissions from waste incineration plants. These releases are local point sources and their 

geographic distribution determines the local PEC values that can vary greatly between different regions 

[40, 89, 90, 194, 214]. For example, Dumont et al (2015) modelled nano-Ag and nano-ZnO monthly con-

centrations in European fresh waters by considering dilution, downstream transport, water evaporation, 

water abstraction, and nano-particle sedimentation. High concentrations of ENM were predicted close to 

big cities due to the high population density and thus high wastewater production. The concentrations es-

timated in our work are valid for the regional scale, which implies that the PEC values in a local water 

system might be higher than the predicted values and consequently may underestimate the environmental 

risk of the considered ENMs.  

Earlier studies have already applied the SSD method to assess the environmental hazards for some of the 

ENM covered in our study, e.g. nano-SiO2, nano iron oxides, nano-Al2O3, and nano-CeO2 [57, 172, 189]. 

The PNEC value of nano-SiO2 predicted in the current study is five times smaller than in [172], caused by 

new ecotoxicological studies reporting effects at low concentrations. The updated PNEC for nano iron ox-

ides is at the same concentration level than in a previous study [189]. Garner et al. (2015) have built SSDs 

for nano-Al2O3, and nano-CeO2 as well and estimated that the PNEC are 2-8 mg/l for nano-Al2O3, and 

0.08-6 mg/l for nano-CeO2 [57]. The PNEC range calculated in our work are 107-134 µg/l (nano-Al2O3) 

and 2.1-3.2 µg/l (nano-CeO2), which is one to three orders of magnitudes lower compared to the previous 

study. The reason for this difference is that the SSD built by Garner et al. (2015) was for acute freshwater 

toxicity using LC50 values whereas we used two different assessment factors to convert acute observe ef-

fect concentration to chronic NOEC values, thus explaining up to a factor of 100 of difference between 

these two studies.  

A handful of studies have investigated the influence of ENM characteristics on the effects of ENM [57, 

59, 159, 231]. Garner et al. (2015) for example built SSDs for metal nanomaterials separated into differ-

ent forms, e.g. uncoated Ag, Ag-PVP, and Ag+, and only minor differences were observed between coat-

ed Ag particles and Ag+, and the uncoated Ag was found to be less toxic than PVP coated Ag. Other fac-

tors including size, exposure time, and shape of the nanoparticles were also shown to influence the toxic 

effects of ENMs [59]. However, according to the REACH guidelines, building an SSD requires at least 

ten endpoint concentrations from different species for at least eight taxonomic groups [225]. If enough 

data are available for constructing more detailed SSDs, the hazard assessment of the current work could 

be improved with considering the effect of characterization of ENMs and the experimental conditions. 

However, at the same time exposure data for the different forms of the ENM would also need to be avail-

able, which is currently not the case. 

Our risk assessment shows no overlap between the PEC distributions in fresh waters and PNEC distribu-

tions in all cases. Therefore, no risk is predicted under the estimated release level in 2020 for the five con-
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sidered ENMs. RCR values are decided by both the exposure and the effect level and therefore the ENM 

with the highest hazard to organisms does not necessarily imply the highest associated risk. For example, 

quantum dots show the smallest risk even though they are the most toxic ENMs among all considered 

ENMs. Nano-SiO2 is the ENM of the highest concerns with the largest RCR value although it has the 

highest PNEC value. This is because the exposure concentration of nano-SiO2 is several orders of magni-

tude higher than that of quantum dots – it is the ratio of the two values that matters for the risk.  

Thousands of nano-ecotoxicological papers have been published since 2004, however, the data is still in-

adequate to conduct a full risk assessment for every environmental compartment [49]. The soil and sedi-

ment compartments were not included in the current study due to a limited number of ecotoxicological 

studies reporting EC50 or NOEC values to construct an SSD. However, sufficient evidence has proven 

that ENMs are likely to accumulate in soils and sediments because these compartments constitute sinks 

for these materials and critical ENM concentrations might be reached over time [43, 44, 232]. Because 

our PEC modeling also provides values for soils and sediments, the risks to the compartments can easily 

be calculated once enough ecotoxicological data become available to build an SSD.  

The results from this study can provide regulators scientific foundations for a risk-based environmental 

policy regarding ENMs in the future. This work will complement the growing number of risk assessment 

frameworks that are proposed or under development to deal with the specific challenges existing in the 

risk assessment process for ENM [24, 228, 233]. 
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Supporting information of Annex 1 

Estimates of production of nano-silica  

 
Table S1.1. Data sources for the production volume of nano-silica in Europe and Switzerland with degree of 
belief 

  
Table S1.2 Global and regional PPP GDP and scaling factors  

According to the GDP ppp 2014 (US dollar)  

World EU Switzerland US France 
 

1.02573E+14 1.79901E+13 4.57129E+11 1.67681E+13 2.47488E+12 
 

Scaling factors 
     

EU-CH World-CH World-EU EU-US US-CH EU-FR 

39.329 224.385 5.7015 1.073 36.681 7.2691 

Allocation of nano-silica to product categories 

Five different inventories and sources were checked to define the product categories. As shown in Table S3, twenty 
product categories were collected and the share of each was also summarized. The minimum, mean and maximum 
values of the fraction of each category were determined and then used for modeling triangle distributions.  

 

Worldwide [t/a] EU  [t/a] Switzerland  [t/a] 

Class 1: (80% DoB)   

185,000-1,400,000 [1] 32,448-245,549 824-6,239 

 

5,500 [2] 140 

18,000 [3] 3,157 80 

 

2,965 75.4[4] 

Class 2: (20% DoB) 

  

 

836,467 [5] 25,172 

 

200-1,000 [6] 5-25 

100,000 [7] 17,539 446 

100-1000 [8] 17.5-175 0.446-4.46 

481,050 [9] 84,372 2,143 

1,000,000 [10] 175,392 4,456 
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Table S1.3 Product categories and the share of each in the total production volume 

Own categories         

Items Product Categories WWI  

(2011) 

BUND  

(2011) 

Recent Patents on Na-
nosilica 

EC21 

(2011) 

The Nano 

database 

Min Mean Max 

1 Paints 35.9220 85.2165 29.2404 63.3761 99.8970 0.2924 0.6273 0.9990 

2 Polymers 0.0000 0.0000 30.5452 5.0926 0.0000 0.0000 0.0713 0.3055 

3 Coatings 15.9653 3.7874 14.2953 1.4084 0.0000 0.0000 0.0709 0.1597 

4 Stone, cement, glass and ceramics 0.0000 1.0605 11.8261 19.7170 0.0000 0.0000 0.0652 0.1972 

5 Car tires 28.7376 0.0000 0.0000 0.0000 0.0000 0.0000 0.0575 0.2874 

6 Cleaning agents 17.8029 1.2067 2.0702 4.4870 0.0000 0.0000 0.0511 0.1780 

7 Catalysts 0.0000 0.0000 9.7468 4.2251 0.0000 0.0000 0.0279 0.0975 

8 Food products 0.0000 7.2112 0.0000 0.0000 0.0000 0.0000 0.0144 0.0721 

9 Cosmetics, personal care products 0.9579 1.4771 0.1949 1.4788 0.0000 0.0000 0.0082 0.0148 

10 Others         

11 Adhesive and sealants 0.4445 0.0000 0.4221 0.0000 0.1030 0.0000 0.0019 0.0044 

12 Composites and alloys 0.0000 0.0000 0.8296 0.0000 0.0000 0.0000 0.0017 0.0083 

13 Machinery, mechanical appliances 0.0000 0.0000 0.1825 0.1977 0.0000 0.0000 0.0008 0.0020 

14 Inks and toners 0.0000 0.0000 0.3680 0.0000 0.0000 0.0000 0.0007 0.0037 

15 Lubricants, greases, release agents 0.0000 0.0000 0.1326 0.0000 0.0000 0.0000 0.0003 0.0013 

16 Dental applications 0.0512 0.0000 0.0625 0.0000 0.0000 0.0000 0.0002 0.0006 

17 Sporting goods 0.0525 0.0100 0.0000 0.0000 0.0000 0.0000 0.0001 0.0005 

18 Articles for health services 0.0275 0.0174 0.0075 0.0081 0.0000 0.0000 0.0001 0.0003 

19 Putties, plasters, modeling clay 0.0000 0.0000 0.0546 0.0000 0.0000 0.0000 0.0001 0.0005 

20 Clothes and shoes  0.0281 0.0133 0.0114 0.0000 0.0000 0.0000 0.0001 0.0003 

21 Electrical / electronic products 0.0105 0.0000 0.0102 0.0092 0.0000 0.0000 0.0001 0.0001 
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Keller's categories         

Items Product Categories       Mean  

1 Automotive       20.0000  

2 Electronics & Optics       20.0000  

3 Energy & Environment       20.0000  

4 Coating, Paints & Pigments       10.0000  

5 Catalysts       20.0000  

6 Sensors       10.0000  



	 108	

Transfer coefficients 

The transfer coefficients for nano-silica were collected through a literature review and estimated 
based on the current knowledge about relevant processes. Table S4 shows the transfer coeffi-
cients of nano-silica from two categorizations (own category and Keller's category) to environ-
mental and technical compartments. The release of nano-silica from production and manufactur-
ing processes to the environment is negligible (assumed from 0 to 2 %), due to the closed 
production or manufacturing system and solvent free procedures [11]. Some product categories 
have no release to the environment such as the category “Inks and toner”, and almost every kind 
product is disposed to landfill except the category “Lubricants, greases, release agents” and 
“Catalysts” from the “own” categorization and the category “Automotive” from Keller's catego-
rization. The main release of nano-silica from the category “Car tires” is to the soil, recycling, 
export compartments and to cement industry, where tires can be used as an alternative fuel. Ac-
cording to European regulations, car tires are not allowed to be landfilled since hazardous sub-
stances are generated from the rubber polymers. Nano-silica, apart from the PMC phases, is en-
tering sediments only through sedimentation from surface water, where nano-silica comes from 
wastewater unconnected to a STP, STP effluent, Air and Soil.  

Information regarding the sewage treatment plant (STP) removal efficiency was collected from 
current available experimental studies and a DoB was assigned to each data source (shown in 
Table S5). A recent study showed that the removal efficiency in wastewater treatment plant is 
more than 97% [12]. In another study it was concluded the surface functionalized silica nanopar-
ticles are likely to be removed during the primary treatment process and the removal rate is up to 
94% [13]. Other earlier studies, to which a low DoB was assigned, used turbidity as a monitoring 
parameter to assess the efficiency of treatment process and it showed up to 99% of the turbidity 
can be removed from aggregation [8, 14, 15]. The STP removal efficiency of nano-silica was 
modelled and illustrated in the form of probability density distribution using the current probabil-
istic approach. The STP removal efficiency distribution is presented in Figure S1. 
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Table S1.4. Transfer coefficients from PMC and products to environmental and technical compartments 

 

 

Product category Waste water WIP Landfill Air Soil Surface water Cement Recycling Export 

Own categories                   

Production 0.75     0.25           

Manufacturing 0.33 0.11 0.22 0.34           

Polymers   0.32 0.68             

Electrical / electronic products   0.05 0.1 0.03 0.02     0.65 0.2 

Machinery, mechanical appliances 0.05 0.02 0.03         0.9   

Stone, cement, glass and ceramics 0.01 0.15 0.25         0.59   

Adhesive and sealants 0.2 0.75 0.025     0.025       

Coatings 0.05 0.02 0.03         0.9   

Inks and toners   0.07 0.21         0.72   

Lubricants, greases, release agents   0.2           0.8   

Articles for health services 0.9 0.05 0.05             

Cleaning agents 0.95 0.025 0.025             

Cosmetics, personal care products 0.85 0.02 0.03     0.1       

Composites and alloys   0.32 0.67 0.01           

 Putties, plasters, modeling clay 0.05   0.4   0.1 0.05   0.4   

Paints 0.05   0.4   0.1 0.05   0.4   

Clothes and shoes  0.02-0.32-0.65 Rest*0.4 Rest*0.1         Rest*0.1 Rest*0.4 

Catalysts 0.05             0.95   

Car tires   0.037     0.11 0.001 0.4 0.172 0.28 

Sporting goods 0.02 0.3 0.66 0.02           

Food products 0.9 0.05 0.05             

Dental applications 0 0.8 0.2             

Keller's categories                   

Coating & Paints & Pigments 0.05   0.4   0.1 0.05   0.4   

Sensors   0.005 0.005         0.99   

Automotive   0.037     0.11 0.001 0.4 0.172 0.28 

Electronics & Optics   0.25 0.25         0.95   

Energy & Environment   0.005 0.005         0.99   

Catalysts 0.001 0.002 0.002         0.99   
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Table S1.5. Data source for sewage treatment plant removal efficiency with Degree of Belief (DoB) 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure S1.1 Modeled probability distribution of STP removal efficiency of nano-silica 

 

 

Removal efficiency [%] DoB Comments  

94  80 Coated silica nanoparticles [13] 

97  80 DNA encapsulated silica nanoparticles [12] 

81.8 - 92.7  20 Recovery of pure water flux, depending on treatment conditions [16] 

99  20 Turbidity removal [8] 

90  20 Turbidity removal [14] 

98.8  20 Turbidity removal efficiency for electrocoagulation [17] 

96 - 99.3  20 Turbidity removal efficiency for chemical coagulation [17] 

94.5 - 96.1     20                       Silica removal [15] 
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Material flows  
Table S1.6. Flows from PMC to the technical or environmental compartments and from the technical com-
partments to the environmental compartments 

 

  EU Switzerland 

  Unit (tons) 

Flows Q15 Q85 median mode  mean Q15 Q85 median mode  mean 

PMC to Wastewater 361 22840 863 783 13131 9.23 586 22 9.38 363 

PMC to Landfill 768 47943 1752 1391 26643 20 1225 44 25 743 

PMC to WIP 212 13230 495 541 7520 5.33 340 12 4.45 209 

PMC to Recycling 926 55415 2008 1435 31010 24 1429 51 40 859 

PMC to Export 55 4470 182 89 2636 1.4 116 4.6 4.3 73 

PMC to Air 0 554 18 11 303 0 14 0.46 0.32 8.49 

PMC to Soil 99 7746 308 328 4426 2.50 200 7.71 4.34 124 

PMC to Surface water 5.1 3630 131 100 2076 0 94 3.30 4.18 58 

PMC to Cement 79 6539 258 127 3743 2.02 163 6.45 4.65 103 

WasteWater to STP 288 18265 691 702 10502 8.99 571 21 8.71 353 

Wastewater to Surface water 68 4499 68 156 2629 0.24 15 0.58 0 10 

Bottom ash to Recycling 89 2683 216 70 3263 0 0 0 0 0 

Bottom ash to Landfill 127 7924 297 253 4508 9.43 578 21 13 349 

Filter ash to Air 0.06 4.7 0.19 0.06 2.8 0 0 0 0 0 

Filter ash to Landfill  52 3299 126 22 1892 1.57 102 2.00 3.70 33 

Filter ash to Export 0.0 0.0 0.0 0.0 0.0 0.48 30 1.12 0.61 19 

Filter ash to Acid washing 2 0 0 0 0 0 0.84 54 1.99 1.08 33 

Acid washing 1 to Air 
0 0.048 0 0 0.003 0 

3.94E-
04 

1.60E-05 0 2.55E-04 

Acid washing 1 to Landfill 0.06 4.9 0.20 0.06 2.9 0.01 0.40 0.02 0.01 0.26 

Overflows 9.0 583 22 15 335 0.3 18.2 0.68 0.51 11.3 

Effluent of STP 18 2476 114 38 1653 0.51 74 3.36 2.53 53 

Sludge to Landfill 43 2935 115 20 1717 0 0 0 0 0 

Sludge to WIP 54 3646 144 29 2148 1.57 102 3.85 3.70 64 

Sludge to Cement -- -- -- -- -- 5.56 361 14 13 226 

Sludge to Soil 122 8001 309 278 4648 0 0 0 0 0 

Air to Surfacewater 0.0 17 0.6 0.3 9.2 0.00 0.60 0.02 0.01 0.36 

Air to Soil 0.45 542 18 11 297 0.00 14 0.44 0.30 8.13 

Soil to Surface water 1.4 90 3.4 0.5 51 0.01 1.16 0.04 0.02 0.72 
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Figure S1.2. Probability distribution of nano-silica production (tons) in Switzerland in 2014. All values are 
rounded to two significant numbers 

 

 

Ecotoxicological endpoints 

A comprehensive literature review has been performed and twenty toxicity concentrations of 
nano-silica for aquatic species have been collected including half maximal effective concentra-
tion (EC50), 20% effect concentration (EC20), median lethal concentration (LC50), 20% lethal 
concentration (LC20), no observed effect concentration (NOEC), highest no-observed concentra-
tion (HNOEC) and the half maximal inhibitory concentration (IC50). If a published paper inves-
tigated acute and sub chronic or chronic toxicity, the long-term toxicity concentration was cho-
sen. NOEC values were preferred when other long-term toxicity data was also available. Those 
collected data were extrapolated to NOEC values by assessment factors. The table below pre-
sents sensitivity concentrations from species in different taxonomic groups and the applied as-
sessment factors. 

 

Mode:	110 
Mean:	2,500 
Median:	150 
Q15:	73 
Q85:	4,300 
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Table S1.7. The dataset of ecotoxicological endpoint concentrations of nano-silica 

Item 
Toxic 
endpoint 

Taxonomic 
group  

Test organisms Particle size (nm) 
Concentration 
PEC [µg/l] 

Exposure time 
[h] 

Assessment Factor (AF) 
for the extrapolation 
from short to long term 
effect 

Assessment Factor (AF) for the 
extrapolation from the observed 
effect into no effect concentra-
tions 

Species 
sensitivity 
[µg/l] 

Source 

1 EC20 Algae Scenedesmus obliquus 10 - 20  144'000 48 10 2 7'200 Wei et al., 2010 [18] 

2 EC20 Algae Scenedesmus obliquus 10 - 20  388'000 72 1 2 194'000 Wie et al., 2010 [18] 

3 EC20 Algae Scenedesmus obliquus  10 - 20  216'000 96 1 2 108'000 Wie et al., 2010 [18] 

4 NOEC Algae 
Pseudokirchneriella subspicata , 
pH 6.8 

22 
10'000 48 10 1 1'000 Van Hoecke et al.,2011 [19] 

5 NOEC Algae 
Pseudokirchneriella subspicata, 
pH 7.6 

22 
4'600 48 10 1 460 Van Hoecke et al., 2011 [19]  

6 NOEC Algae 
Pseudokirchneriella subspicata , 
pH 8.6 

22 
10'000 48 10 1 1'000 Van Hoecke et al., 2011 [19]  

7 NOEC Algae 
Pseudokirchneriella subspicata; 
NOM 1.2mg C/l 

22 
22'000 48 10 1 2'200 Van Hoecke et al., 2011 [19]  

8 NOEC Algae 
Pseudokirchneriella subspica-
ta; ,NOM 4.7mg C/l 

22 
100'000 48 10 1 10'000 Van Hoecke et al., 2011 [19]  

9 NOEC Algae 
Pseudokirchneriella subspica-
ta; ,NOM 9.0mg C/l 

22 
100'000 48 10 1 10'000 Van Hoecke et al., 2011 [19]  

10 IC50 Algae Chlorella kessleri 5 8'000'000 96 1 10 800'000 Fujiwara et al., 2008 [20] 

11 IC50 Algae Chlorella kessleri 26 71'000'000 96 1 10 7'100'000 Fujiwara et al., 2008 [20] 

12 IC50 Algae Chlorella kessleri 78 91'000'000 96 1 10 9'100'000 Fujiwara et al., 2008 [20] 

13 LC50 Invertebrate Daphnia magna 
 

10'000'000 48 10 10 100'000 
Nanosil (Asia Pacific) Sdn Bhd 
[21] 

14 EC50 Invertebrate Daphnia magna 10-20 148871 24 10 10 1'489 Shangyue Yang et al., 2015 [22] 

15 LC50 Invertebrate Daphnia magna 10-20 660'943 24 10 10 6'609 Shangyue Yang et al., 2015 [22] 

16 HONEC Unicellular Saccharomyces cerevisiae  1'000'000 14 10 1 100'000 Garcia-Saucedo et al.,2011 [23] 
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17 LC50 Vertebrate Goldfish 
10-20 

5'000'000 24 10 10 50'000 
Nanosil (Asia Pacific) Sdn Bhd 
[21] 

18 LC50 Vertebrate Poecilia reticulata 
 

10000000 48 10 10 100'000 
Nanosil (Asia Pacific) Sdn Bhd 
[21] 

19 HONEC Vertebrate Danio rerio, zebrafish 62 200'000 24 10 1 20'000  Karl et al.,2010 [24] 

20 LC20 Vertebrate Danio rerio, zebrafish 62 200000 96 10 2 10'000 Junchao Duan et a.,2013l [25] 
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Hazard characterization 
 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure S1.3. The Predicted No-Effect Concentration (PNEC) distribution compared with the probability 
density distribution of Predicted Environmental Concentrations (PEC) in Switzerland for nano-silica in 
surface water 
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Risk calculation 

 

 
Figure S1.4. Risk quotient distributions for nano-silica in surface water in the EU (top) and Switzerland 
(bottom) 
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Supporting information for Annex 2 

 

Production volume  
Table S2.1 provides the data on production volume from six different sources and the DoB assigned to each 
source, as well as the GDP ppp values and the scaling factors from worldwide or country-specific value to Eu-
rope or Switzerland. Sources published before 2010 and after 2010 were assigned a DoB of 20 and 80 respec-
tively. The French registration report was given a high DoB (80) because it is mandatory for enterprises to regis-
ter the nano-FeOX produced in or importedto France. Personal communication with experts from nanoparticle-
producing industries was also regarded as a well-grounded source. Those papers and reports in which a detailed 
data collection method was described were considered as more reliable source and assigned with high DoB (80), 
otherwise 20 DoB was assigned. The decision tree for obtaining the DoB is displayed in Figure S2.2.  

Table S2.1 Data on production volume and scaling factors 

Production volume [tons/a] Reference 

80 DoB 20 DoB  

EU CH* EU CH*  

2.7 0.07   [1] 

  14600 365 [2] 

5493-6991 137-174   [3] 

16 0.4   [4] 

  18-89 0.4-2.2 [5] 

716-7163 18-179   [6] 

 

Factors for scaling to different geographic regions: 

According to GDP ppp (2014): (World Bank 2014) 

World EU Switzerland Australia France 

1.08463E+14 1.8423E+13 4.6061E+11 1.0313E+12 2.5720E+12 

 

Scaling factors: 

EU-CH World-CH World-EU EU-AUS AUS-CH FR-EU FR-CH 

39.9970 235.4769 5.8874 17.8639 2.2390 7.1629 5.5839 

*FeOx fraction in Fe and FeOx production is estimated to be 98%. 

*CH here refers to Switzerland 
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Figure S1. Decision tree of the DoB assigned to the data sources of the production volume  
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2. Product allocation  
Because there is no comprehensive database available with complete information about products containing nano 
iron oxides, resources such as Future Market (2014), ANSES (2014), and CEH (Chemical Economics Handbook) 
were used because they have a relatively complete list of nano iron oxide applications. In order to avoid duplica-
tion of applications, a classification was needed. According to a RIVM report [7], the proposed list of product 
categories covers applications from appliances, electronics and motor vehicles to health products, sporting goods, 
textiles and toys. Moreover, the French registration report also states the detailed applications of nano-FeOX 
based on the registration information provided by companies [6]. In our study, the classification was based on 
the information from the aforementioned reports. Four methods were used in the study to conduct the product al-
location. 

2.1 Method 1 (Future Market 2012) 

Based on the market study by Future Market, Keller et al. have built the global material flows for nano-FeOX and 
nano zero valent (NZVI) iron in 2010 assuming maximum production and emissions rates [1]. The application of 
NZVI and nano iron oxides comprised electronics & optics, catalysts, coatings, paints & pigments, medical, aer-
ospace, cosmetics, energy and environment. In our study, since we only consider nano-FeOX, an exclusion of 
NZVI from the reported flows was required. A search of NZVI and nano-FeOX applications from two databases 
(Google scholar and Web of Science) was conducted to find out where NZVI was used. The result indicated that 
the use of NZVI was mainly focused on the environmental field. However, the information regarding applica-
tions of nano-FeOX, covering electronics, medicals, coatings, and catalyst were much more diversified than 
NZVI. Hence, we assumed that in the Future Markets report the "Energy & Environment" category consists only 
of NZVI. Thus, we have removed the share of this category from our evaluation which is specific for nano-FeOX 

2.2 Method 2.1 (US patent database) and Method 2.2 (EU patent database) 

The US patent database by the United States Patent and Trademark Office maintains a permanent, interdiscipli-
nary historical record of all U.S patent applications [8]. The EU patent database by the European Patent Register 
contains all the publicly available information on European patent applications as they pass through the grant 
procedure [9]. Through a keyword search “nano iron oxide” for each database, the number of products contain-
ing nano iron oxides and their applications can be found. After counting the number of products for each applica-
tion category, the share of each application category can be obtained for each database.  

2.3 Method 3 (Global Market) 
The "Global market method" defines the percentage of nano-FeOX in each product categories based on the over-
all value of each defined commercial product. First of all, the global market value for each application category 
was collected. Then the average market price for the corresponding product was gathered. The third step was to 
find out the average weight of the product and its nano iron oxides fraction through a literature search. The total 
quantity of a certain application was obtained by dividing the global market value for each application by the av-
erage price of the product. Multiplying the quantity of each product category by the nano iron oxide fraction of 
that, we can get the amount of total nano-FeOX in each category. For categories, of which the quantity is hard to 
characterize, the price per ton is applied instead of the average price of the product.  

2.4 Method 4 (Production volume collection) 
The production volume method takes advantages of data on the amounts of nano-FeOX  used in a certain product 
category from different sources [10, 11]. When data is a direct representation of the production amount, it can be 
used without further treatment. When data indicates the production amount, however, without clear explanation 
of its application or just on behalf of large particles, further processing is required. For example, the Danish EPA 
(Danish EPA 2015) has information about the production volume of iron oxide pigments as well as the composi-
tion of their respective categories. At the same time, CEH report (CEH 2011) implies that nano-sized iron oxides 
account for 4% of the total amount of about 20 thousand metric tons in 2012. After multiplying the production 
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volume for each pigment category by the share, nano-sized iron oxides production volume for each category is 
obtained.  

In this study, a DoB was given to each method according to its reliability. Method 1 and method 3 were based on 
the market value of each application, therefore they were considered as methods of higher credibility (30). We 
gave low DoB to Method 2 (10), because the patent applications might be not on the market yet. 20 of DoB was 
chosen for Method 4, given the fact that it used data, which might not represents directly the amount of nano-
FeOX used in a certain product category.  

2.5 Results for product distribution 
Table S2 shows the summary of the data collection for the product allocation. Based on the reliability for each 
method, a different DoB was given. M1 (Future Market 2012 method), M3 (Market size method) and M4 (Pro-
duction volume collection method) were based on the production amount and market value for each category. 
However, M2.1 (US patent database method) and M2.2 (EU patent database method) were based on the patent 
publication numbers of each application. M1, M3 and M4 were considered to be more proper for material flow 
modeling. A higher DoB was therefore allocated accordingly. However, it is also important to consider M2.1 and 
M2.2 as an indicator of the possible use of nano-FeOX, even it is not guaranteed that those new patents are ap-
plied in the market. A lower DoB was correspondingly assigned to M2.  
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Table S2. The allocation of nano iron oxides to different product categories according to M1-M4 methods 

Product Category 
DoB 

Weighted 
mean 

30 10 10 30 20 
M1 M2.1 M2.2 M3 M4 

Catalyst 13.0% - - 12.0% 0.9% 7.7% 

Ceramics - - - - 0.7% 0.1% 

Paints 34.0% 21.0% - 50.0% 51.3% 37.6% 

Construction - 63.0% - - 32.9% 12.9% 

Cosmetics 13.0% - - 16.0% 0.6% 8.8% 

Electronics 25.0% 11.0% - 22.0% 3.9% 16.0% 

Food - - - - 1.4% 0.3% 

Paper - - - - 1.9% 0.4% 

Plastics - 5.0% - - 4.5% 1.4% 

Sands - - - - 1.9% 0.4% 

Aerospace 2.0% - - - - 0.6% 

Battery - - 50.0% - - 5.0% 

Medical 13.0% - 25.0% - - 6.4% 

Water - - 25.0% - - 2.5% 
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3. Transfer coefficients 
Table S3.  Transfer Coefficients from products to compartments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Expert 
judge-
ment 

Category Wastewater WIP Landfill Air Soil Surface water Recycling Export Reference 

 EU CH EU CH EU CH EU CH 
 
EU 

 
CH EU CH EU CH EU CH  

Production 0.75 0.75     0.25 0.25   
      [12] 

Manufacture 0.33 0.33 0.11 0.33 0.23  0.335 0.335   
      [12] 

Medical* 0.95 0.95 0.05 0.05     
  

       
Cosmetics 0.85 0.85 0.02 0.05 0.03    

  0.1 0.1     [12] 

Electronics  
  

0.05 0.05 0.1 
   

  

  
0.65 0.75 0.2 0.2 [12] 

Catalyst   0.05 0.05     
  

  0.95 0.95   [13] 

 Paints  0.02 0.02   0.50 0.50 0.01 0.01 
  

0.01 0.01 0.46 0.46   [12] 

Aerospace 0.05 0.05 0.02 0.05 0.03    
  

  0.9 0.9   [12] 

Construction  0.01 0.01   0.29 0.19   
  

  0.7 0.8   [14] 

Food  0.9 0.9 0.03 0.1 0.07    
  

      [12] 

Paper   0.05 0.1 0.05    
  

  0.8 0.8 0.1 0.1 [12] 

Plastics 
   

0.38 0.38 
   

  
  

0.62 0.62 
  

[15] 

Ceramics 0.01 0.01 0.05 0.2 0.15    
  

  0.79 0.79   [12] 

Sands     1 1   
  

      [16] 

Battery   0.04 0.13 0.09    
  

  0.33 0.33 0.54 0.54 [12] 

Water * 0.5 0.5       0.4 0.4 0.1 0.1      
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Table S4 Nano iron oxide removal efficiency in WWTP and corresponding Degree of Belief (DoB) 

Removal efficiency [%] DoB Comments Reference 

69%-92% 20 
Standard Jar test (experimental): Total iron removal efficiency 

when different combinations of ferric chloride and polymer ratio 
were applied during coagulation and flocculation process. 

[17] 

95%-98% 30 
Model WWTP: TiO2 removal efficiency adapted from Sun, et al. 

2014 
[18] 

96.1%-99.4% 30 Full scale WWTP for titanium removal [19] 
96%-98% 50 Simulated WWTP TiO2 nanomaterials removal [20] 

89.5% 50 
Real wastewater treatment plant:  (TiO2) A removal of 89.5% of 

the Ti<0.45µm. 
[21] 

96%-97% 50 
Laboratory sewage treatment plant (LSTP): nanoscale TiO2 

(<250nm) Removal efficiency has been assessed. 
[22]  

 

 

 

Figure S2. Probability distribution of WWTP removal efficiency for nano iron oxides 
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4. Flows 
Table S5. Mass flows of nano-FeOX to technical and environmental compartments for the EU and Swiss systems (Tons/year) 

  EU CH 

  Q15 Median Mean Q85 Q15 Median  Mean  Q85 
From PMC to wastewater 0.39 120 1000 1300 8.8E-03 4.7 25 32 
From PMC to landfill 0.69 220 1700 2200 1.6E-02 8.5 46 57 
From PMC to WIP 0.45 140 1100 1400 1.1E-02 5.4 29 36 
From PMC to recycling 1.2 380 3100 3800 2.6E-02 14 75 93 
From PMC to export 0.16 51 410 520 3.6E-03 2.1 11 13 
From PMC to air 0.018 5.8 46 59 4.1E-04 0.22 1.2 1.6 
From PMC to soil 0.028 8.1 69 91 6.3E-04 0.34 1.8 2.2 
From PMC to surface water 0.041 13 103 130 9.2E-04 0.51 2.6 3.3 
From Wastewater to surface water 0.081 24 200 260 2.3E-04 0.13 1 0.84 
From Waste water to WWTP 0.32 96 800 1020 8.6E-03 4.6 24 31 
From Bottom ash to recycling  0.24 63 590 770 0 0 0 0 
From Bottom ash to landfill 0.33 90 820 1050 1.6E-02 5.4 45 58 
From Filter to filter ash (WIP removal efficiency) 0.1402369 37 330 440 4.0E-03 1.3 11 14 
From Filter to air 2.1E-04 4.3E-02 5.1E-01 6.8E-01 0 0 0 0 
From Filter to acid washing 2 2.2E-04 4.5E-02 5.4E-01 7.1E-01 1.3E-05 3.1E-03 3.3E-02 4.5E-02 
From Filter ash to export - - - - 8.8E-04 0.28 2.4 3.2 
From Filter ash to landfill  0.14 37 330 440 1.6E-03 0.5 4.3 5.6 
From Filter ash to acid washing 1 - - - - 1.6E-03 0.5 4.3 5.6 
From Acid washing 2 to air 1.6E-07 3.6E-05 3.9E-04 5.2E-04 1.2E-08 3.0E-06 3.3E-05 4.5E-05 
From Acid washing 2 to landfill 1.7E-04 3.8E-02 3.9E-01 5.2E-01 1.3E-05 3.1E-03 3.3E-02 4.5E-02 
Overflow 0.011 3.2 25 33 2.8E-04 0.15 0.79 0.99 
Effluent 1.4E-03 3.5 67 70 3.9E-04 0.11 2.0 2.1 
From Sludge to landfill 5.6E-02 16 140 180 - - - - 
From Sludge to WIP 7.0E-02 21 180 220 5.9E-03 3.2 17 21 
From Sludge to cement plant - - - - 0.0017 0.89 4.7 5.9 
From Sludge to soil 0.15 45 390 500 - - - - 
From Air to surface water 5.6E-04 0.18 1.4 1.8 1.7E-05 9.2E-03 4.9E-02 6.1E-02 
From Air to soil 0.02 5.7 45 57 3.9E-04 0.21 1.1 1.4 
From Soil to surface water 1.1E-03 0.32 2.7 3.5 5.6E-06 3.0E-03 1.6E-02 2.0E-02 
Recycling (considered) 1.10 305.0 2600 3300 2.2E-02 7.7 64 82 
From Recycling to WIP  0.18 49 440 560 0.0039 1.3 11 14 
From Recycling to landfill  0.68 200 1700 2200 0.015 5.1 42 54 
From Recycling to PMC 0.1 24 210 260 0.0018 0.6 5.3 6.6 
From Recycling to cement 0.041 12 103 130 0.001 0.3 2.6 3.3 
From Recycling to export 0.061 15 150 200 0.0013 0.41 3.6 4.8 

Note: PMC refer to ‘Production, Manufacturing and Consumption’ compartment described in the main text 
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Table S6. Ecotoxicological endpoint concentrations for nano iron oxides 

  Environmental 
compartment 

Taxonomic 
group Test Organism 

Particle 
Size 
(nm) 

Test 
material 

Test 
condition 

Exposure 
time (h) 

Test 
endpoint 

Ecotoxic 
endpoint 

Concentration 
(µg/l) 

Assessment Factor 
(AF) for the extrap-
olation from short 
to long term effect 

Assessment Factor (AF) 
for the extrapolation 

from the observed 
effect into no effect con-

centrations 

Species 
sensitivity 

[µg/l] 
Reference 

1 Water Unicellular Escherichia coli 
(Migula) 30-40   Fe2O3   2 Mortality LC50 638300 10 10 6383 [23] 

2 Water Unicellular Escherichia coli 8.0-21.0 Fe3O4  
suspension 25 ºC 24 Inhibition LOEC 100000 10 2 5000 [24] 

3 Water Unicellular Photobacterium 
phosphoreum 

7.57 ± 5
.6 Fe3O4  pH 7 0.083-0.25 Bioluminescence 

reduction EC50 > 52000 10 10 >520 [25] 

4 Water Unicellular Vibrio fischeri 6   Fe3O4  
solution    0.083-0.25 Light output re-

duction EC50 240000 10 10 2400 [26] 

5 Water Unicellular Vibrio fischeri 8.0-21.0 Fe3O4  
suspension 20 ºC 0.5 Luminescence 

inhibition EC50 >100000 10 10 1000  [24] 

6 Water Vertebrate Oryzias latipes 27.2 ± 
1.0  Fe3O4   168 Mortality HNOEC 87200 10 1 8720 [27] 

7 Water Invertebrate Ceriodaphnia dubia 21-890 Fe2O3  pH 7.8 24 Mortality NOEC 200000 10 1 20000  [28] 

8 Water Invertebrate Ceriodaphnia dubia 21-890 Fe2O3  pH  7.8 48 Mortality NOEC 200000 10 1 20000 [28] 

9 Water Vertebrate Danio rerio (embryo) 30  α-Fe2O3 
NPs  26 ± 1°C 168 Survival NOEC <50000 10 1 5000 [29] 

10 Water Vertebrate Danio rerio (egg) <50 Fe2O3 pH 8.3–
8.6. 48 Mortality LC50 >1600000 10 10 16000 [30] 

11 Water Vertebrate Danio rerio (adult) <50 Fe2O3 pH 8.3–
8.6. 48 Mortality LC50 >1600000 10 10 16000 [30] 

12 Water Vertebrate Danio rerio (egg) <50 Fe2O3 pH 8.3–
8.6. 96 Mortality LC50 >1600000 10 10 16000 [30] 

13 Water Vertebrate Danio rerio (adult) <50 Fe2O3 pH 8.3–
8.6. 96 Mortality LC50 >1600000 10 10 16000 [30] 

14 Water Invertebrate Daphnia magna 6  Fe3O4 
 solution    48 Mortality LC50 2300 10 10 23 [26] 

15 Water Invertebrate Daphnia magna 5.7 ± 
0.5 

PVP-coated 
magnetite 
(Fe3O4) 

80 ºC 96 Immobilization LOEC 100000 10 2 5000 [31]  

16 Water Invertebrate Daphnia magna 5.2 ± 
0.4 

Ascorbate-
Fe3O4 coat-

ing 
pH 7 96 Immobilization EC50 50700 10 10 507 [32]  

17 Water Invertebrate Daphnia magna 5.2 ± 
0.4 

Citrate-
Fe3O4 coat-

ing 
pH 7 96 Immobilization EC50 68400 10 10 684  [32] 

18 Water Invertebrate Daphnia magna 5.2 ± 
0.4 

Dextran-
Fe3O4 coat-

ing 
pH 7 96 Immobilization EC50 27900 10 10 279 [32] 
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19 Water Invertebrate Daphnia magna 6.1 ± 
0.6 

Polymer-
Fe3O4 coat-

ing 
pH 7 96 Immobilization EC50 > 100000 10 10 1000 [32]  

20 Water Invertebrate Daphnia magna 40-130 Fe2O3 20±2 °C 48 lethal effect HONEC 20000 10 1 2000 [33] 

21 Water Invertebrate Brachionus 
 plicatilis 40-130 Fe2O3 20±2 °C 48 growth rate HONEC 20000 10 1 2000 [33] 

22 Water Unicellular Pseudokirchneriella 
subcapita 40-130 Fe2O3 20±2 °C 72 growth rate  HONEC 20000 1 1 20000 [33] 

23 Water Unicellular Pseudokirchneriella 
subcapita 8.0-21.0 Fe3O4 

 suspension 24 ± 1 °C 72 Algal growth in-
hibition EC50 1930 1 10 193 [24]  

24 Water Invertebrate Lemna minor 40-130 Fe2O3 20±2 °C 7 days growth rate HONEC 20000 10 1 2000 [33] 

25 Water Unicellular Tetrahymena 
 thermophila 8.0-21.0 Fe3O4  

suspension 25ºC 24 Inhibition EC50 26030 10 10 260.3  [24]  

26 Water Unicellular Staphylococcus  
aureus 8.0-21.0 Fe3O4 

 suspension 25ºC 24 Inhibition LOEC 100000 10 2 5000 [24] 

Fehler! Keine gültige Verknüpfung. 

Fehler! Keine gültige Verknüpfung.
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Figure S3. PSSD from sensitivity analysis (excluding the lowest NOEC of D. magna) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. Predict-
ed environ- mental 
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concentration distribution (in blue) and predicted no-effect concentration distribution (in red) for the 
Swiss system. 

 

 

Figure S5. Risk characterization ratio distribution for the EU (left) and Switzerland (right) 
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Supporting information for Annex 3 

 

1. Geographical systems 

In this study, seven systems were considered, which are the EU (EU 27), central Europe, east Europe, south Eu-
rope, north Europe, South east Europe, and Switzerland. The corresponding countries of each region are listed in 
table below (EEA. 2013). 

Table S3.1. Geographical systems and the corresponding countries 

System  Countries 

EU EU- 27 

Central Europe Austria, Belgium, United Kindom, Denmark,Germany, Luxemberg, Netherlands, Ireland, Switzerland 

Northern  Europe Finland, Iceland, Norway, Sweden 

Eastern  Europe Czech Republic, Estonia, Hungary, Poland, Slovak Republic, Slovenia, Latvia, Lithuania 

Southern Europe Cyprus, Portugal, Greece, France, Spain, Italy, Malta 

Southeastern  Europe Turkey, Bulgaria, Romania 

CH Switzerland 

2.  Production data 

Table S2 gives the collected data regarding the production volume of nano-SiO2, nano iron oxides (nano FeOX), 
nano-CeO2, nano Al2O3, and quantum dots (QDs). Each data source was assigned with a Degree of Belief (DoB), 
and the criteria of giving a DoB is given in Figure S1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.1.  Decision tree of assigning degree of belief (DoB) to data sources of production volume 
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Table S3.2. The production volume of five ENMs in seven systems and the scaling factors 

Production volume for nano-SiO2 (Tonnes/year) 

Reference  
year EU  Switzerland  Central Europe   Northern Europe   Southern Europe  Eastern Europe   Southeastern  

Europe   DoB Reference 

2009 423757 11015 205397 22884 157080 43314 45908 1 (Future Markets 2014) 

2010 399771 10392 193771 21588 148189 40863 43310 1 (Anonymous 2012) 

2012 5500 75 2666 297 2039 562 596 4 (Piccinno et al. 2012) 
2012 25319 658 12272 1367 9385 2588 2743 3 (Future Markets 2012) 
2013 1116799 29030 541318 60310 413981 114154 120990 5 (ANSES 2013) 
2014 >720186 >18720 >349078 >38892 >266962 >73614 >78022 5 (ANSES 2014) 
2014 49305-373119 1282-9699 23898-180853 2663-20149 18277-138310 5040-38138 5342-40422 3 (Future Markets 2014) 
2015 267-2665 7.0-69 129-1292 14-144 99-988 27-272 29-289 4 (Wang 2016) 

Production volume for nano-FeOX  (Tonnes/year) 

Reference  
year EU  Switzerland  Central Europe   Northern Europe   Southern Europe  Eastern Europe   Southeastern  

Europe   DoB Reference 

2007 18-89 0.47-2.0 9.0-43 1.0-5.0 7.0-33 2.0-9.0 2.0-10.0 1 (Willcocks 2007) 

2008 14041 365 6806 758 5205 1435 1521 1 (Schmid &Riediker 
2008) 

2010 34 1 16 2 13 3 4 1 (Commission 2012) 
2012 550 14 267 30 204 56 60 4 (Piccinno et al. 2012) 
2012 14176 368 6871 766 5255 1449 1536 3 (Future Markets 2012) 
2014 2.0-16.0 0.05-0.42 1.0-8.0 0.11-1 1.0-6.0 0.2-2 0.22-2 3 (Future Market 2014) 
2014 720-7202 19-187 349-3491 39-389 267-2670 74-736 78-780 5 (ANSES 2015) 
2015 344-3444 8.9-89 167-1670 18.6-186 127-1270 35-350 37-370 4 (Wang 2016) 

Production volume for nano-CeO2 (Tonnes/year) 

Reference  
year EU  Switzerland  Central Europe   Northern Europe   Southern Europe  Eastern Europe   Southeastern  

Europe   DoB Reference 

2010 2'507 65 1'215 135 929 256 272 1 (Commission 2012) 
2012 2507 65 1215 135 929 256 272 3 (Future Markets 2012) 
2012 55 1 27 3 20 6 6 4 (Piccinno et al. 2012) 
2013 771 20 374 42 286 79 84 5 (ANSES 2013) 
2013 1880 49 911 102 697 192 204 3 (Future Markets 2014) 
2014 208-354 5.0-9.0 101-172 11.0-19.0 77-131 21-36 23-38 3 (Future Markets 2014) 
2014 72-720 2.0-19.0 35-349 4.0-39 27-267 7.0-74 8.0-78 5 (ANSES 2015) 
2015 2.78-27.8 0.072-0.72 1.3-13 0.15-1.5 1.0-10.3 0.13-1.3 0.3-3 4 (Wang 2016) 

Production volume for nano-Al2O3 (Tonnes/year) 

Reference  
year EU  Switzerland  Central Europe   Northern Europe   Southern Europe  Eastern Europe   Southeastern  

Europe   DoB Reference 

2010 56'509 1'469 27'390 3'052 20'947 5'776 6'122 1 (Commission 2012) 

2010 2119 55 1027 114 786 217 230 1 (Future Markets 2014) 

2011 1695 44 822 92 628 173 184 1 (Future Markets 2014) 
2012 550 14 267 30 204 56 60 4 (Piccinno et al. 2012) 
2012 9889 257 4793 534 3666 1011 1071 3 (Future Markets 2012) 
2013 15798 411 7657 853 5856 1615 1711 5 (ANSES 2013) 
2014 1335-2857 35-74 647-1385 72-154 495-1059 136-292 145-310 3 (Future Markets 2014) 
2014 7202-72019 187-1872 3491-34908 389-3889 2670-26696 736-7361 780-7802 5 (ANSES 2015) 

2015 283 7 137 15 105 29 31 4 Expert judgement 
Production volume for Quantum Dots  (Tonnes/year) 

Reference  
year EU  Switzerland  Central Europe   Northern Europe   Southern Europe  Eastern Europe   Southeastern  

Europe   DoB Reference 

2012 104 3 50 6 38 11 11 4 (Piccinno et al. 2012) 

2014 255 7 124 14 95 26 28 3 (Shreyas Naidu 
&Gotsurve 2014) 

2015 170-1700 16561 82-820 9.2-92 63-630 17.4-174 18.4-184 4 (Wang 2016) 
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GDP PPP in 2014 ($), DoB (1) 

World EU CH France CE NE SE EE SEE 

1.09E+14 1.88E+13 4.88E+11 2.60E+12 9.09E+12 1.01E+12 6.95E+12 1.92E+12 2.03E+12 
Scaling factor 
World-CH EU-CH France-CH World-EU EU-CE EU-NE EU-SE EU-EE EU-SEE EU-France 

222.93 38.47 5.34 5.79 2.06 18.52 2.70 9.78 9.23 7.20 

Regional market share, DoB (4) 
North America (NA) Far East (FE) Europe (EU) Africa, Middle East& South America (Other) 

0.15 0.52 0.31 0.02 
Scaling factor    

World- NA World- EU World- FE World- Other 
6.66 3.22 1.92 50 

EU: EU 27, CH: Switzerland, CE: Central Europe, EE: Eastern Europe, SE: Southern Europe, NE: Northern Eu-
rope, SEE: South-eastern Europe 

3. Product allocation  

Eight different methods, as displayed in Table S3, were used to calculate the product allocation for five consid-
ered ENMs. However, each method is not available for every ENM, which indicated as NA in the following ta-
ble. In this paper, two methods, ‘Market method’ and ‘Production volume’ method, are used in additional to the 
approach we used in our previous work (Wang et al. 2016a, Wang et al. 2016b). 

Table S3.3. The allocation of five ENMs to defined product categories 

(1) nano-SiO2 

Category 
WWI 
(WWI; 

2012) 

B2B 
(EC21 

2015) 

BUND 
(BUND 

2011) 

Nanodb 
(Nanodatabase 

2013) 

Patent(EP

R 2015, 

USP&TO 

2015) 

Market 
 method 

Future  
market  

Production  
volume 

Weigted 
 Mean (%) 

DoB 3 3 1 3 1 5 - -   
Adhesive 0.00 0.00 0.00 0.00 0.26 0.00 NA NA 0.02 
Automotive coating 5.39 5.52 1.14 3.63 2.37 5.70 NA NA 4.73 
Car tyre 25.5 58.7 0.00 0.00 0.00 7.08 NA NA 17.99 
Catalyst 0.00 0.00 0.00 0.00 2.80 0.00 NA NA 0.18 
Ceramics 3.86 0.00 0.00 0.00 0.42 0.00 NA NA 0.75 
Cleaning agent 18.04 0.00 0.00 0.00 0.00 2.16 NA NA 4.06 
Composite material 0.00 0.00 0.00 0.00 0.90 0.00 NA NA 0.06 
Construction material 7.93 0.00 2.52 0.00 6.54 0.00 NA NA 2.05 
Cosmetics & Personal care 1.13 4.35 2.70 3.43 0.09 0.81 NA NA 2.10 
Dental 0.10 0.08 0.00 0.00 0.13 0.00 NA NA 0.04 
Electrical cable 0.00 0.00 0.00 0.00 0.40 0.00 NA NA 0.03 
Electronic 0.07 0.00 0.01 0.00 0.10 0.00 NA NA 0.02 
Food & Supplement 2.89 0.00 12.24 1.17 0.00 0.00 NA NA 1.53 
Glass  1.29 0.00 0.00 1.04 0.00 0.00 NA NA 0.44 
Ink 0.00 0.00 0.00 0.00 0.17 0.00 NA NA 0.01 
Lubricant 0.00 0.00 0.00 0.00 5.01 0.00 NA NA 0.31 
Paint 31.9 24.5 81.0 90.1 73.6 14.1 NA NA 41.51 
Plastic 1.29 2.96 0.00 0.00 4.67 70.16 NA NA 23.01 
Polish 0.00 0.00 0.00 0.67 2.21 0.00 NA NA 0.26 
Speciality paper 0.00 3.98 0.00 0.00 0.00 0.00 NA NA 0.75 
Sporting Good 0.06 0.00 0.01 0.00 0.00 0.00 NA NA 0.01 
Textile 0.62 0.00 0.40 0.00 0.31 0.00 NA NA 0.16 

 (2) nano-Al2O3 

Product categories WWI B2B BUND Nanodb Patent Market 
 method 

Future 
market  

Production  
volume 

Weighted  
mean (%) 

DOB 4 4 - - 2 5 5     
Adhesive 0.00 0.00 NA NA 0.00 0.00 0.00 NA 0.00 
Automotive coating 0.00 4.67 NA NA 0.00 22.19 0.00 NA 6.48 
Catalyst 0.00 0.74 NA NA 0.83 0.00 25.0 NA 6.48 
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Cement 0.00 0.00 NA NA 19.5 39.48 0.00 NA 11.8 
Ceramic material 0.00 0.00 NA NA 19.5 0.00 0.00 NA 1.95 
Cleaning agent 40.9 0.00 NA NA 0.00 0.00 0.00 NA 8.18 
Cosmetics & personal care 34.6 0.00 NA NA 1.22 0.68 10.0 NA 9.72 
Electronics 0.00 0.00 NA NA 0.08 0.00 20.0 NA 5.01 
Filter 0.00 50.4 NA NA 36.6 0.07 20.0 NA 18.8 
Health Service 0.00 0.00 NA NA 0.00 0.00 0.00 NA 0.00 
Paint 0.00 6.49 NA NA 0.00 36.6 25.0 NA 16.7 
Plastic 0.00 0.26 NA NA 0.22 0.98 0.00 NA 0.32 
Polish 22.9 1.43 NA NA 1.62 0.00 0.00 NA 5.04 
Speciality paper 0.00 36.0 NA NA 20.3 0.00 0.00 NA 9.23 
Sporting Good 1.52 0.00 NA NA 0.00 0.00 0.00 NA 0.30 

(3) nano-FeOX 

Category WWI B2B BUND Nanodb Patent Market 
 method 

Future 
market  

Produc-
tion  

volume 

Weighted  
mean (%) 

DOB - - - - 2 5 5 5   
Adhesive NA NA NA NA 0.04 0.00 0.00 0.00 2.77 
Battery & Electrode NA NA NA NA 0.07 0.00 0.00 0.00 4.36 
Catalysts NA NA NA NA 0.00 0.00 0.13 0.01 0.14 
Ceramic NA NA NA NA 0.17 0.00 0.00 0.01 11.30 
Paint NA NA NA NA 0.42 0.33 0.34 0.52 38.64 
Constructionmaterial  NA NA NA NA 0.28 0.58 0.00 0.32 38.02 
Cosmetics NA NA NA NA 0.00 0.06 0.13 0.01 2.15 
Electronics and Optics NA NA NA NA 0.00 0.03 0.28 0.04 1.00 
Food Additives NA NA NA NA 0.00 0.00 0.00 0.01 0.00 
Foundry sand NA NA NA NA 0.00 0.00 0.00 0.02 0.00 
Medical NA NA NA NA 0.00 0.00 0.13 0.00 0.07 
Plastics NA NA NA NA 0.00 0.00 0.00 0.05 0.08 
Speciality Paper NA NA NA NA 0.00 0.00 0.00 0.02 0.00 
Water treatment NA NA NA NA 0.02 0.00 0.00 0.00 1.52 

(4) nano-CeO2 

Product categories WWI B2B BUND Nanodb Patent Market 
 method 

Future 
market  

Produc-
tion  

volume 

Weighte
d  

mean 
(%) 

DOB - - - - 2 5 5 -   
Adhesive NA NA NA NA 0.01 0.00 0.00 NA 0.00 
Composite NA NA NA NA 1.27 0.00 0.00 NA 0.21 

Electric and Electronic NA NA NA NA 2.58 0.00 0.00 NA 0.43 

Filter NA NA NA NA 0.01 0.00 0.00 NA 0.00 
Fuel additive NA NA NA NA 10.48 0.28 35.00 NA 16.45 
Fuel cell  NA NA NA NA 4.59 18.12 0.00 NA 8.31 
Glass NA NA NA NA 0.06 31.10 0.00 NA 12.97 
Lubricant NA NA NA NA 0.06 0.00 0.00 NA 0.01 
Medical NA NA NA NA 8.22 0.12 5.00 NA 3.51 
Metal coating NA NA NA NA 0.59 10.66 0.00 NA 4.54 
Other Catalyst NA NA NA NA 3.60 0.00 0.00 NA 0.60 
Paint NA NA NA NA 17.62 0.00 15.00 NA 9.19 
Personal care NA NA NA NA 0.00 4.35 0.00 NA 1.81 
Polish NA NA NA NA 50.91 35.36 45.00 NA 41.97 

(5) Quantum Dots 

Product categories WWI B2B BUND Nanodb Patent Market 
 method 

Allied 
market  

Produc-
tion  

volume 

Weighte
d  

mean 
(%) 

DOB - - - - 2 - 5 -   
QD Catalyst NA NA NA NA 0.0342 NA 0.00 NA 0.01 
QD Chips NA NA NA NA 0.1096 NA 0.09 NA 0.1 
QD Display devices NA NA NA NA 0.2123 NA 0.21 NA 0.21 
QD Ink NA NA NA NA 0.0411 NA 0.00 NA 0.01 
QD Laser devices NA NA NA NA 0.0274 NA 0.06 NA 0.05 
QD LED NA NA NA NA 0.2123 NA 0.09 NA 0.13 
QD Medical devices NA NA NA NA 0.1301 NA 0.32 NA 0.27 
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QD Optical device NA NA NA NA 0.0411 NA 0.00 NA 0.01 
QD Paint & Coating NA NA NA NA 0.0205 NA 0.00 NA 0.01 
QD Photovoltaic de-
vices NA NA NA NA 0.1164 NA 0.14 NA 0.13 

QD Sensors NA NA NA NA 0.0548 NA 0.09 NA 0.08 

      NA: not available 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.2.  Decision tree of assigning degree of belief (DoB) to data sources of production of product allocation 

 

 

4. Release schedule

Decision	tree	of	assigning	DoB	to	data	source	of	product	allocation	
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Table S3.4.  Release schedule and distribution of five ENMs 

(a) nano- SiO2 

Nano-SiO2 Use  
release 

Use  
release  

duration 

Use release 
schedule Use release distribution EoL 

release 
Lifetime  

distribution EoL release distribution Reference 

Product category x  Y1 Y2 Y… Yn Waste  
water Air Surface  

water Soil 1-X  Landfill WIP Recycling Export  

Adhesive 0.01 (Sun et al. 

2016) 
2(Sun et al. 

2016) 0.9 0.1  1  1 mean=8, 3ơ=4  (JNIES 2016) 0.09 0.06 0.65 0.2 (Sun et al. 2016) 

Automotive coating 0.01 (Sun et al. 

2016) 1 * 1  0.8 0.1 0.1  0.99 mean=10, 3ơ=5 (JNIES 2016)  0.1 0.9  (Institute 2014) 

Car tire 0.13 (Würth 2007) 4 (Würth 

2007) 1/4   0.0012 1 0.87 mean=4, 3ơ=2  (Würth 2007)  0.038 0.642 0.32 (Würth 2007) 

Catalyst 0.01& 1& 1  1  0.99 Y1=1.0   1           & 

Ceramics 0.01 (Sun et al. 

2016) 
40 (JNIES 

2016) 0.9 0.1/39 0.1  0.9  0.99 mean=40, 3ơ=10 (JNIES 2016) 0.139* 0.0006* 0.8604*  (Eurostat 2014) 

Cleaning agent 0.95 (Sun et al. 

2016) 
1(Sun et al. 

2016) 1  1  0.05 Y1=1.0 (Sun et al. 2016) 0.47# 0.37# 0.16#  (Eurostat 2017) 

Cement 0.01 (Sun et al. 

2016) 
80 (Sun et al. 

2016) 0.9 0.1/79 0.9  0.1 0.99 mean=80, 3ơ=20 (Sun et al. 2016) 0.139* 0.0006* 0.8604*  (Eurostat 2014) 

Cosmetics & Personal care 0.95 (Sun et al. 

2016) 
2(Sun et al. 

2016) 0.9 0.1  0.9  0.1  0.05 Y1=0.9, Y2=0.1(Sun et al. 2016) 0.47# 0.37# 0.16#  (Eurostat 2017) 

Dental 0& -  1 mean=8, 3ơ=4 (Tomasi et al. 2008)  1   (ICRC 2011) 

Electrical devices 0& -  1 mean=8, 3ơ=4 (JNIES 2016) 0.09 0.06 0.65 0.2 (Sun et al. 2016) 

Food & Supplement 0.9 (Sun et al. 2016) 1(Sun et al. 

2016) 1  1  0.1 Y1=1.0 (Sun et al. 2016) 0.6 0.4   (Sun et al. 2016) 

Glass 0.01 (Sun et al. 

2016) 
80 (Sun et al. 

2016) 0.9 0.1/79  0.99 mean=80, 3ơ=20 (Sun et al. 2016) 0.97  0.03  (GoE 2013) 

Ink 0.005& 5(Sun et al. 

2016) 1/5 1  0.995 mean=5,  3ơ=4 (Sun et al. 2016) 0.07 0.03 0.7 0.2 (Sun et al. 2016) 

Lubricant 0.05& 2& 0.9 0.1  1  0.95 Y1=0.9, Y2=0.1 (Sun et al. 2016)  1   & 

Paint 0.01 (Sun et al. 

2016) 
7 (Sun et al. 

2016) 0.9 0.1/6 0.5 0.25  0.25 0.99 mean=80, 3ơ=20 (Sun et al. 2016) 0.139* 0.0006* 0.8604*  (Eurostat 2014) 

Plastic 0.015 (Sun et al. 

2016) 3& 1/3 1  0.985 mean=3,  3ơ=2 & 0.47# 0.37# 0.16#  (Eurostat 2017) 

Polish 0.95 (Sun et al. 

2016) 
2 (Sun et al. 

2016) 0.9 0.1  0.5 0.2 0.3 0.05 Y1=0.9, Y2=0.1 (Sun et al. 2016) 0.47# 0.37# 0.16#  (Eurostat 2017) 

Speciality paper 0 (Sun et al. 2016) -  1 mean=5,  3ơ=4 (Sun et al. 2016) 0.07 0.03 0.7 0.2 (Sun et al. 2016) 

Sporting Good 0.04 (Sun et al. 

2016) 
7 (JNIES 

2016) 1/7 0.7 0.3  0.96 mean=7,  3ơ=3 (JNIES 2016) 0.47# 0.37# 0.16#  (Eurostat 2017) 

Textiles 0.6 (Sun et al. 2016) 3(Sun et al. 

2016) 0.7 0.
2 0.1  0.8 0.2  0.4 mean=3,  3ơ=2  (Sun et al. 2016) 0.31 0.07 0.28 0.34 (Sun et al. 2016) 

  

(b) nano-CeO2 

Nano-CeO2 Use release 
Use  

release  
duration 

Use release schedule Use release distribution EoL  
release 

Lifetime  
distribution  EoL release distribution Reference 
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Product Category x   Y1 Y2 Y… Yn Waste 
water Air Surface 

 water Soil 1-x   Landfill WIP Recycling  Export   

Adhesive 0.01 (Sun et al. 

2016) 2& 0.9 0.1   1       0.99 Y1=0.9, Y2=0.1& 0.47# 0.37# 0.16#   (Eurostat 2017) 

Composite 0.05 (Sun et al. 

2016) 5& 1/5         0.95 mean=5, 3σ=2& 0.47# 0.37# 0.16#   (Eurostat 2017) 

Electric and Electronic 0&          1     1 mean=6, 3σ=4 (JNIES 2016) 0.1 0.05 0.65 0.2 (Sun et al. 2016) 

Filter 0.05& 4& 0.05*(1/4) 1       0.95 mean=4, 3σ=1& 0.47# 0.37# 0.16#   (Eurostat 2017) 
Fuel additive 0.01 (ATC 2013) 1& 1     1     0.99 mean=3, 3σ=1&     1   (Collin et al. 2014) 
Fuel cell  0& 0             1 mean=10, 3ơ=5 (JNIES 2016)     1   & 

Glass 0&               1 mean=80, 3σ=20 (Sun et al. 

2016) 1      (GoE 2013) 

Lubricant 0.05& 1& 0.9 0.1   1       0.95 Y1=0.9, Y2=0.1 (Sun et al. 

2016)   1     & 

Medical 1& 1& 1   1       0 0        (ICRC 2011) 

Metal coating 0.05 (Sun et al. 

2016) 
40 (Sun et al. 

2016) 0.9 0.1*(1/39) 1       0.95 mean=20, 3σ=5 (Sun et al. 

2016) 0.03 0.02 0.95   (Sun et al. 2016) 

Catalyst  0.01 (Sun et al. 

2016) 1& 1   1       0.99 1&     1   & 

Paint 0.05 (Sun et al. 

2016) 7 (Sun et al. 2016) 0.9 0.1*(1/6) 0.9   0.1   0.95 mean=80, 3σ=20 (Sun et al. 

2016) 0.139* 0.0006* 0.8604*   (Eurostat 2014) 

Personal care 0.95 (Sun et al. 

2016) 2 (Sun et al. 2016) 0.9 0.1   0.9   0.1   0.05 Y1=0.9, Y2=0.1 (Sun et al. 

2016) 0.47# 0.37# 0.16#   (Sun et al. 2016) 

Polish 0.1@  2&  0.9 0.1   0.99 0.01(Choi et 

al. 2015)     0.9 Y1=0.9, Y2=0.1&  0.9   0.1   (Jack Hsu et al. 2010) 

@ Personal communication with expert from HighQfactory GmbH 

(c) nano- Al2O3 

nano- Al2O3 Use 
 release 

Use  
Release 

duration 

Use  
release schedule Use release distribution EoL release Lifetime  

distribution  EoL release distribution Reference 

Product  
Category x   Y1 Y2 Waste 

water Air Surface 
water Soil 1-x   Landfill WIP Recycling  Export   

Adhesive 0.05 (Sun et al. 

2016) 2 & 0.9 0.1 1      0.95 mean =40, 3σ=10(JNIES 

2016) 0.139 0.0006 0.8604   (Eurostat 2014)  

Automotive coating 0.01 (Sun et al. 

2016) 2 (Sun et al. 2016) 0.9 0.1 0.8 0.1 0.1   0.99 mean=10, 3σ=5(JNIES 

2016)   0.1 0.9   (Institute 2014)  

Catalyst 0.01& 1 (Sun et al. 2016) 1     1       0.99 1&     1   &  

Cement 0.01 (Sun et al. 

2016) 
80 (Sun et al. 

2016) 0.9 0.1/79 0.9   0.1   0.99 mean=80, 3σ=20(Sun 
et al. 2016) 0.139* 0.0006* 0.8604*   (Eurostat 2014)  

Ceramic material 0.01 (Sun et al. 

2016) 
40 (Sun et al. 

2016) 0.9 0.1/39 0.9   0.1   0.99 mean=40, 3ơ=10(JNIES 

2016) 0.139* 0.0006* 0.8604*   (Eurostat 2014)  

Cleaning agent 0.95 (Sun et al. 

2016) 1 (Sun et al. 2016) 1   1       0.05 Y1=1.0(Sun et al. 
2016) 0.47 0.37 0.16   (Eurostat 2017)  

Cosmetics & 
 personal care 

0.95 (Sun et al. 

2016) 2 (Sun et al. 2016) 0.9 0.1 0.9   0.1   0.05 Y1=0.9, Y2=0.1 0.47# 0.37# 0.16#   (Eurostat 2017)  

Electronics 0& 6&  1/6         1 mean=6, 3σ=4(JNIES 

2016) 0.09 0.06 0.65 0.2 (Sun et al. 2016) 

Filter 0.05&  2&  0.5 0.5 1       0.95 mean=2, 3σ=2& 0.47# 0.37# 0.16#    (Eurostat 2017) 

Health Service 0& 8&             1 mean=8, 3σ=2&   1     (ICRC 2011)  
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Paint 0.05 (Sun et al. 

2016) 7 0.9 0.1*(1/6) 0.9   0.1   0.95 mean =80, 3σ=20(Sun et 

al. 2016) 0.139* 0.0006* 0.8604*   (Eurostat 2014) 

Plastic 0.015 (Sun et al. 

2016) 3  1/3 1       0.985 mean=3, 3σ=2(Sun et al. 

2016) 0.47# 0.37# 0.16#   (Eurostat 2017)  

Polish 0.95 (Sun et al. 

2016) 2& 0.9 0.1 0.5 0.2 0.3   0.05 Y1=0.9, Y2=0.1(Sun et 

al. 2016) 0.47# 0.37# 0.16#   (Eurostat 2017)  

Speciality paper 0 (Sun et al. 2016)               1 mean=5, 3σ=4(Sun et al. 

2016) 0.07 0.03 0.7 0.2 (Sun et al. 2016) 

Sporting Good 0.04 (Sun et al. 

2016) 7 (Sun et al. 2016) 0.4*(1/7)         0.96 mean=7, 3σ=3(Sun et al. 

2016) 0.47# 0.37# 0.16#   (Eurostat 2017)  

 

(d) nano- FeOX 

Nano Iron oxide Use release 
Use  

release  
duration 

Use release 
schedule Use release distribution EoL release Lifetime  

distribution  EoL release distribution Reference 

Product Category x   Y1 Y2 Waste 
water Air Surface 

water Soil 1-x   Landfill WIP Recycling  Export  

Adhesive 0.01(Sun et al. 2016) 2 0.9 0.1 1       0.99 Y1=0.9, Y2=0.1 0.47# 0.37# 0.16#   (Eurostat 2017) 

Battery & Electrode 0(Sun et al. 2016) 11             1 mean= 11, 3σ=5 0.45 0.3 0.25   (Sun et al. 2016) 

Catalysts 0.05& 1 1   1       0.95 1     1   & 

Ceramic 0.01(Sun et al. 2016) 40 0.9 0.1/39 0.9   0.1  0.99 mean=40, 3ơ=10(JNIES 

2016) 0.139* 0.0006* 0.8604*   (Eurostat 2014) 

Paint 0.01(Sun et al. 2016) 7 0.9 0.1*(1/6) 0.9   0.1   0.99 mean= 80, 3σ=20(Sun et 

al. 2016) 0.139* 0.0006* 0.8604*   (Eurostat 2014) 

Cement 0.01(Sun et al. 2016) 80 0.9 0.1*(1/79) 0.9   0.1     mean=80, 3σ=20(Sun et 

al. 2016) 0.139* 0.0006* 0.8604*   (Eurostat 2014) 

Cosmetics 0.95(Sun et al. 2016) 2 0.9 0.1 0.9   0.1   0.05 Y1=0.9, Y2=0.1(Sun et 

al. 2016) 0.47# 0.37# 0.16#   (Eurostat 2017) 

Electronics 0& 13 1/13         1 mean=13, 3σ=8(JNIES 

2016) 0.09 0.06 0.65 0.2 (Sun et al. 2016) 

Food Additives 0.95 &      1& 1   1       0.05 Y1=1(Sun et al. 2016) 0.6 0.4     (Sun et al. 2016) 

Foundry sand 1& 1           1 0 --          (EPA 2008) 

Medical 0.95 & 3  1/3 1       0.05 mean=3, 3σ=2&   1     (ICRC 2011) 

Plastics 0.015(Sun et al. 

2016) 3 1/3 1       0.985 mean=3, 3σ=2(Sun et al. 

2016) 0.47# 0.37# 0.16#   (Eurostat 2014) 

Speciality Paper 0(Sun et al. 2016) 2             1 mean=5, 3σ=4(Sun et al. 

2016) 0.07 0.03 0.7 0.2 (Sun et al. 2016) 

Water treatment 0.95& 1 1       0.9 0.1 0.05 Y1=1& 1       & 

& Expert evaluation 

* Mineral waste from construction and demolition handling. The data present here is for the EU. Data for other regions are presented in Table S5. 

# Mixed waste from household management. The data present here is for the EU. Data for other regions are presented in Table S5. 
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Table S5. Wastewater, waste, and sludge treatment in seven regions 

Average percentage of wastewater treated in different regions (EEA. 2013) 

Regions → EU CH CE EE NE SE SEE 
Average percentage  
of wastewater treated (%) 86.7 97.7-98 96.7 78.8 92.5 82.8 63.3 

Average percentage of mixed waste in each treatment method in different regions (%) (Eurostat 2017) 

Treatment methods ↓ \ Regions → EU CH CE EE NE SE SEE 

Landfilling 46.9 0 20.7 74.7 27.5 72.7 94.6 

Incineration 37 100 68.2 13.4 51.6 13.8 2.47 

Recovering 16.1 0 11.1 11.9 20.9 13.5 2.93 

Average percentage of construction waste in each treatment method in different regions (%) (Eurostat 2014) 

Treatment method ↓	\ Regions → EU CH CE EE NE SE SEE 

Landfilling 13.9 23 5.6 16.3 30.8 42.6 66.0 

Incineration 86 77 93.4 83.5 66.3 57.4 33.4 

Recovering 0.1 0 0.95 0.20 2.70 0.0086 0.70 

Export 0 0 0.05 0 0 0 0 

Average percentage of STP sludge in each treatment method in different regions (%) (Eurostat 2016) 

Treatment method ↓ \ Regions → EU CH CE EE NE SE SEE 

Landfilling 21 0 4.4 47.6 23.2 28 90.6 

Incineration 24 100 49.6 13.8 7.1 7.3 3.94 

Agriculture application 55 0 46 38.6 69.7 64.7 5.46 

EU: EU 27, CH: Switzerland, CE: Central Europe, EE: Eastern Europe, SE: Southern Europe, NE: Northern Eu-
rope, SEE: South-eastern Europe 
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Table S3.6.  Concentrations of five ENMs in different environmental compartments and waste management processes in seven systems in 2014 

nano-SiO2 

  EU Central Europe Northern Europe Eastern Europe Southern Europe Southeastern Europe Switzerland   
  Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Unit 
Effluent 65 28 1.6 140 74 32 1.6 15 48 19 0.97 100 51 19 0.95 110 23 6.9 0.43 48.9 34 13 0.6 72 12 4.8 0.21 25 µg/L 
Sludge 4.4 3.6 0.15 8.5 5.3 4.8 0.16 10 4.6 4 0.14 8.9 2.4 1.8 0.06 4.7 2.1 0.96 0.06 4.3 3.3 2.6 0.09 6.6 6.8 5.3 0.17 14 g/kg 
Landfilled 
waste 490 380 130 860 620 490 160 1000 1500 1200 380 2700 450 350 110 770 400 310 83 730 200 150 47 360 - - - - mg/kg 
Incinerated 
waste 490 400 140 850 620 500 180 1000 470 360 120 810 380 300 120 660 180 140 49 310 5900 4800 1900 9800 670 540 170 1200 mg/kg 
Bottom ash 3.4 2.8 1.20 5.7 4.5 3.9 1.4 7.4 3.1 2.5 0.98 5.2 2.8 2.4 0.9 4.8 1.1 0.96 0.34 1.9 25 22 9.3 42 5.7 5.1 1.7 9.3 g/kg 
Flyash 4.7 3.8 1.50 7.9 6.1 5 1.8 10 4.1 3.4 1.3 7.1 3.9 3.2 1.1 6.6 1.5 1.3 0.46 2.6 35 29 12 58 7.9 6.9 2.2 13 g/kg 
Air 16 13 0.33 3.1 34 30 0.73 66 2.6 2.2 0.05 5.1 8.7 6.6 0.15 18 10 4.4 0.19 22 18 14 0.31 36 48 34 0.68 100 ng/m3 
NU_Soil 86 80 49 120 170 160 99 240 28 25 15 40 52 47 30 75 68 61 37 99 92 84 51 130 290 270 160 430 µg/kg 
ST Soil 150 140 84 220 390 350 200 350 240 230 140 350 330 300 175 490 240 220 130 360 110 110 60 170 - - - - mg/kg 
Surface 
 water 4.3 3.5 0.2 8.5 4.4 3.5 0.14 8.8 0.22 0.18 0.01 0.45 2.5 1.8 0.07 5.1 8.6 3.9 0.2 18 11 9 0.3 23 4.2 3 0.11 8.8 µg/L 
Sediments 79 73 44 114 79 70 42 110 4.1 3.7 2.2 6 46 42 25 66 180 160 90 260 210 190 110 302 75 68 34 110 mg/kg 

nano-iron 
oxide 

  EU Central Europe Northern Europe Eastern Europe Southern Europe Southeastern Europe Switzerland   
  Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Unit 
Effluent 1.5 0.2 0.05 1.8 1.3 0.23 0.05 1.6 0.85 0.17 0.03 1.2 1.2 0.16 0.03 1.4 0.7 0.11 0.02 0.77 0.56 0.08 0.01 0.68 0.24 0.05 0.01 0.33 µg/L 
Sludge 75 19 5.1 130 85 21 5.9 140 73 18 4.4 120 44 8.6 2.3 68 53 11 3.1 79 45 10 1.9 68 110 35 5.8 200 mg/kg 
Landfilled 
waste 0.89 0.46 0.17 1.5 1.9 1.1 0.42 3.2 4.7 2.7 1.0 7.8 1.03 0.43 0.15 1.8 1.2 0.51 0.19 1.8 0.35 0.15 0.053 0.62 - - - - mg/kg 
Incinerated 
waste 1.0 0.51 0.19 1.8 1.2 0.52 0.20 2.1 0.94 0.45 0.16 1.6 1.3 0.7 0.24 2.3 0.67 0.37 0.14 1.1 19 11 3.9 31 1.4 0.81 0.23 2.4 mg/kg 
Bottom ash 22 9.8 3.7 36 31 11 4.2 50 11 6.1 2.3 18 32 15 5.2 50 14 6.9 2.7 21 240 140 49 420 42 17 5.5 72 mg/kg 
Flyash 32 14 5.0 50 44 16 5.7 66 16 8.4 3.1 26 44 21 7.0 69 19 9.6 3.6 31 340 190 67 560 59 24 7.4 96 mg/kg 
Air 0.23 0.04 0.0062 0.3 0.53 0.086 0.017 0.74 0.039 0.0063 0.0011 0.054 0.15 0.020 0.0031 0.21 0.25 0.037 0.0058 0.32 0.24 0.03 0 0.34 0.76 0.13 0.012 1.4 ng/m3 
NU_Soil 0.32 0.21 0.09 0.58 0.67 0.44 0.17 1.2 0.11 0.074 0.031 0.19 0.22 0.14 0.053 0.39 0.33 0.22 0.086 0.56 0.31 0.2 0.08 0.53 1.2 0.88 0.42 1.9 µg/kg 
ST Soil 2.7 1.9 0.76 4.9 6.6 4.3 1.7 12 4.2 2.9 1.2 7.6 6.0 3.8 1.4 11 5.8 3.9 1.6 11 1.7 1.1 0.43 3.1 - - - - mg/kg 
Surface 
 water 86 17 0.41 110 2.0 1.32 0.52 3.6 4.7 1.1 0.25 7.4 58 10 208 91 250 51 13 350 180 37 7.3 0.27 110 27 3.8 190 ng/L 
Sediments 1.6 0.87 0.35 2.3 85 21 5.9 140 0.094 0.065 0.026 0.17 1.03 0.67 0.24 1.8 4.4 3.0 1.2 7.7 3.6 3.4 0.92 6.4 2.0 1.5 0.70 3.3 mg/kg 

nano-CeO2 

  EU Central Europe Northern Europe Eastern Europe Southern Europe Southeastern Europe Switzerland   
  Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Unit 
Effluent 37 11 1.3 66 44 19 1.5 77 29 7.7 0.93 55 25 7.7 1.1 44 19 4.8 0.64 34 18 2.8 0.48 35 4.8 1.3 0.13 9.1 ng/l 
Sludge 1.8 0.55 0.07 3.7 2.5 1.2 0.09 4.8 2 0.61 0.07 4.3 0.89 0.29 0.04 1.7 1.2 0.34 0.04 2.4 1.3 0.22 0.04 2.9 2.6 0.93 0.1 5.4 mg/kg 
Landfilled 
waste 6.5 2.4 0.27 13 23 12 1.1 43 41 14 1.5 81 3.3 1.2 0.20 6.3 4.4 1.5 0.17 8.8 1.3 0.27 0.03 2.9 - - - - mg/kg 
Incinerated 
waste 8.4 5.5 1.9 15 10 7.4 2.8 18 7.8 5.1 1.8 14 8.1 4.8 2.0 14 4.7 2.8 1.1 8.3 150 87 27 270 10 6.7 2.3 18 µg/kg 
Bottom ash 0.55 0.2 0.05 1.1 0.85 0.41 0.07 1.5 0.25 0.11 0.03 0.49 0.66 0.24 0.07 1.2 0.32 0.11 0.03 0.61 7.1 1.7 0.64 14 0.9 0.36 0.07 1.8 mg/kg 
Flyash 0.77 0.28 0.07 1.5 1.2 0.54 0.09 2.2 0.36 0.15 0.05 0.66 0.91 0.35 0.10 1.5 0.45 0.15 0.04 0.83 9.8 2.5 0.86 19 1.2 0.45 0.1 2.4 mg/kg 
Air 42 11 0.6 86 100 47 1.4 210 6.8 1.7 0.1 14 20 5.8 0.22 37 35 8.9 0.53 73 43 5.3 0.57 97 110 36 1.6 230 pg/m3 
NU_Soil 42 35 17 69 96 53 45 140 14 12 5.9 23 22 18 9.1 36 39 33 17 61 41 33 16 68 120 103 54 190 ng/kg 
ST Soil 60 50 26 95 180 150 83 270 110 93 46 170 120 96 48 ### 130 110 54 200 45 37 17 74 - - - - µg/kg 
Surface  
water 2 0.6 0.08 4.1 2.6 1.3 0.11 4.9 0.11 0.03 0 0.23 1.1 0.35 0.54 20 5.1 1.4 0.19 10 4.9 0.78 0.14 11 1.9 0.65 0.07 3.7 ng/l 
Sediments 35 29 15 57 46 39 21 71 2.1 1.8 0.9 3.4 19 16 8.1 32 95 81 40 150 87 71 34 140 32 27 14 50 µg/kg 
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nano-Al2O3 

  EU Central Europe Northern Europe Eastern Europe Southern Europe Southeastern Europe Switzerland   
  Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Unit 
Effluent 3.6 0.96 0.09 5.6 5.1 1.5 0.15 8.4 2.6 0.67 0.08 4.1 3.5 1.1 0.11 5.9 2.5 0.98 0.14 3.9 2.5 0.75 0.06 4.3 1.1 0.28 0.03 1.4 µg/L 
Sludge 240 110 7.2 330 380 190 17 550 250 89 9.9 390 160 99 8.1 250 220 140 19 310 240 130 8.2 360 620 270 19 750 mg/kg 
Landfilled 
waste 9.9 5.6 2.2 14 20 13 4.9 31 41 24 8.6 58 13 8.5 2.9 20 16 11 4.5 25 4.7 3.0 1.0 7.7 - - - - mg/kg 
Incinerated 
waste 9.6 5.6 2.3 13 17 11 4.1 26 9.9 6.0 2.1 14 11 7.7 3.2 18 6.1 4.5 2.1 9.6 140 100 48 220 21 11 3.9 33 mg/kg 
Bottom ash 93 60 21 120 190 120 38 270 64 40 16 88 120 87 32 180 55 41 20 84 870 630 320 1300 300 150 45 460 mg/kg 
Flyash 130 82 27 170 260 160 55 400 88 56 20 120 170 120 43 260 77 56 26 120 1200 870 420 1800 410 210 62 640 mg/kg 
Air 1.2 0.57 0.038 1.7 3.7 1.7 0.16 5.6 0.21 0.076 0.0088 0.33 0.88 0.49 0.045 1.4 1.6 1.0 0.14 2.3 1.9 1.0 0.067 2.9 6.5 2.8 2.2 7.9 ng/m3 
NU_Soil 1.3 0.93 0.50 1.9 4.1 3.2 1.8 5.9 0.51 0.38 0.22 0.77 160 99 8.1 250 1.9 1.6 0.96 2.9 2.0 1.6 0.94 3.1 8.4 6.2 3.3 14 µg/kg 
ST Soil 8.2 5.9 3.5 12 27 22 12 41 14 9.9 6.0 20 1.2 1.0 0.55 1.8 23 19 11 33 7.9 6.3 3.4 12 - - - - mg/kg 
Surface  
water 0.31 0.15 0.0096 0.43 0.53 0.25 0.02 0.78 0.02 0.01 0 0.03 0.22 0.12 0.01 0.35 1.1 0.71 0.1 1.5 1.0 0.54 0.033 1.5 0.65 0.28 0.02 0.81 µg/L 
Sediments 5.7 4.1 2.3 8.5 9.3 7.5 4.2 14 0.33 0.24 0.14 0.48 4.1 3.4 2.0 6.1 19 16 9.8 29 17 14 7.8 26 11 8.0 4.2 18 mg/kg 

Quantum 
dots 

  EU Central Europe Northern Europe Eastern Europe Southern Europe Southeastern Europe Switzerland   
  Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Mean Median Q15 Q85 Unit 
Effluent 2.7 1.5 4.9 5.1 3.2 1.6 0.52 6 2.3 1.3 0.39 4.2 2.4 1.3 0.41 4.5 1.6 0.81 0.24 3.0 1.6 0.83 0.26 3.0 0.48 0.27 0.093 0.85 pg/L 
Sludge 0.18 0.11 0.06 0.37 0.23 0.14 0.07 0.49 0.22 0.13 0.076 0.46 110 72 38 230 0.14 0.083 0.043 0.29 0.15 0.088 0.050 0.32 0.26 0.16 0.09 0.53 fg/L 
Landfilled 
waste 91 82 49 140 330 290 170 480 660 600 360 970 57 52 32 84 70 62 37 10 22 19 11 32 - - - - ng/kg 
Incinerated 
waste 1.6 1.0 0.59 3.1 1.2 0.74 0.43 2.4 1.2 0.75 0.44 2.3 3.4 2.3 1.3 6.6 1.8 1.1 0.64 3.5 72 44 27 150 0.83 0.55 0.32 1.64 µg/kg 
Bottom ash 8.0 5.2 2.8 16 6.1 4.0 2.1 12 6.1 4.0 2.3 12 17 11 6.2 32 9.3 5.9 3.3 18 260 150 90 520 4.8 3.1 1.8 9.3 pg/kg 
Flyash 11 7.3 3.8 21 8.4 5.2 2.8 16 8.5 5.5 3.0 16 23 15 8.2 42 13 8.1 4.3 25 350 220 120 370 6.6 4.3 2.3 13 ng/kg 
Air 7.9 4.8 2.5 1.6 19 11 5.8 3.8 1.5 0.93 0.50 3.0 5.1 3.1 1.6 10 8.4 4.9 2.6 17 10 5.8 3.3 22 22 13 7.5 43 fg/m3 
NU_Soil 8.4 7.7 5.1 12 18 16 11 25 3.0 2.7 1.8 4.3 5.8 5.4 3.4 8.1 9.1 8.5 5.5 13 9.9 9.3 5.9 14 27 25 17 38 ng/kg 
ST Soil 6.2 5.8 3.8 8.7 17 15 9.5 24 11 10 6.8 16 16 15 8.8 23 15 13 9.1 20 5.3 4.9 3.0 7.4 - - - - µg/kg 
Surface  
water 170 150 56 350 180 100 55 370 9.6 5.9 3.2 19 120 71 37 220 500 290 150 1000 0.53 0.30 0.16 1.1 150 93 49 290 µg/kg 
Sediments 3.2 2.9 1.9 4.3 3.2 2.9 1.8 4.5 0.17 0.15 0.098 0.24 2.1 1.9 1.2 2.9 9.1 8.5 5.4 13 9.4 8.8 5.6 13 2.8 2.6 1.6 4.0 µg/kg 
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Table S3.7. Volume and mass of the receiving media in waste handling process and environmental compartments 

Summary of volumes of different technical and environmental compartments used for Central Europe (ECHA 2016) 
Compartments ↓ \ Re-

gions → EU CE EE NE SE SEE CH Units 

Air 4.33E+15 9.17E+14 7.3E+14 1.3E+15 1.59E+15 3.73E+14 4.13E+13 m3 

Natural and urban soil 7.59E+14 1.71E+14 1.2E+14 1.1E+14 2.71E+14 7.09E+13 6.25E+12 kg 

Sludge treated soil 7.43E+11 1.31E+11 2.2E+10 3.3E+10 1.50E+11 7.53E+09 0.00E+00 kg 

Surface water 3.89E+14 8.25E+13 6.6E+13 2.3E+14 4.78E+13 2.24E+13 2.02E+10 litre 

Sediment 1.01E+12 2.14E+11 1.7E+11 6E+11 1.24E+11 5.82E+10 1.35E+10 kg 

STP inffluent 2.97E+13 1.57E+13 3.5E+12 2.3E+12 2.10E+13 4.66E+12 5.83E+12 litre 

STP sludge 9.00E+09 4.14E+09 1.5E+09 4.7E+08 4.65E+09 9.16E+08 2.03E+08 kg 

Solid waste landfilled 7.31E+10 1.09E+10 1.2E+10 6.00E+08 3.66E+10 3.36E+10 0.00E+00 kg 

Solid waste incinerated 6.16E+10 3.96E+10 3.1E+09 4.6E+09 2.10E+10 1.84E+08 2.85E+09 kg 

EU: EU 27, CH: Switzerland, CE: Central Europe, EE: Eastern Europe, SE: Southern Europe, NE: Northern Eu-
rope, SEE: South-eastern Europe 
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Supporting information for Annex 4 

 

Table S4.1 Endpoint concentrations of nano-SiO2, nano iron oxides, nano-Al2O3, nano-CeO2, and quantum dots 

Environmental 
compartment 

Taxonomic 
group 

Test Organism 
Particle 

Size 
(nm) 

Test material 
Test con-

dition 
Exposure 
time (h) 

Test endpoint 
Ecotoxic end-

point 
Concentration 

(µg/l) 

Assessment Factor 
(AF) for the extrapo-
lation from short to 

long term effect 

Assessment Factor 
(AF) for the ex-

trapolation from 
the observed effect 
into no effect con-

centrations 

Species 
sensitivity 

[µg/l] 
Reference 

Water Algae Pseudokirchneriella 
subspicata 

13 Colloidal SAS in sus-
pensions. 

 25 ± 1 °C. 72 Cell density and 
average specific 

growth rate 

EC20 20000 10 2 1000 [1] 

Water Algae Pseudokirchneriella 
subspicata 

27 Colloidal SAS in sus-
pensions. 

 25 ± 1 °C. 72 Cell density and 
average specific 

growth rate 

EC20 28800 10 2 1440 [1] 

Water Algae Pseudokirchneriella 
subspicata 

22 Colloidal SAS in sus-
pensions. 

pH= 7.6 48 Algal growth 
inhibition 

NOEC 4600 10 1 460 [1] 

Water Algae Pseudokirchneriella 
subspicata 

22 Colloidal SAS in sus-
pensions. 

pH=8.6 48 Algal growth 
inhibition 

NOEC 10000 10 1 1000 [2] 

Water Algae Pseudokirchneriella 
subspicata 

22 Colloidal SAS in sus-
pensions. 

NOM 1.2 
mg C/l 

48 Algal growth 
inhibition 

NOEC 22000 10 1 2200 [2] 

Water Algae Pseudokirchneriella 
subspicata 

22 Colloidal SAS in sus-
pensions. 

NOM 
4.7mg C/l 

48 Algal growth 
inhibition 

NOEC 100000 10 1 10000 [2] 

Water Algae Pseudokirchneriella 
subspicata 

22 Colloidal SAS in sus-
pensions. 

NOM 9mg 
C/l 

48 Algal growth 
inhibition 

NOEC 100000 10 1 10000 [2] 

Water Algae Pseudokirchneriella 
subspicata 

22 Colloidal SAS in sus-
pensions. 

pH=6.8 48 Algal growth 
inhibition 

NOEC 100000 10 1 10000 [2] 
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Water Algae Pseudokirchneriella 
subspicata 

14 Silica nanoparticle sus-
pension 

23.0 ± 
1.2◦C and  
pH7.6 ± 

0.4. 

96 Chlorophyll 
content 

EC20 318000 1 2 159000         [3] 

Water Algae Pseudokirchneriella 
subcapitata 

50  and 
100  

Green fluorescently la-
beled 

silica nanoparticles 

20±1 °C 72 Growth HNOEC >100000 10 1 >10000 [4] 

Water Algae Pseudokirchneriella 
subspicata 

8.0-21.0 Nano silica suspension 24 ± 1 °C 72 Algal growth 
inhibition 

IC50 34580 10 10 346 [5] 

Water Algae Chlorella kessleri 5 Colloidal SAS in sus-
pensions. 

pH 7.7 96 Inhibition IC50 8000000 1 10 800000 [6]  

Water Algae Chlorella kessleri 26 Colloidal SAS in sus-
pensions. 

pH 7.8 96 Inhibition IC50 71000000 1 10 7100000 [6] 

Water Algae Chlorella kessleri 78 Colloidal SAS in sus-
pensions. 

pH 7.9 96 Inhibition IC50 9100000 1 10 910000 [6] 

Water Algae Chlorella autotro-
phica 

20-50 nanoscale SiO2 25 °C 144 Growth HONEC 1000000 1 1 1000000 [7] 

Water Algae Scenedesmus obli-
quus 

10.0-
20.0 

SiO2 particles with puri-
ty 99.5% 

 25 ± 1 °C. 96 Inhibition EC20 216000 1 2 108000 [8] 

Water Invertebrate Daphnia magna 10.0-
20.0 

Nano silica suspension 24-25 °C 24 Immobilization EC50 148871 10 10 1489 [9] 

Water Invertebrate Daphnia magna 10.0-
20.0 

Nano silica suspension 24-25 °C 24 Mortality LC50 660943 10 10 6609 [9] 

Water Invertebrate Daphnia magna 50  and 
100 

Amorphous plain silica 
nanoparticles and Fluo-
rescently labeled silica 

NPs. 

pH:6.04-
6.28 

48 Immobilization HNOEC > 1000000 10 1 > 100000 [4] 

water Invertebrate Daphnia magna 10~20 SiO2 powder 24-25℃ 24 immobilization EC50 148871 10 10 1489 [10] 

water Invertebrate Enchytraeus crypti-
cus 

24 SiO2 20℃ 120 mortality NOEC >1000000 10 1 100000 [11] 
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Water Invertebrate Thamnocephalus 
platyurus 

50  and 
100  

Amorphous plain silica 
nanoparticles and Fluo-
rescently labeled silica 

NPs. 

25 °C 24 Mortality HNOEC > 1000000 10 1 > 10000 [4] 

Water Unicellular Tetrahymena termo-
phila 

8.0-21.0 Nano silica suspension 25 °C 24 Inhibition HONEC 100000 10 1 10000 [5] 

water Unicellular E. coli  14 SiO2 powder 23 ℃ 14-20 growth inhibiti-
on 

NOEC 100000 10 1 10000 [12] 

water Unicellular B. subtilis 14 SiO2 powder 23 ℃ 14-20 growth inhibiti-
on 

NOEC 500000 10 1 50000 [12] 

Water Unicellular Saccharomyces ce-
revisiae 

10.0-
20.0 

Commercial nano silica 
particles with 99.5% pu-

rity 

30 ℃ 14 Cell damage HONEC 1000000 10 1 100000 [13] 

water Vertebrate Zebrafish 15, 30 SiO2 pH 6.5-7.5 120 mortality HONEC >213940 10 1 21394 [14] 

water Vertebrate Zebrafish 70 SiO2 pH 6.5-7.5 120 mortality LC50 178270 10 10 1783 [14] 

water Vertebrate zebrafish larvae 15 SiO2 coated with 4% 
bovine serum albumin 

28 °C 116 mortality LC50 363400 10 10 3634 [15] 

water Vertebrate zebrafish larvae 50 SiO2 coated with 4% 
bovine serum albumin 

28 °C 116 mortality LC50 312200 10 10 3122 [15] 

water Vertebrate Zebrafish 15 SiO2 coated with 4% 
bovine serum albumin 

pH7.0-7.2 168 mortality LC50 782770 10 10 7828 [16] 

water Vertebrate Zebrafish 50 SiO2 coated with 4% 
bovine serum albumin 

pH7.0-7.2 168 mortality LC50 637010 10 10 6370 [16] 

Water Vertebrate Danio rerio, zebra-
fish 

200 core-shell silica nano-
particles 

26 °C 24 Survival and 
hatching 

HONEC 200000 10 1 20000 [17] 

Water Vertebrate Danio rerio, zebra-
fish 

62 Silica nanoparticles pre-
pared by Stöber method 

28 °C 96 Mortality LC20 200000 10 2 10000 [18] 
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Environmental 
compartment 

Taxonomic 
group 

Test Organism 
Particle 

Size (nm) 
Test material 

Test conditi-
on 

Exposure 
time (h) 

Test endpoint 

Ecoto-
xic 

end-
point 

Concentration 
(µg/l) 

Assessment Factor 
(AF) for the ex-

trapolation from 
short to long term 

effect 

Assessment Factor 
(AF) for the ex-

trapolation from 
the observed effect 
into no effect con-

centra-tions 

Species sen-
sitivity [µg/l] 

Reference 

Water Unicellular 
Escherichia coli 

(Migula) 
30-40 Fe2O3 

 
2 Mortality LC50 638300 10 10 6383 [19] 

Water Unicellular Escherichia coli 8.0-21.0 Fe3O4 suspension 25 ºC 24 Inhibition LOEC 100000 10 2 5000 [5] 

Water Unicellular 
Photobacterium 

phosphoreum 
7.57 ± 5.6 Fe3O4 pH 7 0.083-0.25 

Bioluminescence re-
duction 

NOEC > 52000 10 1 >5200 [20] 

Water Vertebrate Oryzias latipes 27.2 ± 1.0 Fe3O4 
 

168 Mortality HNOEC 87200 10 1 8720 [21] 

Water Invertebrate Ceriodaphnia dubia 21-890 Fe2O3 pH  7.8 48 Mortality NOEC 200000 10 1 20000 [22] 

Water Vertebrate 
Danio rerio (emb-

ryo) 
30 α-Fe2O3 NPs 26°C±1°C 168 Survival NOEC <50000 10 1 5000 [23] 

Water Vertebrate Danio rerio (egg) <50 Fe2O3 pH 8.3–8.6. 96 Mortality NOEC >1600000 10 1 160000 [24] 

Water Vertebrate Danio rerio (adult) <50 Fe2O3 pH 8.3–8.6. 96 Mortality NOEC >1600000 10 1 160000 [24] 

Water Invertebrate Daphnia magna 6 Fe3O4 solution 
 

48 Mortality LC50 2300 10 10 23 [25] 

Water Invertebrate Daphnia magna 5.7 ± 0.5 
PVP-coated mag-

netite (Fe3O4)  
96 Immobilization LOEC 100000 10 2 5000 [26] 

Water Invertebrate Daphnia magna 5.2 ± 0.4 
Ascorbate-Fe3O4 

coating 
18-22 96 Immobilization EC50 50700 10 10 507 [27] 

Water Invertebrate Daphnia magna 5.2 ± 0.4 
Citrate-Fe3O4 

coating 
pH 7 96 Immobilization EC50 68400 10 10 684 [27] 

Water Invertebrate Daphnia magna 5.2 ± 0.4 
Dextran-Fe3O4 

coating 
pH 7 96 Immobilization EC50 27900 10 10 279 [27] 

Water Invertebrate Daphnia magna 6.1 ± 0.6 
Polymer-Fe3O4 

coating 
pH 7 96 Immobilization NOEC > 100000 10 1 10000 [27] 



151	

Water Invertebrate Daphnia magna 40-130 Fe2O3 20±2 °C 48 lethal effect HONEC 20000 10 1 2000 [28] 

Water Invertebrate 
Brachionus plicati-

lis 
40-130 Fe2O3 20±2 °C 48 growth rate HONEC 20000 10 1 2000 [28] 

Water Unicellular 
Pseudokirchneriella 

subcapita 
40-130 Fe2O3 20±2 °C 72 growth rate HONEC 20000 1 1 20000 [28] 

Water Unicellular 
Pseudokirchneriella 

subcapita 
8.0-21.0 Fe3O4 suspension 24 ± 1 °C 72 Algal growth inhibition EC50 1930 1 10 193 [5] 

Water Invertebrate Lemna minor 40-130 Fe2O3 20±2 °C 7 days growth rate HONEC 20000 10 1 2000 [28] 

Water Unicellular 
Tetrahymena ther-

mophila 
8.0-21.0 Fe3O4 suspension 25ºC 24 Inhibition EC50 26030 10 10 260.3 [5] 

Water Unicellular 
Staphylococcus au-

reus 
8.0-21.0 Fe3O4 suspension 25ºC 24 Inhibition LOEC 100000 10 2 5000 [5] 

water Unicellular 
Chlorella pyrenoi-

dosa 

DLS 56 in 
water 64 in 
OECD me-

dium 

FeO 25℃ 144 Algal growth inhibition NOEC >1000,000 1 1 1000000 [29] 

water Unicellular 
Chlorella pyreno-

nedosa 
30±5 α-Fe2O3 25℃ 96 Algal growth inhibition IC50 71000 1 10 7100 [30] 

water Unicellular 
Chlorella pyreno-

nedosa 
20±5 γ-Fe2O3 25℃ 96 Algal growth inhibition IC50 132000 1 10 13200 [30] 

water Unicellular 
Chlorella pyreno-

nedosa 
20±5 Fe3O4 25℃ 96 Algal growth inhibition IC50 33000 1 10 3300 [30] 

water Unicellular Stylonychia mytilus 65 Fe3O4 20℃ 24 Mortality LOEC 9261 10 2 463 [31] 
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Environ-
mental 

compart-
ment 

Taxonomic 
group 

Test Organism 
Particle Size 

(nm) 
Test material 

Test 
conditi-

on 

Exposure 
time (h) 

Test endpoint 
Ecotoxic 
endpoint 

Concentra-
tion (µg/l) 

Assessment Fac-
tor (AF) for the 
extrapolation 
from short to 

long term effect 

Assessment Factor (AF) 
for the extrapolation 

from the observed effect 
into no effect concentra-

tions 

Species sensiti-
vity [µg/l] 

Reference 

water unicellular 
Staphylococcus au-

reu 
BET 11.4 nAl2O3 25℃ 24 growth NOEC 100000 10 1 10000 [5] 

water unicellular Escherichia coli BET 11.4 nAl2O3 25℃ 24 growth NOEC 100000 10 1 10000 [5] 

water unicellular E. coli 30-40 nAl2O3 NA 2 mortality LC50 326100 10 10 3261 [19] 

water algae micro 
Pseudokirchneriella 

subcapitata 
BET 11.4 nAl2O3 24℃ 72 growth inhibition EC50 30800 10 10 308 [5] 

water algae 
Pseudokirchnella 

subcapitata 
50-150 

nAl2O3,10% 
(w/w) dispersions 

in water. 
20℃ 4.5 

efficiency of photo-
synthesis 

NOEC 100000 10 1 10000 [32] 

water? unicellular 
Saccharomyces ce-

revisiae 
50 nAl2O3 

pH=6.5, 
30℃ 

10~14 inhibition HONEC 1000000 10 1 100000 
[13] 

 

water Invertebrate C. dubia. 5 nAl2O3,γ-phase pH=7.8 48 mortality EC15 150000 10 2 7500 
[22] 

 

water invertebrate C. dubia 
ad:<50; TEM 

40-100 
nAl2O3, γ-phase NA 72 mortality LC50 74300 10 10 743 [33] 

water unicellular Stylonychia mytilus NA nAl2O3,α-phase 20 ±2℃ 24 mortality LOEC 1275000 10 2 63750 [31] 

water unicellular 
Paramecium multi-

micronucleatum 
ad: 30-40; 
TEM 83.5 

nAl2O3,α-phase NA 48 mortality LC50 9269200 1 10 926920 [34] 

water algae Scenedesmus sp. <50 nAl2O3 27ºC 72 growth inhibition NOEC 2100 10 1 210 [35] 

water algae Chlorella sp. <50 nAl2O3 27ºC 72 growth inhibition NOEC 1800 10 1 180 [35] 

water invertebrate Chydorus sphaericus 50-150 
nAl2O3,10% 

(w/w) dispersions 
in water. 

20℃ 48 mortality NOEC 100000 10 1 10000 [32] 
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water invertebrate C. dubia NA nAl2O3,γ-phase 
pH=7.8, 
25±1℃ 

48 mortality LC10 100000 10 2 5000 [36] 

water unicellular 
Tetrahymena  
thermophila 

BET 11.4 nAl2O3 25℃ 24 inhibition NOEC 100000 10 1 10000 [5] 

water invertebrate C. elegans 60 nAl2O3 
pH=5.6,
20±1℃

� 
24 mortality LC50 81600 10 10 816 [37] 

water invertebrate 
Caenorhabditis ele-

gans 
60 nAl2O3 NA 24 mortality LC50 81600 10 10 816 [37] 

water invertebrate 
Caenorhabditis ele-
gans (young adult) 

60 nAl2O3 pH=5.6 24 mortality LC10 6300 10 2 315 [38] 

water invertebrate 
Caenorhabditis ele-

gans (L4-Larval 
stage) 

60 nAl2O3 pH=5.6 24 mortality LC10 6300 10 2 315 [38] 

water invertebrate 
Caenorhabditis ele-

gans (L1-Larval 
stage) 

60 nAl2O3 pH=5.6 24 mortality LC50 51000 10 10 510 [38] 

water invertebrate D. magna 80 nAl2O3 
23 ± 2 

ºC 
48 immobilization EC50 114357 10 10 1143.57 [39] 

water vertebrate Danio rerio 80 nAl2O3 26±1ºC 96 survival HONEC 1000000 10 1 100000 [39] 

water vertebrate Danio rerio (adult) <50 nAl2O3 
pH=8.3-
8.6,25±

1 ℃ 
96 mortality NOEC 800000 10 1 80000 [24] 

water vertebrate Danio rerio (eggs) <50 nAl2O3 
pH=8.3-
8.6,25±

1 ℃ 
96 mortality NOEC 800000 10 1 80000 [24] 
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tra-tions 

Water 
Algae 

Pseudokirchneriel-
la subcapitata 

10~20 CeO2 NP 
cool-white light,synthetic fresh water,pH 6.46-

6.3 
72 growth inhibition IC50 7900 10 10 79 [40] 

Water 
Algae 

Pseudokirchneriel-
la subcapitata 

10~20 CeO2 NP 
cool-white light,synthetic fresh water,pH 6.46-

6.3 
72 growth inhibition IC50 7600 10 10 76 [40] 

Water 
Algae 

Pseudokirchneriel-
la subcapitata 

10~20 CeO2 NP 
cool-white light,synthetic fresh water + 40mg/L 

DOC,pH 6.46-6.3 
72 growth inhibition IC50 100000 10 10 1000 [40] 

Water 
Algae 

Pseudokirchneriel-
la subcapitata 

34.00 CeO2 NP 
cool-white light,synthetic fresh water,pH 6.46-

6.3 
72 growth inhibition IC50 9500 10 10 95 [40] 

Water 
Algae 

Pseudokirchneriel-
la subcapitata 

34.00 CeO2 NP 
cool-white light, synthetic fresh water + 40mg/L 

DOC,pH 6.46-6.3 
72 growth inhibition IC50 100000 10 10 1000 [40] 

Water 
Algae 

Pseudokirchneriel-
la subcapitata 

12.00 CeO2 NP 
cool-white light,synthetic fresh water,pH 6.46-

6.3 
72 growth inhibition IC50 28000 10 10 280 [40] 

Water 
Algae 

Pseudokirchneriel-
la subcapitata 

12.00 CeO2 NP 
cool-white light,synthetic fresh water + 40mg/L 

DOC,pH 6.46-6.3 
72 growth inhibition IC50 100000 10 10 1000 [40] 

Water 
Algae 

Pseudokirchneriel-
la subcapitata 

4.0-10.0 
poly (acrylic acid)-stabilised 
colloidal dispersion of CeO2 

particles 
21-24  °C 72 

Biomass produc-
tion 

EC10 5.3 10 2 0.265 [41] 

Water 
Algae 

Pseudokirchneriel-
la subcapitata 

10 
Non aged nano-CeO2 sus-
pension,coated with triam-

monium citrate layer, 10 nm 
22 ± 1 °C 72 Growth Inhibition EC10 700 10 2 35 [42] 

Water 

Algae 
Pseudokirchneriel-

la subcapitata 
10 

3 days aged  nano-CeO2 
suspension,coated with tri-
ammonium citrate layer, 10 

nm 

22 ± 1 °C 72 Growth Inhibition EC10 500 10 2 25 [42] 

Water 

Algae 
Pseudokirchneriel-

la subcapitata 
10 

30 days  aged  nano-CeO2 
suspension,coated with tri-
ammonium citrate layer, 10 

nm 

22 ± 1 °C 72 Growth Inhibition EC10 1800 10 2 90 [42] 
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Water 
Algae 

Pseudokirchneriel-
la subcapitata 

12 
Nano-CeO2 powder, un-

coated 
22°C 96 

Growth inhibition, 
OD at 640 nm 

EC50 12800 1 10 1280 [43] 

Water 
Algae 

Pseudokirchneriel-
la subcapitata 

13 
Nano-CeO2 powder, un-

coated 
22°C 96 

Growth inhibition, 
OD at 640 nm 

EC50 950 1 10 95 [43] 

Water 
Algae 

Pseudokirchneriel-
la subcapitata 

22 
Nano-CeO2 powder, un-

coated 
22°C 96 

Growth inhibition, 
OD at 640 nm 

EC50 880 1 10 88 [43] 

Water 
Algae 

Pseudokirchneriel-
la subcapitata 

28 
Nano-CeO2 powder, un-

coated 
22°C 96 

Growth inhibition, 
OD at 640 nm 

EC50 8960 1 10 896 [43] 

Water 
Algae 

Pseudokirchneriel-
la subcapitata 

7–25 uncoated CeO2 NP 24°C, pH = 6.5±0.1 72 Growth inhibition IC50 10300 10 10 103 [44] 

Water 
Algae 

Pseudokirchneriel-
la subcapitata 

14 CeO2 NP 25 °C 72 Growth inhibition NOEC 3200 10 1 320 [45] 

Water 
Algae 

Pseudokirchneriel-
la subcapitata 

20 CeO2 NP 25 °C 72 Growth inhibition NOEC 3200 10 1 320 [45] 

Water 
Algae 

Pseudokirchneriel-
la subcapitata 

29 CeO2 NP 25 °C 72 Growth inhibition NOEC 3200 10 1 320 [45] 

Water 
Algae 

Pseudokirchneriel-
la subcapitata 

14 CeO2 NP standard OECD algal medium, pH 7.4, 25 °C 48 Growth inhibition EC20 3500 10 2 175 [46] 

Water 

Algae 
Pseudokirchneriel-

la subcapitata 
14 CeO2 NP 

standard OECD algal medium with 3.6 mM  3-
(N-Morpholino)propanesulfonic acid (MOPS) 
buffer and 0 mg C/L Bihain NOM, pH 7.47, , 

25 °C 

48 Growth inhibition EC20 4700 10 2 235 [46] 

Water 

Algae 
Pseudokirchneriel-

la subcapitata 
14 CeO2 NP 

standard OECD algal medium with 3.6 mM 2-
(Cyclohexylamino)ethanesulfonic acid (CHES) 

buffer and 5.43 mg C/L Bihain NOM, pH 
6,25 °C 

48 Growth inhibition EC20 395800 10 2 19790 [46] 

Water 

Algae 
Pseudokirchneriel-

la subcapitata 
14 CeO2 NP 

standard OECD algal medium with 3.6 mM 2-
(Cyclohexylamino)ethanesulfonic acid (CHES) 

buffer and 5.43 mg C/L Bihain NOM, pH 
7.47,25 °C 

48 Growth inhibition EC20 395800 10 2 19790 [46] 

Water 
Algae 

Pseudokirchneriel-
la subcapitata 

50-150 CeO2 suspension 20 °C 4.5 
Efficiency of pho-

tosynthesis 
NOEC 100000 10 1 10000 [32] 
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Water 
Algae 

Pseudokirchneriel-
la subcapitat 

33~49 NP CeO2 21-24°C,OECD algae growth medium 72 Growht inhibition EC50 1240 10 10 12.4 [47] 

Water 
Algae 

Pseudokirchneriel-
la subcapitat 

33~49 NP CeO2 
21-24°C,OECD algae growth medium + 8 mg/L 

SR-NOM 
72 Growht inhibition EC10 16200 10 2 810 [47] 

Water 
Algae 

Pseudokirchneriel-
la subcapitat 

33~49 NP CeO2 
21-24°C,OECD algae growth medium + 20 

mg/L SR-NOM 
72 Growht inhibition EC10 38000 10 2 1900 [47] 

Water 
Algae 

Raphidocelis sub-
capitata 

38 CeO2 NP 24 ± 1 °C 72 growth inhibition EC50 8200 10 10 82 [48] 

Water Inver-
tebrate 

Daphnia pulex 3±1 CeO2 NP suspension 20 ± 2 °C,pH=8.5 96 Immobility EC50 780 10 10 7.8 [49] 

Water Inver-
tebrate 

Daphnia similis 3±1 CeO2 NP suspension 20 ± 2 °C,pH=8.5 48 Immobility EC50 260 10 10 2.6 [49] 

Water 
Algae Nitzschia palea 2.0-5.0 

suspension of CeO2 NPs 
coated with a tri-ammonium 

citrate layer. 
20 ± 1 °C, pH 6.4-6.6 48 Growth NOEC 100000 10 1 10000 [50] 

Water 
Algae Nitzschia palea 

20.0-
60.0 

CeO2 NP 20 ± 1 °C, , pH 6.4-6.6 48 Growth NOEC 100000 10 1 10000 [50] 

Water 
Ver-

tebrate 
Xenopus laevis 

larvae 
2.0-5.0 

suspension of CeO2 NPs 
coated with a tri-ammonium 

citrate layer. 
22 ± 2 °C 288 Mortality NOEC 10000 10 1 1000 [50] 

Water Ver-
tebrate 

Xenopus laevis 
larvae 

20.0-
60.0 

CeO2 NP 22 ± 2 °C 288 Mortality LC35 10000 10 10 100 [50] 

Water 
Ver-

tebrate 
Pleurodeles waltl 2.0-5.0 

suspension of CeO2 NPs 
coated with a tri-ammonium 

citrate layer. 
22 ± 2 °C 288 Mortality NOEC 10000 10 1 1000 [50] 

Water Ver-
tebrate 

Pleurodeles waltl 
20.0-
60.0 

CeO2 NP 22 ± 2 °C 288 Mortality NOEC 10000 10 1 1000 [50] 

Water Inver-
tebrate 

Chironomus ripa-
rius 

20.0-
60.0 

CeO2 NP 21 ± 1 °C 168 Growth inhibition NOEC 100000 10 1 10000 [50] 

Water Inver-
tebrate 

Chironomus ripa-
rius 

2.0-5.0 suspension of CeO2 NPs 
coated with a tri-ammonium 

21 ± 1 °C 168 Growth inhibition NOEC 100000 10 1 10000 [50] 
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citrate layer. 

Water Inver-
tebrate 

Chironomus ripa-
rius 

15 Nano-CeO2 20 ± 1 °C 24 Mortality EC15 1000 10 2 50 [51] 

Water Inver-
tebrate 

Chironomus ripa-
rius 

30 Nano-CeO2 20 ± 1 °C 24 Mortality EC10 1000 10 2 50 [51] 

Water Inver-
tebrate 

Ceriodaphnia du-
bia 

10.0-
30.0 

CeO2 NP 25 °C, pH 6.8 24 Mortality NOEC 250000 10 1 25000 [52] 

Water Inver-
tebrate 

Ceriodaphnia du-
bia 

10.0-
30.0 

CeO2 NP 25 °C, pH 7.8 24 Mortality NOEC 1000000 10 1 100000 [52] 

Water 
Algae 

Desmodesmus 
subspicatus 

58 CeO2 NP 23 ± 2 °C 72 Growht inhibition EC50 490000 10 10 4900 [53] 

Water 
Algae Anabaena sp. 12 

Nano-CeO2 powder, un-
coated 

Pure water medium, pH 6, 28 °C 24 
Luminescence in-

hibition 
EC50 6300 10 10 63 [43] 

Water 
Algae Anabaena sp. 13 

Nano-CeO2 powder, un-
coated 

Pure water medium, pH 6, 28 °C 24 
Luminescence in-

hibition 
EC50 560 10 10 5.6 [43] 

Water 
Algae Anabaena sp. 22 

Nano-CeO2 powder, un-
coated 

Pure water medium, pH 6, 28 °C 24 
Luminescence in-

hibition 
EC50 270 10 10 2.7 [43] 

Water 
Algae Anabaena sp. 28 

Nano-CeO2 powder, un-
coated 

Pure water medium, pH 6, 28 °C 24 
Luminescence in-

hibition 
EC50 7500 10 10 75 [43] 

Water 
Algae Anabaena sp. 12 

Nano-CeO2 powder, un-
coated 

cyanobacterial culture medium AA/8+ 
N 1/10 buffered with 2mM HEPES, pH=6, 28°C 

24 
Luminescence in-

hibition 
EC10 62 10 2 3.1 [43] 

Water 
Algae Anabaena sp. 13 

Nano-CeO2 powder, un-
coated 

cyanobacterial culture medium AA/8+ 
N 1/10 buffered with 2mM HEPES, pH 6, 28C 

24 
Luminescence in-

hibition 
EC10 8 10 2 0.4 [43] 

Water 
Algae Anabaena sp. 22 

Nano-CeO2 powder, un-
coated 

cyanobacterial culture medium AA/8+ 
N 1/10 buffered with 2mM HEPES, pH 6, 28°C 

24 
Luminescence in-

hibition 
EC10 57 10 2 2.85 [43] 

Water 
Algae Anabaena sp. 28 

Nano-CeO2 powder, un-
coated 

cyanobacterial culture medium AA/8+ 
N 1/10 buffered with 2mM HEPES, pH 6, 28°C 

24 
Luminescence in-

hibition 
EC10 89 10 2 4.45 [43] 



158	

Water Inver-
tebrate 

Caenorhabditis 
elegans 

15 nano-CeO2 suspension 20 °C 24 Mortality LC20 1000 10 2 50 [54] 

Water Inver-
tebrate 

Caenorhabditis 
elegans 

45 nano-CeO2 suspension 20 °C 24 Mortality NOEC 1000 10 1 100  [54] 

Water 
Inver-
tebrate 

Caenorhabditis 
elegans 

hydro-
dynamic 
53.34 ± 

3.12 

CeO2 NP 20  °C,pH=7.17-7.19 72 Growth inhibition LOEC 2500 10 2 125 [55] 

Water Inver-
tebrate 

Ceriodaphnia affi-
nis 

10-100 Nano-CeO2 21 ± 3 °C, pH 7.5–8.0 168 Mortality LC50 97100 10 10 971 [56] 

Water 
unicel-

luar 

nanoflagellates 
Bodo saltans Eh-

renberg 
10-100 Nano-CeO2 21 ± 3 °C, pH 7.5–8.0 96 population LOEC 20000 1 1 20000 [56] 

Water Inver-
tebrate 

Thamnocephalus 
platyurus 

14 CeO2 NP 25 °C 24 Mortality NOEC 5000000 10 1 500000 [45] 

Water Inver-
tebrate 

Thamnocephalus 
platyurus 

20 CeO2 NP 25 °C 24 Mortality NOEC 5000000 10 1 500000 [45] 

Water Inver-
tebrate 

Thamnocephalus 
platyurus 

29 CeO2 NP 25 °C 24 Mortality NOEC 5000000 10 1 500000 [45] 

Water Inver-
tebrate 

Daphnia magna 14 CeO2 NP 20±1°C 24 Survival NOEC 32000 10 1 3200 [45] 

Water Inver-
tebrate 

Daphnia magna 20 CeO2 NP 20±1°C 24 Survival NOEC 32000 10 1 3200 [45] 

Water Inver-
tebrate 

Daphnia magna 29 CeO2 NP 20±1°C 24 Survival NOEC 56000 10 1 5600 [45] 

Water Inver-
tebrate 

Daphnia magna <25 nano-CeO2 suspension NA 504 Mortality NOEC 3000 10 1 300  [57] 

Water Inver-
tebrate 

Daphnia magna 6.5 CeO2 NP pH 7 48 Immobility LC50 12000 10 10 120 [57] 

Water Inver-
tebrate 

Daphnia magna 15 Nano-CeO2 18-22 °C 96 Mortality EC10 1000 10 2 50 [51] 
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Water Inver-
tebrate 

Daphnia magna 30 Nano-CeO2 18-22 °C 96 Mortality NOEC 1000 10 1 100 [51] 

Water Ver-
tebrate 

Danio rerio <10 
poly(acrylic acid) (PAA)-

coated CeO2 
28 ± 1 °C, pH=7.5-7.6 72 Mortality NOEC 2000000 10 1 200000 [58] 

Water Ver-
tebrate 

Danio rerio 14 CeO2 NP 28 °C 24 Mortality NOEC 200000 10 1 20000 [45] 

Water Ver-
tebrate 

Danio rerio 20 CeO2 NP 28 °C 24 Mortality NOEC 200000 10 1 20000 [45] 

Water Ver-
tebrate 

Danio rerio 29 CeO2 NP 28 °C 24 Mortality NOEC 200000 10 1 20000 [45] 

Water Inver-
tebrate 

Chydorus sphaeri-
cus 

50-150 CeO2 suspension 20 °C 48 Mortality NOEC 100000 10 1 10000 [32] 

Water 
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Water Invertebrate 
Ceriodaphnia du-

bia 
10.0-25.0 Carboxyl Quantum Dots 25±1℃ 48 Mortality 

NOE
C 

110 110 10 1 11 [59] 

Water Algae 
Pseudokirchneriel-

la subcapitata 
10.0-25.0 Carboxyl Quantum Dots 25±1℃ 96 Mortality LC50 37.1 37.1 1 10 3.71 [59] 

Water Invertebrate 
Caenorhabditis 

elegans(L4) 
3.4±0.72 CdSe core QD 20℃ 72 

Brood si-
ze 

EC26 20000 Cd 
34048.57

219 
10 10 340.4857219 [60] 

Water Invertebrate 
Elliptio complana-

ta 
5.0-10.0 CdTe QDs 15℃ 24 Mortality 

NOE
C 

8000 8000 10 1 800 [61] 
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Water Invertebrate Daphnia magna 
hydrodynamic size 

65.9 
GA-QD 20±1℃ 48 Mortality EC50 95.9 95.9 10 10 0.959 [62] 

Water Invertebrate Daphnia magna 
hydrodynamic size 

65.9 
GA-QD 

20±1℃, 
UVB 

48 Mortality EC50 58.5 58.5 10 10 0.585 [62] 

Water Invertebrate Daphnia magna NA MPA-QD 20±1℃ 48 Mortality 
NOE

C 
94.9 94.9 10 1 9.49 [62] 

Water Invertebrate Daphnia magna NA MPA-QD 
20±1℃, 

UVB 
48 Mortality 

NOE
C 

94.9 94.9 10 1 9.49 [62] 

Water Invertebrate Daphnia magna 5 
Red polyethylene oxide 
(PEO)-coated CdSe/ZnS 

QDs 

21±2℃, 
pH=7.9±0.

8 
48 Mortality EC50 3840 3840 10 10 38.4 [63] 

Water Invertebrate Daphnia magna 2 
Green polyethylene oxide 

coated CdSe/ZnS QDs 

21±2℃, 
pH=7.9±0.

8 
48 Mortality EC50 770 770 10 10 7.7 [63] 

Water Invertebrate Daphnia magna 2 
Green mercaptoundecano-

ic acid (MUA)-coated 
CdSe/ZnS QDs 

21±2℃, 
pH=7.9±0.

8 
48 Mortality EC50 350 350 10 10 3.5 [63] 

Water Invertebrate Daphnia magna 5 

Red 11-
mercaptoundecanoic acid 
(MUA)-coated CdSe/ZnS 

QDs 

21±2℃, 
pH=7.9±0.

8 
48 Mortality EC50 110 110 10 10 1.1 [63] 

Water Algae C. reinhardtii 3.5~4.5 CdTe quantum dots 25 ± 0.5℃ 72 growth EC50 5000 5000 10 10 50 [64] 

Water Vertebrate Danio rerio 2~5 graphene quantum dots 28±1℃ 116 Mortality LOEC 50 50 10 2 2.5 [64] 

Water Vertebrate Danio rerio 3.5 TGA-CdTe QDs 28±0.5℃ 120 mortality EC8 6000 6000 10 2 300 [65] 

Water Vertebrate Danio rerio 4 CdTe QDs 28℃ 96 Mortality 
NOE

C 
2.5 nM 1.502 10 1 0.1502 [18] 
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