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Abstract 

The European chemical legislation requires manufacturers and importers of chemicals to do consumer 

exposure assessment when the chemical has certain hazards associated to it (e.g. explosive, 

carcinogenicity, hazardous to the aquatic environment), but the question is how this obligation can be met 

in light of the scientific uncertainty and technical challenges related to exposure assessment of 

nanomaterials. In this paper, we investigate to what extent the information and data in the literature can 

be used to perform consumer exposure assessment according to the REACH requirements and we identify 

and discuss the key data needs and provide recommendations for consumer exposure assessment of 

nanomaterials. In total, we identified 76 studies of relevance. Most studies have analyzed the release of Ag 

and TiO2 from textiles and paints, and CNT and SiO2 from nanocomposites. Less than half of the studies 

report their findings in a format that can be used for exposure assessment under REACH, and most do not 

include characterization of the released particles. Although inhalation, dermal and oral exposures can be 

derived using the guidelines on how to complete consumer exposure assessments under REACH, it is clear 

that the equations are not developed to take the unique properties of nanomaterials into consideration. 

Future research is therefore needed on developing more generalized methods for representing 

nanomaterial release from different product groups at relevant environmental conditions. This includes 

improving the analytical methods for determining nanomaterial alteration and transformation, as well as 
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quantification, which could subsequently lead to more nano-specific consumer exposure assessment 

models.  
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Introduction 

Engineered nanomaterials (ENMs) are used in a wide range of applications and consumer products, such as 

medical products, cosmetics, textiles, paints, food packaging and personal care products (The 

Nanodatabase, 2015). In the last decade the production and use of ENM-containing products has increased 

dramatically, and that has raised concern about potential impacts of ENMs on human health and 

environment (Som et al., 2010; Nowack, 2009; Klaine et al., 2008; WHO, 2013). Whether the substance is 

dangerous involves determining both its potential toxicity and also the possibility and degree of exposure 

(Wiesner et al., 2006; Som et al., 2010). Both toxicity and exposure are relevant parameters for risk 

assessment of any chemical substance, including ENMs. Currently, there are a number of major knowledge 

gaps regarding the health and environmental risks posed by ENMs (Handy et al., 2008; Klaine et al., 2008; 

Nowack and Bucheli, 2007; Wiesner et al., 2009; WHO, 2013; Hansen et al., 2013; Lynch, 2014). A 

substantial amount of research has been done investigating the potential toxicological impacts of ENMs on 

humans and the environment (Nowack, 2009; Hansen et al., 2013; WHO, 2013), but only recently the 

necessity for obtaining data on ENM release during use been recognized, which would help characterize, 

for instance, consumer exposure (Ostertag and Hasing, 2008; Lynch, 2014; Ganzleben and Hansen, 2012).  

The European Union (EU) chemical legislation known as REACH (Regulation on Registration, Evaluation, 

Authorisation and Restriction of Chemicals) requires manufacturers and importers of chemicals to do a 

consumer exposure assessment if the chemical is classified as either having a number physical hazards 

associated to it (e.g. explosive, flammable); human hazards (e.g. carcinogenicity, reproductive toxicity) 

and/or is classified as hazardous to the aquatic environment or the ozone layer (European Parliament and 

the Council of the European Union, 2006; European Parliament and the Council of the European Union, 

2008). Under REACH, exposure assessment consists of two elements: 1) The generation of exposure 

scenario(s), which includes identification of relevant uses and exposure categories and 2) Exposure 

estimation (European Parliament and the Council of the European Union, 2006). 
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While worker exposure and estimation of environmental exposure to ENMs has received quite some 

attention (Lynch, 2014), estimation of consumer exposure to ENMs is still limited. The question remains 

open how this obligation can be met in light of the scientific uncertainty and technical challenges related to 

exposure assessment of ENMs.  

It has been recognized that the wide variety of available consumer products, the diverse group of 

consumers, which use products in different ways and the lack of measured exposure data for all 

compounds in the product for all conceivable exposure scenarios and all consumer groups, makes 

consumer exposure assessment especially challenging. In order to assess consumer exposure, it is 

important to start with a clearly defined exposure scenario and investigate who is exposed, how often and 

via which routes the exposure could take place, etc. However, such information is very seldom available 

(Delmaar et al., 2005) and it is unclear whether such information is available at all when it comes to ENMs. 

In this paper, we first present a review of experimental studies published regarding the release from nano-

enabled solid consumer products and nanocomposites. Thereafter, we will introduce the requirements that 

the EU chemical legislation puts on manufacturers and importers of chemicals when it comes to consumer 

exposure assessment. The objective of the review is threefold: 1) to provide an up-to-date literature 

overview of the available literature on release from ENM-containing solid consumer products; 2) identifying 

the advantages and shortcomings for existing experimental setups when it comes to using the data for 

consumer exposure assessment; and 3) apply REACH algorithms for consumer exposure assessment and 

provide recommendations for future work regarding ENM-specific consumer exposure assessment.  

Following the two-step exposure assessment approach outline by REACH, this review first organizes the 

identified studies on the ENM release according to the product group they are addressing. Then, we 

highlight the release scenarios and methods that have been applied, noting the analytical methods that 

have been used for characterization of the pristine ENMs, the ENMs in the product matrix and/or the 

released forms, as well as the most relevant findings of the studies. One of the main concerns is the release 
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of ENMs during use of ENM containing products (Gottschalk and Nowack, 2011; Nowack and Bucheli, 2007) 

and hence focus will be on studies that have investigated the emissions of ENMs from consumer products 

noting various consumer-relevant use scenarios that could lead to exposure.  

In order to complete the second exposure assessment step of REACH we used the information gathered in 

the first step to test the applicability of a range of Tier 1 and Higher Tier exposure assessment tools and we 

investigate to what extent information and data in the open literature can be used to fulfill the REACH 

requirements. Finally, we identify and discuss key knowledge and data gaps and provide recommendations.  

ENM release from consumer products 

Even though the release of ENMs from consumer products is a relevant factor for risk assessment, there is a 

distinct lack of analytical information available regarding the potential release (Gottschalk and Nowack, 

2011). To identify the studies describing the release of ENMs from consumer products, we performed a 

literature search using ISI Web of Knowledge and cross-referencing with such keywords as: nanomaterials, 

nanoparticles in combination with consumer products and release. After identifying the studies 

investigating release from consumer products containing ENMs embedded in solid matrix, these studies 

were grouped according to the nanomaterial composition noting the techniques used for characterization 

of ENMs both in product matrix and in the released form (Table S1 in Supporting Information). 

Quite recently Froggett et al. (2014) published a review on release of nanomaterials from solid 

nanocomposites using PubMed and Chemical Abstract databases using search terms: nanoparticle, 

nanomaterial and release. Until 2013, they identified 54 articles that describe nanomaterial release 

(Froggett et al., 2014). In this review, apart from identifying studies on release from nano-enabled 

products, we have attempted to present their findings in a quantitative manner, noting the content and 

size of nanomaterial in the product, as well as the amount and size of released nanomaterials, if reported 

(Table S1 in Supporting Information). These data are intended to be used further on for the exposure 
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assessment according to REACH. To the best of our knowledge, this is the first review which is not only 

addressing the nanomaterial release from solid nanocomposites, but also compiling the published studies 

by noting their findings and using them further to perform consumer exposure assessment. 

In total, we identified 76 publications of relevance when it comes to estimating consumer exposure, 16 of 

which have been published in 2014. The general trend is that the number of publications regarding ENM 

release has increased during the last 5 years (Figure 1). The most studied ENMs include Ag and TiO2 NPs, 

CNTs and SiO2 (Figure 2). 

Most publications regarding ENM release are focusing on most widely used ENMs, such as Ag, TiO2, CNTs, 

and SiO2, and only a few product groups, namely: fabrics, paints or coatings, and polymers (Figure 3). 

REACH guidance on information requirements and chemical safety assessment Chapter R.12 provides a 

pick-list of Product Categories and Article Categories which describes uses regulated by REACH and which 

are generally considered to potentially result in significant consumer exposure. Examples of Product 

Categories (PC) include PC1: Adhesives, sealants and PC35: Washing and cleaning products whereas Article 

Categories (AC) include AC5: Fabrics, textiles and apparel and AC 13: Plastic articles. This review is 

organized grouping the release studies based on the ENM release according to the REACH Product and 

Article Categories and for each study we highlight the experimental setup and methods that have been 

applied, noting the analytical methods that have been used for characterization of pristine ENMs, ENMs in 

the product matrix or the released forms, noting the most relevant findings of the studies (Table S1 in the 

Supporting Information). 

PC9a: Coatings and paints 

ENMs such as e.g. Ag, TiO2 or SiO2 are added to paints and coatings for various reasons. Ag nanoparticles 

(NPs) are used as additives due to their anti-microbial properties, and AgNP-containing paints are therefore 

regarded as an important source of AgNPs released into the aquatic environment (Kaegi et al., 2010). TiO2 

NPs are widely being used as photocatalysts in surface coatings and paints, and as a pigment to increase 
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whiteness (Varner et al., 2010), whereas SiO2 NPs gives surface coatings hydrophobic properties and 

improves hardness and scratch resistance (Zhou et al., 2004). Studies addressing ENM release from paints 

have chosen various experimental setups to assess the release. One of the common approaches is 

weathering using light and/or water, to simulate outdoor conditions (Al-Kattan et al., 2014; Kaegi et al., 

2010; Olabarrieta et al., 2012; Al-Kattan et al., 2013; Kaegi et al., 2008; Zuin et al., 2014). Kaegi et al. (2010) 

conducted an experiment to quantify the release of AgNPs from outdoor facades, using a facade panel 

painted with AgNP containing paint. Another study by Kaegi et al. (2008) investigated the release of TiO2 

from paints applied to exterior facades, during two years of exposure to ambient weather conditions. In 

both cases there was some TiO2 release observed.   

Weathering experiments can provide a good indication for what is happening when ENM-containing paints 

are applied to outdoor facades, however, it is difficult to quantify releases on a bigger scale. There are 

numerous things that have to be considered, such as the release of ENMs when the paintbrushes are being 

washed and the amount of paint applied per unit area, as well as environmental factors such as 

temperature, humidity, sunlight, wind and rain, which will highly influence ENM release kinetics (Kaegi et 

al., 2008). 

Another release scenario addressing ENM release from paints and coatings is sanding and abrasion 

processes, which are more relevant for inhalation exposure assessment Hsu and Chein (2007) conducted a 

study to investigate release of TiO2 NPs from surface coatings on polymer, wood and tile. The experiment 

took place in a simulation box, where materials were exposed to UV lamps, a fan and rubber knife to 

simulate sunlight, wind and human contact, respectively. The treatment with UV light increased the release 

of particles in sizes of <200 nm from the coated materials. For polymer and wood samples the emissions 

decreased significantly after 60 and 90 min, respectively. For the tile sample the release rate continued to 

increase after 2 h of testing, and tile was shown to have the highest emissions in comparison to coated 
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polymer and wood (Hsu and Chein, 2007). However, this study did not address the presence of ENM and 

composition of the released particles.  

The release due to sanding has been investigated for paints containing different ENMs, such as TiO2, carbon 

black or SiO2 (Koponen et al., 2009; Koponen et al., 2011; Saber et al., 2012), ZnO and Fe2O3 (Gohler et al., 

2010), TiO2, carbon black, Fe2O3 and Al2O3 (Göhler et al., 2013), where released particles have been 

analyzed by airborne particle counters (Condensation Particle Counter (CPC), Aerosol Particle Sizer (APS) or 

Scanning Mobility Particle Sizer (SMPS)) and chemical composition has either not been addressed or ENM 

presence has been investigated by Transmission Electron Microscopy (TEM) or Scanning Electron 

Microscopy (SEM) analysis. Most of these studies have concluded that there is no systematic difference in 

released particle number and size depending on the presence of ENMs in paint (Koponen et al., 2009; 

Koponen et al., 2011; Gohler et al., 2010; Saber et al., 2012). Some studies found ENMs embedded in paint 

matrix of released particles, such as Gohler et al. (2010) with ZnO and Fe2O3 NPs and Saber et al. (2012) 

with TiO2, carbon black and SiO2 NPs.  

AC5: Fabrics, textiles and apparel 

The most commonly addressed ENM as an additive in fabrics is Ag, as it has become very popular due to 

the functionality of destroying odors and fighting bacterial infections, which is why Ag NPs are used in 

socks, t-shirts, medical masks, underwear, slippers, among others (Luoma and Rainbow, 2008). Recent 

studies have shown that Ag NP-containing textiles can release significant quantities of Ag in water (Benn 

and Westerhoff, 2008; Benn et al., 2010; Pasricha et al., 2012), washing liquid (Geranio et al., 2009; Lorenz 

et al., 2012; Impellitteri et al., 2009), and artificial sweat (Kulthong et al., 2010; Geranio et al., 2009; von 

Goetz et al., 2013a). 

Several studies have been conducted to investigate ENM release from Ag NP-containing commercial textiles 

in water (Pasricha et al., 2012; Benn et al., 2010; Benn and Westerhoff, 2008). These studies are useful for 

confirming (for instance, by TEM imaging) that Ag is actually released and that Ag is present both as 
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particles and ions in the solution. However, for quantitative and more illustrative results of release from 

consumer products, it is more useful to consider experiments with textiles in detergent solution, as this 

represents the process of washing the textiles. Some reports have used experimental setup relevant for 

fabric washing conditions (Geranio et al., 2009; Impellitteri et al., 2009; Lorenz et al., 2012; Mitrano et al., 

2014). One of these studies applied detergent solution and stirring to imitate washing conditions, and the 

aim of the analysis was to characterize the released Ag speciation. After treatment with detergent a 

significant amount of AgNPs (more than 50%) were converted to AgCl, but unfortunately the total loss of Ag 

was not quantified by this study (Impellitteri et al., 2009). The other three studies used washing machines 

for the release experiments. One of them (Geranio et al., 2009) showed that there was little dissolution of 

Ag at pH 10 and under normal washing conditions, whereas the dissolution was 10 times higher at pH 7. It 

was also stated that bleaching agents greatly increase the dissolution rates. However, the amount leached 

from the textiles was shown to be dependent on the manufacturing process, i.e. how the Ag was 

embedded in the fabric, leading to varying amounts of Ag released during first washing (from <1% to 45% 

of the initial amount) (Geranio et al., 2009). Another study also detected leaching silver from various 

commercial textiles in the first washing/rinsing cycle (14.8-23.5% of the initial amount), but mostly in 

agglomerated AgNP form (> 450 nm) (Lorenz et al., 2012). Mitrano et al. (2014) findings showed that some 

dissolved silver was released from textiles during washing and in many cases ionic Ag had undergone 

transformation to form Ag0, AgCl or AgS particles (Mitrano et al., 2014). Studies like these are able to 

provide evidence of AgNP release in the wastewater from different AgNP-containing textiles, but the data is 

not representative for the emissions of Ag after repeated washing cycles (Geranio et al., 2009).  

A number of studies have attempted to mimic one of the possible real-life scenarios of nano-Ag textile use 

by immersing the fabrics into artificial sweat at body temperature (Kulthong et al., 2010; von Goetz et al., 

2013a; Yan et al., 2012; Stefaniak et al., 2014). The quantities of Ag released varied substantially for 

different fabrics and pH values, and was most likely dependent on the amounts of silver in fabrics, the 

fabric quality and the composition and pH of artificial sweat applied. In the study by Kulthong et al. (2010) 
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the pH of sweat solutions was ranging from 4.3 to 8, and lowest release was observed at pH 5.5, which is 

close to pH of normal skin, whereas highest Ag release occurred at pH of 6.5. This study tested 4 fabrics 

that were AgNP-treated in the lab, which all released considerable amounts of Ag in artificial sweat, and 6 

commercial fabrics, out of which only 3 contained detectable amounts of silver and only two of them 

released detectable amounts of Ag. Also, initial silver content and the relative amount released for the lab-

made fabrics was considerably higher than detected in commercial fabrics (Kulthong et al., 2010). 

Hedberg et al. (2014) used a different approach to address the Ag release from textiles in real life scenarios, 

exposing AgNP impregnated textiles to artificial sweat, laundry detergent and water solution in sequential 

and separate exposures. Their findings showed that Ag release from sequential exposures was by 

approximately a factor of 2 lower than the sum of release from separate exposures, which illustrates the 

importance of choosing an experimental setup to mimic the real world scenarios of textile use (Hedberg et 

al., 2014). 

Only one study has addressed the release of TiO2 from textiles. Windler et al. (2012) analyzed emissions of 

TiO2 from six different textiles during washing and rinsing. The textiles contained significant amounts of Ti 

(from 0.2 to 0.9 %), but the presence of Ti could not be directly correlated to the content of TiO2 ENM 

because of the lack of data from the manufacturers. However, regardless of whether the TiO2 NPs have 

been added to textiles, the emissions showed that TiO2 was released in nanoparticulate range, mostly in 

form of agglomerates (confirmed by electron microscopy). The total Ti released varied between 0.01 to 

0.06% of the total content in the fabric in one wash cycle, showing that TiO2 was strongly bound to the 

textile fiber matrix (Windler et al., 2012). 

In general, all the experiments conducted with textiles provide information relevant for investigating 

whether or not the ENMs incorporated into textile can be released, but each one of them seems to cover 

only a very small part of the life-cycle of the corresponding product. This makes it difficult to extrapolate 

the release over the whole use phase. For example, washing the textile for the first time (Lorenz et al., 
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2012; Geranio et al., 2009; Impellitteri et al., 2009) is not a representative event for the whole period of use 

of the product, and such is the case also for immersing never washed textiles into artificial sweat (Kulthong 

et al., 2010; von Goetz et al., 2013a; Yan et al., 2012).  

AC13: Plastic Articles  

Investigations of the release from nanomaterial containing polymer composites have mostly focused on 

CNT, SiO2 and Ag release. Because of the antimicrobial properties of AgNPs, they are applied as inner 

coatings for various food storage containers, such as plastic bags or boxes to keep the food fresh longer 

(The Project on Emerging Nanotechnologies (PEN), 2013). Several studies have attempted to characterize 

and quantify the silver content in such products (von Goetz et al., 2013b; Huang et al., 2011), as well as 

determine the release of Ag in various food simulants (Huang et al., 2011; von Goetz et al., 2013b; Hauri 

and Niece, 2011).  

A brief report by Huang et al. (2011) was one of the first publications addressing silver release from food 

storage containers. They used commercially available polyethylene bags and exposed them to different 

food simulants – deionized water, 4% acetic acid, 95% ethanol and hexane for 15 days at 25 to 50°C. 

Analysis by Atomic Absorption Spectroscopy (AAS) proved presence of Ag in plastics and SEM coupled with 

Energy-Dispersive X-Ray Spectroscopy (EDS) showed that AgNPs could be found in the plastics. Also SEM-

EDS analysis after the test indicated that AgNPs have migrated into food simulants with particle sizes below 

300 nm. General trend was that release rates were increasing with higher temperatures and longer storage 

time (Huang et al., 2011). Another study (a student experiment) used commercially available plastic food 

containers that contained Ag and also found that acetic acid results in higher release rates in comparison to 

ethanol or distilled water, however, they did not quantify the initial Ag content of the containers or use any 

control as reference (Hauri and Niece, 2011). Von Goetz et al. (2013b) and Artiaga et al. (2014) had also 

chosen commercially available food storage materials for their migration experiments sharing a similar test 

setup, choosing instead of using food containers intact, having them cut in pieces and exposed to food 
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simulants. Von Goetz et al. (2013b) showed that migration rates were considerably higher if the food 

containers were kept intact, raising doubts about the validity of the data from the shredded samples. 

However, all four aforementioned studies have something in common – the highest migration rates are 

observed when using acetic acid as a food simulant, which is probably because from all the applied 

migration solutions, acetic acid has the lowest pH which facilitates Ag nanoparticle dissolution (Liu and 

Hurt, 2010). Unlike the other studies, von Goetz et al (2013b) considered the multiple use scenario, 

measuring Ag release also for second and third use cycle, which showed that the Ag migration dropped by a 

factor up to 10. The overall conclusion from all the experiments was that consumer exposure is negligible, 

as the amounts leached from the food containers are very low (in magnitudes of ng/cm2). However, around 

12% of the total Ag released was in NP form, which could have different effects compared to ionic silver, 

therefore the question remains open whether or not the Ag release rates correspond to a safe background 

level (von Goetz et al., 2013b). Echegoyen and Nerin (2013) also tested commercially available food 

containers for release in multiple use cycles. Their findings showed that total Ag migration was decreasing 

with each cycle.  

In two separate studies, Cushen et al. conducted migration studies from lab-made polymer films containing 

Ag (Cushen et al., 2013), and Ag and CuO (Cushen et al., 2014b) NPs into boneless chicken breasts. Their 

findings showed that some fraction of Ag had migrated into the chicken meat, and higher migration rates 

were observed for Cu. However, in both experiments the migrated levels did not exceed the human toxicity 

threshold values.  

Besides Ag and Cu, a number of studies have focused on carbon nanotubes embedded in composite 

materials as they are used in a variety of consumer products, such as tennis rackets, bicycle frames, and 

automobile bumpers (Klaine et al., 2008; Koehler et al., 2008). Nanocomposites consist of nanofillers 

embedded in a matrix of varying chemical composition, as for example cements, plastic polymers or 

polymer coatings (Hirth et al., 2013). The use of CNT in composite materials creates a more durable product 
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that can withstand physical and chemical stress, which is why the release of CNT may occur over a much 

longer period of time in comparison to other ENM containing products (Farre et al., 2009). 

Experimental studies have been performed to investigate the possible CNT release from cement, epoxy 

(Hirth et al., 2013) and thermoplastic polyurethane (TPU) (Wohlleben et al., 2013), simulating weathering 

and influence of mechanical stress on the CNT nanocomposites. The degradation scenarios for cement and 

epoxy did not result in significant release of free CNT from the products. However, weathering and abrasion 

had an effect on degrading the polymer matrices embedding the CNT, thus exposing a network of CNT 

(Hirth et al., 2013). The authors concluded that the materials can be considered safe for professional and 

consumer use. Similar conclusion was reached also by the study with TPU weathering and abrasion, where 

even the combinations of worst case scenarios for weathering and high-shear wear could result in free CNT 

release in amounts as little as mg/m2/year (Wohlleben et al., 2013). 

AC 4: Stone, plaster, cement, glass and ceramic articles 

TiO2 is also used in cement and pavement because of the self-cleaning effect that TiO2 provides. The 

photocatalytic activity of TiO2 helps degrading and trapping organic and inorganic particles in the air, thus 

removing harmful air pollutants as nitrogen oxides and volatile organic compounds (Zorita et al., 2013). 

Two studies (only abstracts available) have investigated the release of TiO2 from pavements (Zorita et al., 

2013) and cements (Bossa et al., 2013). The simulation of weathering and abrasion of pavements for 12 

weeks showed that TiO2 can be released from such materials (Zorita et al., 2013), but the information was 

not provided regarding the amount and characteristics of particles released. Another study investigated the 

release of Ti from cement samples with three different porosities, having the experimental setup of 

immersing the samples in ultrapure water for 7 days and then analyzing the particles released. The results 

indicated that release increased over time and TiO2 was emitted in particulate fractions. From the results 

obtained, authors hypothesized that the release of TiO2 is controlled by porosity and pore size (Bossa et al., 

2013). 
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Consumer exposure assessment according to REACH 

Our review showed that a fair amount of studies have been performed investigating the release of 

nanomaterials from various consumer products. However, the question remains open whether the studies 

and the information provided therein can be used to complete consumer exposure assessment under the 

current European chemicals legislation, REACH. Under REACH, consumer products and articles are defined 

as substances on their own or in mixtures used by consumers and that can be purchased from retail outlets 

by members of the general public (ECHA, 2012). 

A number of guidance documents have been developed by the European Chemical Agency (ECHA) in order 

to support the implementation of REACH. More specifically, consumer exposure estimation (Chapter R.15) 

provides a step-wise and iterative procedure for the estimation of consumer exposure to substances on 

their own, in mixtures or in articles. It includes guidance on:  

1. Workflow for consumer exposure assessment; 

2. General considerations related to assessment of consumer exposure; 

3. Calculation of consumer exposure at Tier 1 level; 

4. Tools for supporting exposure scenario building at Tier 1 level; 

5. Higher tier models and measured data (ECHA, 2012). 

Consumer exposure estimation is often difficult as it requires knowledge of the nature of the products used 

and of the circumstances of their intended and reasonably foreseeable use, as well as the amount of 

substances in consumer products or articles used per event and the frequency and duration of the event. 

Furthermore, release and subsequent exposure also takes place from articles or reacted/dried mixtures, 

which again can and is influenced by water or saliva contact, skin contact, elevated temperature, 

mechanical abrasion or by slow emission from the article matrix over service life. Very often assumptions 

have to be made and estimation has to be based on default values (ECHA, 2012). When it comes to 

consumers, means of controlling exposure are very limited and cannot normally be monitored, or enforced 
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beyond the point of sale of the products as noted by ECHA (2012). This means that although consumer 

exposure estimation should normally address the intended uses of the products that contain the 

substances under investigation, an estimation of other reasonably foreseeable uses should be made as well 

since consumers may not accurately follow instructions for use of products. It can furthermore not be 

assumed that consumers will use Personal Protective Equipment (PPE) even if the use of PPE is 

recommended by the manufacturer and provided with the product (e.g., gloves with a hair dye) (ECHA, 

2012).  

In this review, we have used actual measured data reported in the literature, rather than assumptions on 

potential release from various products, to perform the consumer exposure calculations at Tier 1 level (step 

3 in R.15 guidance, see above). The algorithms for calculating the inhalation, dermal and oral exposure are 

described in Table 1, along with explanations of when they are applicable and what kind of information 

they require.  

Estimation of inhalation exposure 

Consumer exposure to substances via inhalation can occur in a number of ways such as, for instance, many 

consumer products claiming to use nanomaterials are used as sprays in the form of aerosols (The 

Nanodatabase, 2015). Exposure by inhalation is expressed as the external exposure concentration of the 

substance in the breathing zone atmosphere (mg/m3), and is normally presented as an average 

concentration over a reference time period (e.g. per day or per event). In regard to inhalation, ECHA’s 

guidance on consumer exposure assessment (R.15) specifically mentions: “For measurement of exposure to 

nanomaterials, information in relation to number concentration (especially for fibers) and surface area 

concentration are also considered to be of benefit (i.e. n/m3 or cm2/m3)” (ECHA, 2012). 

The exposure estimation model assumes that all substance is released as a gas, vapour or airborne 

particulate (e.g. a carrier/solvent in a cosmetic formulation, a powder detergent, dust) into a standard 

room either due to, for instance, direct release or to evaporation from a liquid or a solid matrix. In the 
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latter case, deriving the estimation of the concentration in air would represent a worst-case situation as it 

assumes that the substance is directly available as a gas or vapor. It furthermore assumes that the event 

duration is 24 hours in the worst case and that 100% of the substance in the consumer product will be 

released at once into the room and there is no ventilation. The equations for exposure estimation are 

taking into account the amount of substance in the product, volume of the room and amount of product 

used (Table 1). Although it is noted in R.15 that equation R. 15-1 applies to both volatile substances and 

airborne particulates, R. 15 also notes that “this tool has not yet been validated for use with ENMs. And 

that if the output of the model is used to estimate exposure for NMs, it should preferably be supported by 

measured data” (ECHA, 2012). 

Estimation of dermal exposure 

Just as exposure via inhalation, dermal exposure can occur in a number of ways. Direct hand or body 

contract with the consumer product or article is one prime example, but splashes on the skin and 

deposition on exposed skin of particles or aerosols from an airborne substance or from skin contact with 

residues of the substance after product use should also be considered (ECHA, 2012). 

Dermal exposure is an estimate of the amount of substance contacting the exposed surfaces of the skin and 

is expressed in terms of the amount of substance per unit surface area of the skin exposed (mg/cm2) or as 

external dose (mg/kgbody weight/day) (ECHA, 2012). When it comes to estimating dermal exposure, R.15 offers 

two options depending on whether 1) the substance is contained in a mixture (e.g. direct application of the 

product (sunscreen), hands are put into a solution containing the substance under evaluation, or splashes 

occur (painting) or 2) substance migrating from an article (e.g. residual dyes in clothing are in contact with 

skin and migrate from the clothing). There are different algorithms available for the aforementioned 

exposure scenarios (Table 1). 

Estimation of oral exposure 

Oral exposure stemming from consumer products can occur from the use of household products or as a 
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consequence of migration due to sucking, chewing or licking of toys, children's books or textiles. Uptake of 

dust and soil by children is a specific example that should also be considered if the loading of soil is related 

to the use and release of substances from consumer products or articles e.g. textiles. 

Oral exposure is normally presented as an average daily external amount of substance ingested per kg body 

weight (mg/kgbody weight/day) and two options are available when it comes to estimating oral exposure 

depending on whether 1) the substance in a product is unintentionally swallowed during normal use, or 2) 

the substance is migrating from an article e.g. a pen, cutlery or textile (Table 1). 

Tier 1 tools that can assist exposure assessment 

A number of Tier 1 and Higher Tier models can be used to estimate consumer products. Tier 1 tools, such as 

ECETOC TRA, and Higher Tier tools, such as ConsExpo, require information on very few parameters and are 

based on a number of algorithms, but the basic principle is very similar to ECHA R.15 guidelines. They apply 

conservative default values and worst-case assumptions for simple screening purposes that can be changed 

by the assessor where relevant. For instance, as a worst-case scenario, the release of substances is 

assumed to be instantaneous and it is assumed that there is no removal.  

ECETOC TRA  

ECETOC TRA uses established exposure prediction models known as EASE (Estimation and Assessment of 

Substance Exposure) exposure model version 2.0 to model inhalation and dermal worker exposures and 

can be downloaded from http://www.ecetoc.org/tra. EASE was originally developed by the UK Health and 

Safety Executive (Cherrie, 2003) but has since then been modified by industry experts so that it includes 

considerations of the common practices in the workplace (e.g. selection of Process Categories (PROC) and 

Risk Management Measures (RMM)) to enable a wider user community to make a rapid and conservative 

assessment, which can be used as a first tier to demonstrate low risk for a specific scenario of use, 

eliminates the subsequent need to collect and use measured exposure data for another assessment of the 

http://www.ecetoc.org/tra
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same scenario. The outcome of using ECETOC TRA is a description of the type and basic conditions of use 

which can then be translated into a calculated exposure using an exposure model.  

Independent of exposure route, a product/article category and subcategory has to be selected and the 

default values associated with subcategories e.g. amount of product used per application and exposure 

time were obtained from the RIVM (The National Institute for Public Health and the Environment, 

Netherlands) fact sheets for specific products, in order to build consistency with ConsExpo (described in the 

next section). The user of ECETOC TRA may use the given defaults (presented in the defaults table of the 

tool) for the fraction of substance (product ingredient) in consumer product or article, or the users can 

choose to use their own values by overwriting the default values suggested by the tool (ECETOC, 2009; 

ECHA, 2014).  

For inhalation, ECETOC TRA calculates the inhalation exposure as either the concentration in room air 

(mg/m3) over a day, resulting from one or more events of product/article application or as the dose 

(amount per kg bodyweight) inhaled over the duration of the event (20 min to 8 h, depending on the 

product category). 

When it to comes to calculating the dermal exposure of consumers, the user can select two parameters: 

the fraction of substance in the product (i.e. product ingredient) or article and the skin contact area (if 

defaults are not suitable for the assessment) after which, ECETOC TRA uses algorithms for dermal exposure 

assessment (Table S2b in Supporting Information). 

For some article categories exposure related mouthing is calculated in the ECETOC TRA and in such cases, 

the volume of product swallowed is calculated based on the article area in contact with the mouth CA, 

which is set as a default value of 10 cm2 and the thickness of article layer TL assumed to be in contact 

during mouthing, which is set as a default value of 0.01 or 0.001 cm and it is assumed that 100% of 
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substance present in the contact layer is transferred and available for ingestion (ECETOC, 2009; ECHA, 

2014). 

ConsExpo 

ConsExpo (version 4.1) is a higher Tier tool recommended by ECHA (2012) for expert consumer exposure 

assessments. ConsExpo is based on equations published by Delmaar et al. (2005) and the computer 

program can be downloaded from www.consexpo.nl).  

Based on basic information about the product, compound and exposed person, exposure route and use 

scenario of the product, ConsExpo uses different exposure and uptake models to estimate inhalation, 

dermal or oral exposure to compounds in consumer products. ConsExpo can be used to estimate exposure 

for different scenarios for which measured data is insufficient or lacking. More detailed and complex 

models can be used if more data is available and the more refined exposure assessment can be completed. 

As specific data needed for the more advanced models is often hard to come by, ConsExpo draws on a 

database of default products for which exposure scenarios have been defined and default values for their 

model input parameters, which have been compiled from literature (Delmaar et al., 2005). 

Essentially the algorithms under ConsExpo calculations (Table S2c in Supporting Information) are very 

similar to those from R.15 guidance document. However, in contrast to the equations in R.15 and the 

equations used in ECETOC TRA, ConsExpo enables parameters to be specified as distributions, which is 

handy when it comes to parameters such as weight. ConsExpo used these distributions to perform a 

distributed (Monte Carlo) calculation of the endpoint of choice and can draw a set of random numbers 

from uniform, normal, lognormal, and/or triangular distributions for the distributed parameters (ECHA, 

2012). Sensitivity analysis is also possible via ConsExpo to analyse how sensitive exposure and uptake 

estimates are to variations in the value of a single parameter (Delmaar et al., 2005). 

For inhalation of vapours that evaporates from a surface into the air (from a painted wall), ConsExpo 

calculates the air concentration of a compound at time t for the instantaneous release or constant release 

http://www.consexpo.nl/
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(see Table S2c in Supporting Information).  

 

As with inhalation exposure, ConsExpo enables the calculation of dermal exposure in situations where all of 

a compound in the product is directly applied to the skin instantaneously as well as situations in which a 

compound is loaded onto the skin during a certain time, with a constant rate. ConsExpo also allows for 

dermal exposure assessment of situations in which a surface (table top, floor) is treated with a product and 

dermal exposure arises from contact with the treated surface as well as the migration of a compound from 

a material to the skin when dermal contact with the material occurs and diffusion, i.e. situations, in which a 

product is applied to the skin and the compound subsequently diffuses through the product to the skin 

(Table S2c in Supporting Information).  

 

For oral exposure, ConsExpo has two features, namely direct intake and constant rate oral intake as well as 

migration oral exposure and migration from packaging material (see TableS2c in Supporting Information). 

ConsExpo also includes inhalation via sprays, but these are not considered here since we focus on solid 

nanoproducts and nanocomposites. Same goes for the Inhalation fractional uptake model and the dermal 

and oral uptake models (Delmaar et al., 2005; ECHA, 2012).  

Applying REACH algorithms to ENM release literature 

ECHA’s technical guidance document, Chapter R.15 provides a number of equations, Tier 1 and Higher Tier 

tools for estimating inhalation, dermal and oral exposure from consumer products. Experimental studies 

reviewed on the release of nanoparticles from solid consumer products and nanocomposites provide a lot 

of valuable information, but many of them do not report their results in a format that directly allows using 

consumer exposure equations laid down in REACH and ECHA’s technical guidance document, Chapter R.15 

(ECHA, 2012).  
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Table S1 in Supporting Information provides an overview of all the studies addressing release from ENM-

containing solid articles, and some of those provide relevant data that can subsequently be used to derive 

consumer exposure estimates by using either the equations listed in R.15 (ECHA, 2012) and/or ECETOC TRA 

(ECETOC, 2009) and ConsExpo (Delmaar et al., 2005) (Table S3a, S3b, S3c, S3d in Supporting Information).  

Out of the 76 studies identified in the literature review, 33 entailed information that could be used to 

derive consumer exposure estimates for one or more exposure routes. For consumer exposure estimation, 

one of the key parameters that we were looking for in the publications was the concentration of the 

chemical in the medium that consumer might be exposed to, meaning that when it comes to the term 

“concentration of substance in product” (C for R.15 and ConsExpo, and PI for ECETOC TRA), we were 

looking for a number that represents the amount of substance migrated into the washing liquid (if it is for 

dermal exposure) or food simulants (for oral exposure) or into air (for inhalation exposure), rather than 

using the concentration of substance in the actual product and assuming instantaneous 100% release.  

 

The generation of exposure scenario(s) is a key aspect for consumer exposure assessment under REACH, 

the registrant has a lot of flexibility when it comes to building an exposure scenario. Very seldom do 

authors of the scientific articles reviewed in this paper on ENM release generate exposure scenarios and 

hence we had to make numerous assumptions in order to apply the equations in R.15, ECETOC TRA and 

ConsExpo. For instance, we had to make assumptions about the weight of T-shirts, gloves, underwear, 

sippy rings, dermal wipes, and many more products (see Table S3b, S3c, S3d in Supporting Information). We 

based our assumptions about product weight on the information from online retailers (Table S4 in 

Supporting Information).  

Another challenge relates to the manner in which the substance release from consumer products is 

reported in the scientific literature. A number of studies report the release in a metric that cannot be 

converted to the metric used in R.15, ECETOC TRA and ConsExpo i.e. g/g. For instance, they might report 
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the particle number released per volume from a given paint or coating (Le Bihan et al., 2013; Vorbau et al., 

2009a; Guiot et al., 2009; Gomez et al., 2014; Koponen et al., 2011; Sachse et al., 2012b; Sachse et al., 

2013; Hsu and Chein, 2007), but not the mass of the material released (Cinh [mg/m3]) that one would need 

in order to use the equations for inhalation exposure assessment. When data is lacking, the R.15 guidance 

document suggests using the worst case scenario, assuming that 100% of the substance is released into air. 

This can be a valid assumption for volatile chemicals, but even though it is highly unlikely for the 

nanoparticles that are embedded into a solid matrix, we still used the amount of chemical in a paint or 

coating and assumed that all of it would be released into air through sanding, abrasion or other methods. 

We identified only one study which provided information on actual mass release into air (Mazzuckelli et al., 

2007). 

The results from consumer exposure assessment calculations are illustrated in Figure 4, presenting the 

possible inhalatory, dermal or oral dose in mg of substance per kg body weight per day (mg/kgbw/d). The 

results are grouped according to the product groups and ranked by the extent of potential exposure. The 

results for concentration of substance in the air of the room (mg/m3) had the same outcome for all three 

models (R.15, ConsExpo, ECETOC TRA), though only R.15 provides equation for calculating the inhalatory 

dose of substance per day and per body weight. For these reasons the results presented are only for the 

outcome for inhalatory dose (Figure 4A). The input data and assumptions are described in Table S3a in 

Supporting Information. 

For dermal exposure we considered two relevant scenarios – a) washing of nanoparticle-containing textiles 

which is leading to dermal exposure to wash-water (referred to as Dermal A in R.15) (Figure 4B), and b) 

having direct contact to the product from which the substance can migrate into e.g. sweat (referred to as 

Dermal B in R.15) (Figure 4C). 

For Dermal A scenario we considered studies that provided experimental data on release from different 

textiles into water, or water with detergent. We assumed that the exposed area would be only the skin of 
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both sides of both hands that could be affected during washing. If not stated in the publication, we 

assumed the fabric weight of 200g (a weight of a T-shirt, see Table S4 in Supporting Information). The 

volume of the washwater was assumed to be 10L and only one event per day was considered.  

For Dermal B scenario the key input for the model was the amount of substance in the product and the 

fraction that could migrate from the article to the skin. If not provided by the publication, we found the 

weight of different products from online retailers, and made assumptions on how long time the article 

would be in contact with skin.  

Oral exposure estimation included mainly migration from food containers into food simulants, and one 

study on release from ceramic water filters. For all those products, we did not assume the ingestion of the 

whole article (i.e. solid nanocomposite), but used the values for quantity of substance that has migrated 

into media relevant for ingestion (e.g. water, food simulants, chicken meat) (see Table S3d in Supporting 

Information). The results from exposure assessment are shown below in Figure 4D. 

Discussion  

Current Knowledge Gaps and Research Needs 

The experimental case studies described above show that there is some information available on release 

rates of ENM from consumer products. However, the number of studies is very small and therefore there is 

a great need to conduct and publish more studies to improve the understanding of rates and forms of ENM 

release. So far the research has been focused on very small set of possible products (such as paints, textiles, 

coatings), and the conclusions drawn from the obtained data cannot be extrapolated to other consumer 

product groups. Also there are very few nanomaterial types tested (mainly Ag, TiO2, CNT), even though 

there are many others used in various consumer products (e.g. ZnO, Au, SiO2) (The Nanodatabase, 2015). 

To get a better overview of ENM release from consumer products more product groups and different ENM 

types have to be investigated. 



 

25 
 

The research done so far has furthermore been attempting to illustrate ENM release rates in relatively 

short time frames (short relative to the real-life use of the product) and imitating only few usage scenarios 

that are characterizing the possible emissions. The experimental setups are often far from the real-life 

conditions, which makes it difficult to interpret the data in the context of environmental and consumer risk 

of exposure. For example, washing of textiles without detergent cannot provide characterization of real-life 

emissions of ENM. As it is very time consuming and expensive to attempt to imitate the whole use-phase of 

the life cycle of a certain product, it is necessary to find a method that would be representative enough for 

describing the ENM release rates over a longer period of time. 

Even though it is well recognized that the release of ENMs from consumer products is a relevant factor for 

risk assessment, there is a distinct lack of analytical information available regarding the potential release 

(Gottschalk and Nowack, 2011). Majority of the publications focuses on mass-based release rather than 

particle-based. A number of studies indicate whether or not there were any actual nanoparticles released, 

but with the current analytical techniques available, it is difficult to quantify the amount of particles 

released. The particle release forms and kinetics are product-specific and are highly dependent on the 

manufacturing process (Nowack et al., 2012), which makes it difficult to generalize the ENM release from 

different consumer product groups. Also the experimental setups applied for determining the release rates 

are very different. For example, the ENM release from fabrics has been investigated using ultrapure water 

(Benn and Westerhoff, 2008; Pasricha et al., 2012), tap water (Benn et al., 2010), washing solutions 

(Windler et al., 2012) or artificial sweat (Kulthong et al., 2010; von Goetz et al., 2013a; Yan et al., 2012), 

each giving different outcome. Therefore there are a lot of variables that have to be taken into account 

when interpreting the results, such as exposure temperature, duration of the experiment, pH, etc. 

Currently the analytical methods for characterization of ENM are very limited and mostly designed for 

detecting nanomaterials in pristine conditions. It is way more complicated to acquire data regarding the 

behavior of ENM in complex media at realistic concentrations and conditions (Klaine et al., 2012). The 
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behavior of ENM in the matrix and in the environment will be affected by a wide range of factors, such as 

particle number and mass concentration, surface area, charge, chemistry, reactivity, size distribution, state 

of aggregation, elemental composition, as well as structure and shape (Chau et al., 2007). Therefore the 

analysis of ENM is different from traditional chemical analysis because both chemical and physical forms 

must be considered. ENM exist in colloidal systems with wide range of different properties, which is why it 

is equally important for detection and analysis to address not only chemical but also physical form 

(Hassellöv et al., 2008).  

Ideally, analytical methods should provide information on: (i) whether the certain substance is in the 

sample (identity); (ii) how much of the substance is found in the sample (mass or number of particles) and 

(iii) in what physical form and size the particles are present in the sample. A wide range of analytical tools is 

available for characterizing systems containing ENM to address the aforementioned questions, but they 

have a lot of limitations when it comes to analyzing samples containing nanomaterials (von der Kammer et 

al., 2012).  

Exposure Estimations and Challenges when Using ECHA’s R.15 Guidance for ENMs 

The results we obtained by compiling the studies in the scientific literature and extracting data for 

consumer exposure estimation using ECHA’s REACH guidelines raised more questions than answers. When 

it comes to nanomaterials, it is very unclear what would constitute a reasonable exposure assessment, i.e. 

is it particle number or size-based assessment, or mass based approach.  

Studies we found relevant for inhalation exposure mostly reported data as particle number release per 

volume of air, which does not provide any information on particle composition. Therefore, for most of the 

studies we assumed the worst case scenario- that all of the nanoparticles incorporated in the matrix of the 

product would be released into air instantaneously. We found that exposures could go as high as 40 

mg/kgbw/day (Gomez et al., 2014) (see Figure 4A), however, the exposure was magnitudes lower for the 

only study (Mazzuckelli et al., 2007) that we found which reported data on mass concentration of actual 
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substance in air. It is especially challenging to detect the mass concentration of nanoparticles in air, as they 

vary in size and are often associated to the matrix of the product. Several studies have attempted to use 

TEM or SEM with EDS (Shandilya et al., 2014; Vorbau et al., 2009b; Bello et al., 2009; Golanski et al., 2012; 

Schlagenhauf et al., 2012) to find the ENM in the released particles during sanding or abrasion, but this 

does not provide quantitative information on ENM release. 

The results for dermal exposure assessment for nanomaterial-containing articles (Figure 4B, 4C) showed 

that the amounts consumers are exposed to are negligible. When it comes to different types of fabrics, the 

highest release, and therefore exposure potential, was for fabrics prepared in laboratory rather than 

commercially available textiles. Other than that, there were no clear patterns or possible rankings 

according to different product types. The oral exposure calculations did not show any clear pattern 

according to the product type either, however, the highest possible exposure was calculated for Ag 

leaching into water from ceramic water filters (Figure 4D) (Ren and Smith, 2013). 

The comparison, grouping and ranking for the exposure potential for different products is difficult, as the 

studies are rarely addressing the same products, and they are having different experimental setups and 

different ways to measure the release and present the data. Figure 4 illustrates that it is difficult to 

generalize exposure to the same ENM within the product groups, as even within the same product group 

the exposure dose can vary from ng/kgbw/d to mg/kgbw/d, as e.g. for fabrics, textiles and apparel (Figure 4B, 

4C). If we could include particle size and number as a variable in the model, it could provide much more 

relevant information, such as e.g. the likelihood of particles to penetrate skin if the product use can result 

in dermal exposure.  

Furthermore, more than half of the studies investigated in this review were not suitable for consumer 

exposure estimation calculations according to ECHA R.15 guidance. This underlines that fact that we do not 

only we need more studies that are suitable for exposure estimation, but that we also need to make sure 

that key data such as weight of the product, concentration of substance in the product, and released 
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amount, is always reported in future studies, so that the reported results are not only scientifically relevant, 

but also regulatory relevant and can be used in relation to consumer exposure assessment.  

Finally, in this review we have successfully applied ECHA models, as well as ConsExpo and ECETOC TRA by 

using information from some of the studies available in the open literature in order to derive a mass based 

consumer exposure assessment for a given scenario. But the question is whether the ECHA models, etc. 

should indeed be used given all the limitations that we have noted above and given the fact that none of 

these models were originally development of nanoparticles. Limited research has so far been done in this 

regard. Cushen et al. (2014b) developed their own migration models based on mathematical equations for 

polyolefins and not to non-amorphous polymers and the Williams− Landel− Ferry equation for time− 

temperature superposition and found that their models accurately predicted the nanosilver levels in 

observed in laboratory migration tests, whereas the model was less accurate for nanocopper. 

Von Goetz et al. (2013a) developed a model for consumer exposure to substances in textiles that describes 

migration of a nonvolatile substance from textile fabric, i.e., the amount of Ag or TiO2 depositing on the 

skin surface during a single use. Von Goetz et al. (2013a) used the model to calculated the external dermal 

exposure to Ag and TiO2 and modelled the data separately for dissolved and particulate material.  

 

“where E is the external exposure per use [μg substance per kg body weight], mtextile is the total weight of 

textile [g], asubs is the released amount of substance from fabric into sweat per gram fabric and mL sweat 

[μg/g/mL], rsweat is the released volume of sweat per time and body surface [mL/min/m2], texpo is the 

exposure time [min], Aexpo is the body surface area covered by a piece of clothing [m2], fcontact is the fraction 

of textile in close contact with sweat and skin, and mbw is the body weight of the consumer [kg body 

weight].” 

𝐸 = 𝑚𝑡𝑒𝑥𝑡𝑖𝑙𝑒 𝑎𝑠𝑢𝑏𝑠 𝑟𝑠𝑤𝑒𝑎𝑡 𝑡𝑒𝑥𝑝𝑜 𝐴𝑒𝑥𝑝𝑜 𝑓𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑚𝑏𝑤
−1  
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The work by Cuhsen et al. (2014b) and Von Goetz et al. (2013a) is helpful when it comes to deriving mass 

based consumer exposure assessment, but the question is whether this is enough to take the unique 

properties of nanoparticles into consideration when it comes to exposure assessment. For some 

nanomaterials (e.g. zinc oxide) the argument could be made that observed toxicity is due to the dissolved 

metals (ions), and that a worst case scenario could be to assume that all release occurs as dissolved metals. 

It, however, has to be noted that some researchers have observed “nanospecific”-effects in, for instance, 

ecotoxicological studies (Luoma et al., 2014). Research and evidence of toxicological studies have 

consistently shown that particle number and/or the specific surface areas might be a better metric to 

describe the toxic potential of a given nanoparticles and one has to wonder whether this might also be the 

case of exposure assessment of nanoparticles.  

Conclusions 

The experimental case studies reported in the literature provide solid evidence for the release of ENM from 

various ENM-containing consumer products. There are limitations regarding the analytical techniques 

available to quantify and characterize the particles released. So far it has been shown that the particles that 

are released are usually very different from the ENM that have been embedded in the product, and it is 

more likely that ENM is still embedded in the matrix of the product rather than released as single particles.  

Most studies investigating the release from ENM-containing consumer products do not reflect the realistic 

conditions and therefore are not able to illustrate the actual emissions and characterize the released 

particles. For example, the analysis of particle release from textiles is not very representative of the real-

world situation for e.g. washing of textiles if the experiment is conducted in distilled water (Benn and 

Westerhoff, 2008; Pasricha et al., 2012) or tap water (Benn et al., 2010) and the washing process is not 

simulated. Also, mechanical stress on textiles during washing and wearing has to be considered, as well as 

the frequency of usage. The studies using washing machines and detergents (Windler et al., 2012; 

Impellitteri et al., 2009; Geranio et al., 2009) are more representative, but still they are only covering a 
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small part of the life cycle of selected product. Future research needs to work on finding a single examined 

release process that would be representative enough for processes taking place during use of the products, 

as well as developing more generalized methods for representing ENM release processes from different 

product groups at relevant environmental conditions. Focus should also be set on improving analytical 

methods for determining ENM alteration and transformation when being used. This kind of data would 

help estimating ENM release rates from particular products, which can further be used for e.g. modeling 

exposure concentrations and risk assessment.  
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Tables 

 

Table 1: ECHA Chapter R.15 Consumer Exposure Estimation (ECHA, 2012) algorithms and their basic 

assumptions. 

Exposure Algorithm Assumptions & Applications 

Inhalation 
 𝐶𝑖𝑛ℎ =

𝑄𝑝𝑟𝑜𝑑∙𝐹𝑐𝑝𝑟𝑜𝑑

𝑉𝑟𝑜𝑜𝑚
∙ 1000 

R.15-1 

 𝐷𝑖𝑛ℎ =
𝐹𝑟𝑒𝑠𝑝∙𝐶𝑖𝑛ℎ∙𝐼𝐻𝑎𝑖𝑟∙𝑇𝑐𝑜𝑛𝑡𝑎𝑐𝑡

𝐵𝑊
∙ 𝑛 

R.15-2 

All substance is released as a gas, 

vapor or airborne particulate. 

Worst-case scenario: event duration 

is 24h and 100% of the substance 

will be released into the room with 

no ventilation.  

Dermal A  
 𝐿𝑑𝑒𝑟 =

𝑄𝑝𝑟𝑜𝑑∙𝐹𝑐𝑝𝑟𝑜𝑑

𝐴𝑠𝑘𝑖𝑛
∙ 1000 

R.15-3 

 𝐷𝑑𝑒𝑟 =
𝑄𝑝𝑟𝑜𝑑∙𝐹𝑐𝑝𝑟𝑜𝑑∙𝑛

𝐵𝑊
∙ 1000 

R.15-4 

All of the substance in the product 

is directly applied to the skin (e.g. 

liquid soap or sunscreen). Applies 

for non-volatile substances 

contained in a mixture. 

 

𝐶𝑑𝑒𝑟 =
𝐶𝑝𝑟𝑜𝑑

𝐷
∙ 1000 =

𝑅𝐻𝑂𝑝𝑟𝑜𝑑 ∙ 𝐹𝑐𝑝𝑟𝑜𝑑

𝐷
∙ 1000

=
𝑄𝑝𝑟𝑜𝑑 ∙ 𝐹𝑐𝑝𝑟𝑜𝑑

𝑉𝑝𝑟𝑜𝑑 ∙ 𝐷
∙ 1000 

R.15-5 

 𝐿𝑑𝑒𝑟 =  𝐶𝑑𝑒𝑟 ∙ 𝑇𝐻𝑑𝑒𝑟 
R.15-6 

𝐷𝑑𝑒𝑟 =
𝐿𝑑𝑒𝑟 ∙ 𝐴𝑠𝑘𝑖𝑛 ∙ 𝑛

𝐵𝑊
 

 R.15-7 

Certain body parts are dipped in a 

mixture containing the substance.  

Applies for non-volatile substances 

contained in a mixture. 

Dermal B  𝐿𝑑𝑒𝑟 =
𝑄𝑝𝑟𝑜𝑑∙𝐹𝑐𝑝𝑟𝑜𝑑∙𝐹𝑐𝑚𝑖𝑔𝑟∙𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡∙𝑇𝑐𝑜𝑛𝑡𝑎𝑐𝑡

𝐴𝑠𝑘𝑖𝑛
 ∙ 1000  

R.15-8 

𝐿𝑑𝑒𝑟 =  𝑆𝐷𝑝𝑟𝑜𝑑 ∙ 𝐹𝑐𝑝𝑟𝑜𝑑 ∙ 𝐹𝑐𝑚𝑖𝑔𝑟 ∙ 𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡 ∙ 𝑇𝑐𝑜𝑛𝑡𝑎𝑐𝑡 

R.15-9 

 𝐷𝑑𝑒𝑟 =
𝐿𝑑𝑒𝑟∙𝐴𝑠𝑘𝑖𝑛∙𝑛

𝐵𝑊
 

R.15-7 

Substance migrates from the area of 

the article in contact with skin (e.g. 

textiles). 

Worst-case scenario: time of 

contact 24h and the skin contact 

factor is set at 1. 

Oral 
𝐶𝑜𝑟𝑎𝑙 =

𝐶𝑝𝑟𝑜𝑑

𝐷
∙ 1000 =

𝑅𝐻𝑂𝑝𝑟𝑜𝑑 ∙ 𝐹𝑐𝑝𝑟𝑜𝑑

𝐷
∙ 1000

=
𝑄𝑝𝑟𝑜𝑑 ∙ 𝐹𝑐𝑝𝑟𝑜𝑑

𝑉𝑝𝑟𝑜𝑑 ∙ 𝐷
∙ 1000 

R.15-10 

𝐷𝑜𝑟𝑎𝑙 =
𝐹𝑜𝑟𝑎𝑙 ∙ 𝑉𝑎𝑝𝑝𝑙 ∙ 𝐶𝑜𝑟𝑎𝑙 ∙ 𝑛

𝐵𝑊
∙ 1000

=
𝑄𝑝𝑟𝑜𝑑 ∙ 𝐹𝑐𝑝𝑟𝑜𝑑 ∙ 𝑛

𝐵𝑊
∙ 1000 

R.15-11 

Substance in a product is 

unintentionally swallowed during 

normal use or substance is 

migrating from an article e.g. due to 

sucking, chewing or licking of toys, 

children's books or textiles. 

Model may also be used to estimate 

exposure from ingestion of the non-

respirable fraction of inhaled 

airborne particulates. 
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Qprod – Amount of product used [g]; Fcprod – Weight fraction of substance in product [g·gprod
-1]; Vroom – Room 

size (default 20m3) [m3]; Fresp – Respirable fraction of inhaled substance (default =1) [-]; IHair – Ventilation 

rate of person [m3·d-1]; Tcontact – Duration of contact per event (default 1 day) [d]; BW – Body weight [kg]; N 

– Mean number events per day [d-1]; Cprod – Concentration of substance in product before dilution [g·cm-3]; 

D – Dilution factor [-]; RHOprod - Density of product before dilution [g·cm-3]; Vprod - Volume of product used 

before dilution [cm3]; Vappl - Volume of diluted product actually contacting the skin [cm3]; THder - Thickness 

of product layer on skin (default 0.01 cm) [cm]; Askin - Surface area of the exposed skin [cm2]; Fcmigr - Rate 

(fraction) of substance migrating to skin per unit time [g·g-1·t-1]; Fcontact - Fraction of contact area for skin, to 

account for the fact that the product is only partially in contact with the skin (default = 1) [cm2·cm-2]; SDprod 

- Surface density (mass per unit area) [mg·cm-2]; Foral - Fraction of Vappl that is ingested (default = 1) [-]; Cinh – 

Concentration of substance in air of room [mg·m-3]; Dinh – Inhalatory dose (intake) of substance per day and 

body weight [mg·kgbw
-1·d-1]; Cder - Dermal concentration of substance on skin [mg·cm-3]; Lder – Dermal load, 

amount of substance on skin area per event [mg·cm-2]; Dder – Dermal dose, amount of substance (external 

dose) that can potentially be taken up (account later for actual dermal absorption) per body weight 

[mg·kgbw
-1·d-1]; Coral - Concentration in ingested product [mg·m-3]; Doral - Intake per day and body weight 

[mg·kgbw
-1·d-1] 
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Figures 

 

 

 

Figure 1: Published literature on release from ENM-containing solid nanocomposites. 

 

 

Figure 2: Published literature on release from ENM-containing solid nanocomposites, studies grouped by 

ENM composition. Publications addressing more than one ENM type are counted as one publication for 

each ENM addressed in the paper. 
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Figure 3: Published literature on release from ENM-containing solid nanocomposites, studies grouped by 

product groups used for experiments.
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Figure 4: Exposure dose (mg/kgbw/d) calculation results using R.15 guidance document and data reported in 

literature for selected products and their corresponding ENM. A: Inhalatory dose estimation results; B: 

Dermal (scenario A – dipping hands in solution) dose estimation results; C: Dermal (scenario B – migration 

from an article directly on to the skin) dose estimation results; D: Oral dose estimation results. Assumptions 

and inputs can be found in Table S3a, S3b, S3c, S3d in Supporting Information. 
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Figure captions 

 

Figure 1: Published literature on release from ENM-containing solid nanocomposites. 

Figure 2: Published literature on release from ENM-containing solid nanocomposites, studies grouped by 

ENM composition. Publications addressing more than one ENM type are counted as one publication for 

each ENM addressed in the paper. 

Figure 3: Published literature on release from ENM-containing solid nanocomposites, studies grouped by 

product groups used for experiments. 
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