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Abstract

Environmental and human risk assessment models are critical for estimating the impact of nanomaterials
on the ecosystem and human health. Realistic exposure estimates usually require quantitative process-
specific release and emission characteristics in spesific exposure situation. For nanomaterial-based
products, release data suitable for modelling are currently very scarce. Consequently, in this study, we
reviewed the release assessment literature and extracted or derived quantitative releases, as well as
properties of released fragments from 374 different scenarios on nanomaterial-based products and

articles, including artificial weathering, mechanical treatment, spraying, washing and leaching. The release
literature has assessed textiles, thermosets, thermoplastics, coated surfaces, sprays, incineration, and other
articles and the results are provided for different release processes. Artificial weathering of composites at a

UV-dose of ca. 150 MJ m? released 10" to 10° mg-m™ fragments containing nanomaterials and ca. 10™ to



10> mg-m™ nanomaterials. Mechanical treatment released from ca. 9x10” to 3.1x10% particles-s™.
Components treated mechanically after artificial weathering released up to ca. 2.7x10° particles-s™. Pump
sprays and propellant sprays on average emitted 1.1x10° and 8.6x10° particles-g™, respectively. First wash
and rinse of textiles containing Ag NM released 0.5 to 35 % of the initial elemental Ag-concentration while
textiles containing TiO, NM released 0.01 to 3.4 % of the initial elemental Ti-concentration. Incineration
produced mainly soot at yield ranging from 1 to 39 wt.% where NM additives may be present depending on
the incineration conditions. The characteristics of the released particles varied from consisting of pure NM
to fully matrix-embedded NM depending on the products and processes. The results from this study form
the basis for a quantitative release library for products containing nanomaterials. We concluded that the
release assessment field should harmonize the test procedures and data reporting, including quantification
of the amount of nanomaterials released when possible. This would improve the applicability of the data to

measure and model human and environmental exposure to nanomaterials and the associated risks.
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Abbreviations

ABS poly(Acrylonitrile Butadiene Styrene)
AC Acrylate coating

APS Aerosol particle sizer

CB Carbon Black



CNF

XPU

CNT

CpC

CSH

DGEBA

EC

ELPI

EVA

FB

FMPS

GO

HNT

MAT

MMT

MRR

N/A

NIST

Carbon nanofiber

Cross-linked polyurethane

Single and multi-walled Carbon Nanotube

Condensation particle counter

Calcium silicate hydrates

Diglycidyl ether of bisphenol A

Elemental Carbon

Electrical low pressure impactor

Ethyl vinyl acetate

Fireboard

Fast mobility particle sizer

Graphene oxide

Halloysite nanotube

Matrix

Montmorillonite

Material removal rate

Not analysed
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NM

NR

ocC

OPC

PAG6

PBT

PC

PES

PET

PMMA

POM

PP

PS

PU

PvC

REACH

SGA

SMC

Nanomaterial

Natural rubber

Organic carbon

Optical particle counter

Polyamide 6

Polybutylene terephthalate

Polycarbonate

Polyester

Polyethylene terephthalate

Polymethyl methacrylate

Polyoxymethylene

Polypropylene

Polystyrene

Polyurethanes

Polyvinyl chloride

Registration, Evaluation, Authorization, and Restriction of Chemicals

Manual gravity spray gun

SprayMax®-can



SMPS Scanning mobility particle sizer

SPHERE Simulated Photodegradation via High Energy Radiant Exposure
SSC Standard spray can

TA Taber Abraser

TEM Transmission electron microscopy

TPU Thermoplastic polyurethane

VOoC Volatile organic compounds

1. Introduction

Nanotechnology involves the ability to design materials from the atomic to ca. 100 nm scale and produce
novel materials and products with superior properties and functionalities. The increasing number of
marketed products based on nanotechnology (here referred to as NM-products; Vance et al., 2015) has
raised concerns regarding their potential environmental implications and risks (Juganson et al., 2015;
Tolaymat et al.,2015; Massatsky et al., 2014; Dwivedi et al., 2015; Mitrano et al., 2015a). Besides potential
release during application, NM-products may be subject to physical and chemical stress such as mechanical
abrasion, UV irradiation, and leaching (rain, wash) during their life cycle, which may lead to release of

material with new nano-enabled properties or full release of added NMs.

The form of the released NM depends on material physical and chemical properties, release mechanism,
and the environmental conditions during release as well as the level of material-aging (Dwivedi et al., 2015;

Mitrano et al., 2015a; 2015b). Previous studies have shown that matrix containing NMs are mainly released



embedded in, associated with the matrix, or ionic form (see review studies Nowack et al., 2012; 2013;
Schlagenhauf et al., 2014; Shandilya et al., 2014; Kingston et al., 2014; Froggett et al., 2014; Duncan and
Pillai, 2015; Duncan, 2015; Mackevica and Hansen 2016). Once fragments from NM-products are released,
their fate and possible subsequent NM release and transformation depends on the surrounding conditions.
In this regard, it is important to note that most toxicological studies are conducted on pure NM (Srivastava
et al., 2015). Several studies have found that NMs may interact differently with the biological and ecological
system as compared to their non-NM counterparts while the toxicity of fragments from NM-products is
matrix-dependent, regardless of a possible NM content. For example, intratracheal instillation studies have
shown that inflammatory and genotoxic effects of POM and concrete sanding dusts were not increased
when CNTs were added to the matrix (Wohlleben et al., 2011) and sanding dust from NM paints on
wooden-plates did not generate increased pulmonary inflammation or oxidative stress as opposed to
pristine NMs (Saber et al., 2012a; 2012b). In an oropharyngeal aspiration study, the toxicity of UV irradiated
paint dusts with Ag, TiO,, and SiO, NMs was found to be reduced as compared to the toxicities of the
pristine NMs (Smulders et al., 2014). Furthermore, exposing Drosophila to fragments of environmentally
aged epoxy containing CNT did not reduce survivorship, while pristine CNTs reduced survivorship at all
doses (Ging et al., 2014). These studies indicate that pristine NM cannot be used to estimate toxicities of
released fragments containing NM in environmental exposure scenarios. Thus, it is suggested that (eco-
Jtoxicological studies of NMs should also be made using material released during intended use and

simulated NM-product release scenarios (Grassian et al., 2016).

Considering the impact of environmental and personal exposure to NM-products, the physico-chemical
properties of the released materials drive the mechanisms of toxicity, while the fraction released defines
the exposure (Harper et al., 2015). The mechanisms of material release from products and articles can be
divided in to several categories: passive diffusion, dissolution, and desorption of the added NMs into liquid
media (Duncan and Pillai, 2015); and matrix degradation including photo-degradation, thermal

decomposition, mechanical treatment, and hydrolysis (Duncan, 2015). Previous NM release review studies



(Nowack et al., 2012; 2013; Schlagenhauf et al., 2014; Shandilya et al., 2014; Kingston et al., 2014; Froggett
et al., 2014; Duncan and Pillai, 2015; Duncan, 2015; Mackevica and Hansen 2016) address the importance
of thoroughly estimating the NM release potentials in order to correctly evaluate the potential human
exposure and associated health risks. However, those studies provide usually concentrations in specific
experimental setup which cannot be used as such to estimate environmental or personal exposure levels.
Therefore, the release studies should report quantitative releases (e.g. mg-mL", mg-kg*-wash™, mg-m’
2.year?, mg-s™) which are vital for exposure assessment as well as comparison of results from different

studies.

In this review, we defined quantitative release and calculated them using the information provided by the
release assessment literature for products and articles containing NMs and the forms of released fragments
respectively. The goal was to advance the development of a library that contains the release data from
nano-enabled products. Such as suite of release data in harmonized format is essential for improving
modeling-based assessments of occupational and consumer exposure as well as the flow of NMs into the
environment along the material and product life-cycle (Caballero-Guzman et al., 2016). Finally, we point out
current research needs and knowledge gaps in the characterization of NM release. Establishment of such a
library on with high-quality release data and characteristics of the particle release is highly warranted by

modelers of human and environmental risks.

2. Literature review

A total of 96 peer-reviewed scientific publications were identified as relevant original papers considering
release of NMs from consumer products and articles where quantitative releases were extracted from 36
studies. Cosmetics, medical applications, and food products were excluded because of more stringent

safety regulations and self-evident dosing (e.g. the NM dose from food products is 100%). The studies were



divided into six article groups following the outline suggested by Frogget et al. (2014): 1.) Thermosets; 2.)

Thermoplastics; 3.) Coated surfaces; 4.) Sprays; 5.) Textiles; 6.) Other articles.

We defined quantitative release as the amount of mass released from a nanoapplication under
experimental setups (scenarios) that intend to simulate situations that result in the liberation of material.
Quantitative release was calculated from the measured average concentration levels and volumes of

immersion fluid or dilution air, when the process and material characteristics were known as:

Rp = V4*(CrC)/NF, (1)

Where R, is the release by process p, V; is the dilution volume, Cris the mean concentration during the
process or final concentration in e.g. in leachates, C; is the concentration before process or initial
concentration of the leachate, and NF is the normalization factor such as process time (min), wash and
rinse cycle (-), amount of product used in mass (g) or volume (mL), or applied energy (MJ). This provides a
first order approximation of the quantitative releases assuming full mixing in the measured volume and

insignificant sampling losses.

We were able to estimate quantitative releases for the following seven release categories: 1) Artificial
weathering, 2) Mechanical treatment, 3) Mechanical treatment of artificially weathered articles, 4)
Washing and leaching of textiles, 5) Use of spray products, 6) Incineration, and 7) Other articles. The results
are summarized in Figures 1-5 and properties of released fragments are shown in summary tables at
Supporting Information (Tables $S1-S6). Data to estimate the quantitative releases was missing in 60 of the
reviewed studies. However, we extracted information about the experimental techniques, and properties

of the released fragments categorized as by Frogget et at. (2014) are in Tables S1-S6.

Recently, free NM was defined as NM which is not associated with matrix material (Wohlleben et al., 2014;

Duncan, 2015). In another study by Shandilya et al. (2016) they considered TiO, to be free if the content of



TiO; in the fragment was over 90 wt.%. Here we assume that released free NM properties are closely

comparable or equal to pristine NM properties.

2.1 Release from artificial weathering

Outdoors, articles are exposed to UV irradiation and chemical (e.g. rain) and mechanical stress (e.g. wind).
In artificial weathering experiments this stress is mimicked using accelerated weathering systems by
exposing articles to UV irradiation and optionally to artificial rain and/or wind. The polymer degradation
under accelerated laboratory weathering conditions has been shown to mimic the main outdoor
weathering behavior well (Lv et al, 2015). The UV dose used in the laboratory can be linked to the
equivalent outdoor UV dose. For example, the estimated UV dose for the wavelengths between 295 and
385 nm at 24° to 31° N latitude (e.g. Florida) is ca. 285 MJ-m™ per year (Robinson et al., 2011). Unless
otherwise stated in the studies, UV dose [MJ-m?] was calculated multiplying irradiation [W m™] with
irradiation time [s] and released mass was obtained from given specimen mass difference before and after
exposure or (unless given by authors) calculated from leachate concentration and leachate volume. The
release R due to UV irradiation was described using the following relation as formerly given by Wohlleben

et al. (2014):

R=a*D", (2)

where R is release [mg:m™?], D is UV dose [MJ-m™], and a [mg-MJ™] and b [-] are fitting factors. The release
function is analogous to Schwarzschild’s law which is used to predict irradiation photo responses (Martin et
al., 2003). Schwarzschild’s law equals to a reciprocity law at b = 1, which assumes the photo response to be

linearly proportional to the UV dose. The resulting fitting parameters are available in Table S8.

One third of the reviewed irradiation studies were performed using an accelerated weathering device

called SPHERE (Chin et al., 2004). In SPHERE, a square film of 6.25 cm? (2.5 cm x 2.5 cm) is fitted into a



holder with a circular exposure area of 2.83 cm” (1.9 cm in diameter). Ging et al. (2014) provide the exact
surface area for both UV exposure and leaching. For other studies using SPHERE, we assumed that the
leaching surface area is the same as the UV exposure surface area (2.83 cm?). The release studies are rarely
comparable because the exposure conditions, sampling, and analysis techniques effects on the release,
except for few homogeneous datasets, such as (Wohlleben et al. 2016). For example, specimen mass
difference before and after exposure include also moisture uptake or release from specimen as well other
gas phase compounds release which is not directly comparable with e.g. particle release measured from
run-off waters. Here, Nguyen et al. (2011), Petersen et al., (2014) and Bernard et al., (2011) used the same
experimental procedure which results are comparable. Al-Kattan et al., (2013) and (2015) used another
experimental protocol in their studies which can be compared within as well. Rests of the studies are not

directly comparable within (Table S7).

Nguyen et al. (2011) and Petersen et al. (2014) used the same test method using the same epoxy matrices
(Table S1), weathering systems, and sampling techniques (Table S7). However, Nguyen et al. (2011) added
0.72 wt.% CNTs or 5 wt.% nano-SiO, to the epoxy matrix while Petersen et al. (2014) added 3.5 wt.% CNTs.
The UV doses given by Petersen et al. (2014) were systematically 0.45 times lower than our calculated
doses from the provided irradiation and exposure time. This may be explained by difference in the applied
UV irradiation cycle used to calculate the UV dose and reported by the authors. In Petersen et al. (2014),
the initial mass of the nanocoating was calculated from a mean dry-film thickness, surface area of the
SHPERE holder (2.83 cm™), and epoxy density of 1.1 g-cm™. This resulted in an initial mass of 43+4 mg,
which was then used to calculate the releases (Figure 1a). The release for epoxy and epoxy containing CNTs
measured by Nguyen et al. (2011) was ca. 100 and 70 times higher than the release measured by Petersen
et al. (2014). Release function fitting parameters for epoxy were a = 90.3 mg-MJ ™" and b = 1.24 for Nguyen
et al. (2011) and a = 4.1 mg-MJ ™" and b = 0.96 for Petersen et al. (2014) (Table $8). Nguyen et al. (2011)
found that the mass release from plain epoxy was ca. 150 times higher as compared to the amount

measured by Petersen et al. (2014) at an UV dose of 1000 MJ-m™ (Figure 1a). When CNTs were added to
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the epoxy matrix at concentrations of 0.72 wt.% (Nguyen et al., 2011) and 3.5 wt.% (Petersen et al., 2014),
the release parameters changed to a =4.6 mg-MJ " and b = 1.55 and a = 9.0 mg-MJ™* and b = 0.74,
respectively. Nguyen et al. (2011) also showed that by adding 5 wt.% of nano-SiO, to the epoxy, the release

factor increased from 1.3 to 1.7 at UV irradiation doses from 100 to 2000 MJ-m™.

Sung et al. (2015) investigated the release of SiO, NM by exposing an epoxy composite containing 5 wt.%
nano-Si0, to UV irradiation, while periodically spraying it with de-ionized water. Released elemental Si was
measured from the collected run-off water and the SiO, release was found to be 150 mg-m"2 at an UV dose
of 1000 MJ-m™. This is 5600 times lower than the total mass release measured by Nguyen et al. (2011) Sung
et al. (2015) used a different epoxy curing agent than Nguyen et al. (2011). While Sung et al. (2015)
measured the Si concentration in run-off water, Nguyen et al. (2011) measured specimen mass difference
before and after exposure. Sung et al. (2015) showed that adding nano-SiO, increases the total mass
release, which corresponds to the results from Nguyen et al. (2011). At an UV dose of 1217 MJ-m?, the
total Si release from periodically sprayed samples was ca. 2.2 times higher than the Si release from samples
sprayed only at the end of the experiment (Figure 1b; downwards facing yellow triangle; Sung et al., 2015).
The release function (2) was fitted for the five highest UV doses, because there was a clear transition in

release below 450 MJ-m™ dose (Figure 1b).

Rabb et al. (2010) exposed epoxy films (2.5 cm x 2.5 cm) containing 5 and 10 wt.% nano-SiO, NM to UV
(295 — 400 nm; 480 W-m™) in a SPHERE setup for 0 and 59 days corresponding to UV doses of 0 and 2450
MJ-m™, respectively. After simulated aging, Si was extracted by immersing the film specimens in 5 %
hydrofluoric acid for 5 minutes. The release was 80 and 320 ug Si from films with 5 and 10 wt.% nano-SiO,
exposed at 0 MJ-m™, and 190 and 550 pg from films with 5 and 10 wt.% SiO, exposed at 2450 MJ-m™.
Nguyen et al. (2012) estimated later that the UV dose during the 59 day exposure was ca. 980 MJ-m?,

which is 0.4 times the value calculated by Rabb et al. (2010).
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Wohlleben et al. (2014) made an inter-laboratory study by weathering PA containing 3.8 wt.% nano-SiO,
under different conditions in three different laboratories (BASF, LEITAT and NIST; Table S7). The mass
release of sub-micrometer particles to immersion water was measured with ca. 124 (BASF) and 1100 (NIST)
mg-m?, and the release of total mass to run-off water was 6800 mg-m™ (LEITAT) at an UV dose of 220
MJ-m (Figure 1a). The lowest and highest values for release were measured when the matrix was exposed
to artificial rain and UV simultaneously, where degradation rates may be increased due to accelerated
hydrolysis. The difference between the results obtained from the BASF and LEITAT laboratories was related
to the applied sampling technique. The BASF sample was immersed in a surfactant solution under
sonication for 24 hours after weathering and the sub-micrometer particle concentration was measured in
the immersion solution. At LEITAT, the sample release was measured as the total mass of released particles
in run-off water. In the NIST sample aged with or without artificial rain was observed ca. 9 times higher
release than in the BASF sample even though the particle sampling protocol was the same. Deviation in the
release was attributed to the different specimen temperatures during experiments (same temperature but
measured either from specimen or black body radiation). In all samples, the released fragments were
ranging from below 100 nm to several micrometers in diameter. Ten percent of nano-SiO, particles were

released as single particles or agglomerates which were not bound to organics.

Wohlleben et al. (2011) and Hirth et al. (2013) carried out weathering experiments following ISO 4892-2,
2006 (Verf. A) with and without artificial rain (Table $7). Calculated UV doses were 145 and 290 MJ-m?,
which are equivalent to 6 and 12 months of outdoor exposure at 31° N latitude, respectively. Wohlleben et
al. (2011) estimated the CNT release from POM containing <5 wt.% CNTs to be 80 mg-m™ by measuring the
specimens mass loss, whereas the CNT concentration was assumed to remain constant. The estimated CNT
release is ca. 2.9 times greater than the total mass release from PU containing 3 wt.% CNT which was ca. 30
mg-m™ (Hirth et al., 2013). Considering the POM CNT concentration of <5 wt.%, the CNT-release is very high

compared to the total mass release from PU containing 3 wt.% CNT (Figure 1).
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Hirth et al. (2013) showed that release from PU with 3 wt.% CNTs was ca. 1.3 times higher when a humidity
cycle was included as compared to when it was not included (Figure 1a). The release factor a = 8.1 mg-MJ*
was similar to the values, (4.6 and 9.0 mg-MJ™) estimated from measurements given by Nguyen et al.
(2011) and Petersen et al., (2014) for epoxy containing 0.72 and 3 wt.% CNTs, respectively. However, the
dose exponent factor b = 0.23 is significantly lower for Hirth et al. (2013) as compared to the ones found in

the two other studies (1.55 and 0.74; Table S8).

Bernard et al. (2011) irradiated water based PU containing 2 wt.% GO sheets using the same setup as
Nguyen et al. (2011) and Petersen et al. (2014). The initial mass of the sheets was calculated by using a
mean dry-film thickness, the surface area 2.83 cm™ and a PU density of 1.0 g-cm™ (according to the material
data sheet). This results in an initial mass of 36+7 mg which was then used to calculate the release in mg-m’
2 (Figure 1b). The results obtained from Bernard et al. (2011) show that the mass release was 40 times
higher for PU containing 2 wt.% GO sheets as compared to PU containing 3 wt.% CNTs (Hirth et al., 2013).
The small exponent factor b (<0.4) in both studies suggests that these releases are only weakly linked to UV

dose (Table S8).

Zuin et al. (2014) irradiated paints containing SiO,, Ag and TiO, NMs for 500 hours with UVA (according to
ISO 11507, 2007) and UVB light (Table S7). The lamp irradiation spectrum and the measured irradiation
level of 0.8 W-m™ at 313 nm yields an UVB irradiation level of ca. 32 W-m™ at 250-400 nm. Including the I1SO
11507, 2007 UVA irradiation, which was assumed to be ca. 45 W-m™, the total UVA+UVB irradiation was ca.
77 W-m?. Ag release at 149 MJ-m™ UV dose from a paint containing 1 wt.% nano-Ag was below the

detection limit of 10 mg-m™ (Zuin et al., 2014).

Zuin et al. (2014) used the same TiO, paints as Al-Kattan et al. (2013) and the same SiO, paint as Fiorentino
et al. (2015) (Table S3). Al-Kattan et al. (2015) used a similar SiO, paint as Zuin et al. (2014) and Fiorentino
et al. (2015) except that the paint contained 3 wt.% less additives and 3 wt.% more water. Fiorentino et al.

(2015) only reported on changes in surface compositions of the nano-SiO, paint while Zuin et al. (2014) and
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Al-Kattan et al. (2015) also reported on the NM concentrations released from the paints containing 5 wt.%
SiO, (Figure 1b). The results showed similar release in the two studies on the SiO,-paints. For the paints
which contained 3 wt.% TiO,, Zuin et al. (2014) measured 13 times higher release than Al-Kattan et al.
(2013). This may be explained by different weathering protocols and sampling techniques. Zuin et al. (2014)
performed sampling by leaching the weathered panels with an acetic acid solution, while Al-Kattan et al.
(2013; 2015) measured NM particle concentrations (<450 nm) from immersion water. Further, Zuin et al.

(2014) abraded the weathered specimens according to ISO 7784-2, 2006.

Wohlleben et al. (2016) weathered reference PU and PU containing, CB, SiO,, and CNT at concentrations of
0.09 wt.% for 0, 268, and 535 MJ-m™ with artificial rain (Table S7). Aging at 535 MJ-m™ increased surface
concentration of CB, SiO,, and CNTs to 6, 5.7, and 30 %, respectively, from initial concentration of 0.09 %.
Similarly as Wohlleben et al. (2014), they studied release of fragments from weathered surface with
increasing amount of mechanical shear. Increased mechanical shear increased amount of exposed NMs.

Figure 1 shows the release when the most intensive shear stress was applied (sonication) in sampling.

Wohlleben et al. (2016) studied evolution of primary fragments during artificial aging from NR used in car
tiers containing 0, 40 wt.% CB, or 40 wt.% CB and 4 wt.% CNT. The fragments were created by abrading the
NR composite (Table S9) which were then exposed 0 (reference) and 720 h to UV without artificial rain in
dry conditions (aging at dry road) and in continuously stirred M4 suspension (aging at surface waters). In
both cases, fragments were then sampled by sonicating fragments in M4 suspension for 1 h which were
analyzed and further filtered with 5 um cutoff to and sonicated before analysis. It was found that fraction
of < 1 um particles increased substantially when sanding fragments exposed to UV were sampled using
increasing shear stress. Aging in dry conditions produced 2.5 to 8.5 times more < 1 um fragments compared
to aging in M4 suspension because water absorbs efficiently UV radiation. Maximum free CNT

concentration was 0.045 wt.% of the tread wear mass.
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Wohlleben and Neubauer (2016) studied how the addition of NM to a matrix influences the MAT+NM
release, by measuring the release after exposing the composite to single UV dose (Table S7). The releases
are shown in Table S10. They concluded that quantitative release rate varies over 5 orders of magnitude by
the matrix (PE, PU, PA, POM, epoxy, cement) and embedded metal-oxide, carbonaceous, or organic
nanomaterials can either increase or decrease the release with less than a factor of 10. The study provides
a good basis to understand the NM release from different composites, but for further understanding of the

product weathering behavior, the release should be studied over a range of UV doses.

In summary, at an UV dose of ca. 150 MJ-m™?, the artificial weathering resulted 10" to 10°> mg-m™ total mass
release (MAT+NM) from the test materials and NM mass release (NM; both free and associated with
matrix) from ca. 10 to 10> mg-m™. On average, the release function fitting parameter a was 46(112)
mg-MJ™ and b was 1.02(0.53); standard deviation in brackets. In four cases, the release was nearly directly
proportional to the UV dose (i.e. b~ 1). In one case with an epoxy material containing 5 wt.% nano-SiO, the
material release was not continuous (Sung et al., 2015). Thus, material release by weathering does not
follow the reciprocity law and release should be measured as a function of UV irradiation for interpolation
or should be measured directly at the UV irradiation that is appropriate for the release scenario (e.g.

between 100 to 1000 MJ m™ range corresponding up to ca. 3.5 years of outdoor exposure).

In artificial weathering, UV —irradiation removes the polymer which results in accumulation of NM on the
composite surface (Ging et al., 2014; Wohlleben et al., 2014; Nguyen et al., 2011; 2012; Petersen et al.,
2014; Rabb et al., 2010; Bernard et al., 2011; Fiorentino et al., 2015; Al-Kattan et al., 2015; Wohlleben et
al.,, 2016). This is expected to provide photoprotection, as for example CNTs in XPU, PA, or POM, but may
also increase the degradation rate, as for example SbZnO and in epoxy or SiO, in PA (Wohlleben and
Neubauer, 2016). We plotted the change in release (dR/dD) as a function of UV dose separately for each
study (Figure S1) in which were fitted a line to visualize the trend in release change (Table S8). It is expected

that if NM additive reduces (increases) matrix degradation the release change should decrease (increase) as
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well. However, the fitting analysis did not produce consistent results. This demonstrates that understanding
the effect of NMs on the matrix degradation rate requires systematic studies on well-defined matrix
materials using the same experimental, sampling and analysis techniques, and release measurements as a

function of UV dose.

2.2 Release from mechanical treatment

Mechanical treatment of materials is one of the most typical release processes. Optimally, material release
by mechanical treatment should be determined as the mass of material removed as function of the specific
energy consumption (mg-m>MJ™?). However, predicting the specific energy consumption is challenging
because it depends on the contact properties between the tool tip and the material, which are not easily
defined. In wear tests using a Taber Abrasion apparatus (Franek et al., 2009), the release of airborne
particles vary with the wear energy (J) (Fouvry et al., 2003; Le Bihan et al., 2013; Morgeneyer et al., 2015)
which is directly proportional to tangential force (N), i.e. friction force, and sliding distance (m). However,
the tangential force is not measured in the standardized wear tests. Due to lack of work energy data, the
releases from wear studies are only expressed as function of time. Here the quantitative releases are
provided as airborne particle number emission rate (S, particles-s™), respirable mass emission rate (S,, pg-s
1), and MRR (ug-s'l), depending on the data available in each article. Here, if needed, the emission rates
were calculated from average concentrations by assuming fully mixed concentrations, no other losses than
ventilation, and process is the only source for the particles as S = Coverage™ (VehambertQ*t)/NF, where Coyerage is
average concentration during the measurements t, V ,amper is Volume of the chamber, Q is volume flow rate
trough the chamber, and NF is the process time t,. This method gives a good estimate for emission rate if
concentration changes are fast, i.e. air exchange ratio is high, and emissions are constant. If concentration
time series are available, we recommend solving the particle emission rate from a convolution of the

particle emission rate and particle concentration loss rate (e.g. Schripp et al., 2008) or using time resolved
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mathematical mass balance modeling (e.g. Koivisto et al., 2012). The results are shown as Figure 2 and
Table S11, the experimental protocols are available in Table S8, and the characteristics of the fragments

released are available in Tables S1-S6.

Gohler et al. (2010) reported the total number of emitted particles during 16 second sanding of
nanocoatings. Sanding was performed using a miniature sander which represents tools used in typical
sanding conditions. Sanding of a two-pack PU coating containing 0 and 2.4 wt.% nano-ZnO emitted particles

in number 1.8x10” and 2.7x10’ s (2.7x10™ and 4.40x10" m™), respectively.

Sachse et al. (2012a) showed that particle concentrations during drilling of a PA6 was reduced 20 times
when 5 wt.% of MMT was added to the PA6. Sachse et al. (2012b) made similar experiments with
reinforced PA6 containing 5 wt.% of surface modified MMT, nano-SiO,, glass fibers and foam-glass-crystal-
materials, respectively (Figure 2). Pristine PA6 was used as reference material, and yielded an emission rate
of 2.8x10’ s*. Addition of MMT to the polymer reduced the emission rate 0.61 times, while addition of

nano-Si0,, glass fiber, and foam-glass-crystal increased the emission rates 38, 9, and 29 times, respectively.

Vorbau et al. (2009) measured particle concentrations during abrasion of three different coatings
containing nano-ZnO. Particle concentrations were measured in a sampling hood and the collection
efficiency was not defined. The MRR defined from the difference in sample weight before and after

abrasion ranged from 50 to 620 pg-s .

Huang et al. (2012) used a lathe for sanding epoxy containing CNT in concentrations from 0 to 4 wt.%. The
authors measured particle number emission rates from 2.4x10” to 1.2x10° s™". CNT concentration did not
influence significantly to the emissions but rotation speed and sand paper grit size changed the particle
number emission rates. Particle number concentrations were converted to respirable mass concentrations,

from which the calculated respirable mass emission rates varied from 52 to 258 pg-s ™.
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Koponen et al. (2011) sanded thirteen different coatings including paints, fillers, and lacquers using a hand-
held orbital sander. Sanding emissions were measured from the sanders exhaust hose, where the standard
filter bag was replaced with a sampling chamber. This study was continued by Gomez et al. (2014) using the
same orbital sander without a filter bag in a 0.66 m® chamber. Size-resolved particle emission rates were
established in cm™.s™ for 3 epoxy materials and 3 paints using an aerosol dynamic model developed for the

used chamber.

Schlagenhauf et al. (2015) abraded epoxy containing 1 wt.% CNTs labelled with radioactive Pb** ions.
Labelling was used to define the fraction of the protruding and free CNTs in the released fragments. The
authors calculated that for each 1 g of fragments below 1 um in diameter, the mass of protruding CNTs
would be ca. 40 pug and free CNTs ca. 0.4 pg. This result can be used to estimate the potential fraction of
CNTs liberated or accessible at the matrices surface. For example, a respirable mass emission rate of 258
|.tg-s'1 (sanding epoxy containing 2 wt.% CNTs with P320 sanding paper; Huang et al., 2012) corresponds to a

release of up to 2 pg-s™ accessible and free CNTs.

In the case of exposure to mechanical treatment, the particle number emission rate varied 6 magnitudes
from ca. 9x10* to 3x10™ s™ (Figure 2). The emission rates from mechanical treatment are case-specific (e.g.
Gomez et al. (2014) did not use tool emission controls), they strongly depend on the mixing of
concentrations and experimental design. Thus, at the best, emission rates can only provide a range of
emission rates for specific mechanical processes and materials. Particle number emission rates were
measured using instruments with a similar particle detection range, which is essential for the comparability

of the reported particle number concentration (Table S9).

2.3 Release from mechanical treatment of artificially weathered articles

18



The material release associated with incidental or intentional mechanical treatment of weathered articles is
very relevant for NM-containing products for outdoor use. Here, is focused on mechanical treatments using
different tools or artificial wind. However, mechanical shear stress is applied often also in artificial
weathering studies where e.g. sampling procedure involves sonication (see especially Wohlleben et al.

2014; 2016). Here, if needed, the emission rates were calculated the same way as in mechanical treatment.

Hsu and Chein (2007) irradiated a wooden plate, a tile, and a PET film coated with a suspension containing
5 wt.% TiO, (thickness N/A) to UV light at 25 W-m™ for two hours corresponding to 2.8 hours outdoor
exposure at 31° N latitude. Simultaneously, the panels were exposed to continuous artificial wind and
scraped for one minute every 10 minutes using a rubber knife. The reported particle number emission rate
was 4.7 s for measured particle concentrations of up to 633.3 cm™. We consider these particle release

rates as unrealistically low for the given particle concentrations.

Gohler et al. (2013) applied ten different pigments to acrylate and PP (Figure 3 shows materials and
concentrations). Apart from TiO, pigment and chromium-antimony-titanium the pigments had <100 nm
dimensions. Acrylate was applied to aluminum substrates. Then, coated aluminum substrates and PP
composites including reference materials without pigments were exposure to UV-light and UV-light plus
artificial rain, respectively (Tables S7 and S9). Weathered components were treated mechanically for 16
seconds with artificial wind, dynamic friction, or sanding. Parameters of the mechanical treatment
processes were listed to ensure repeatability of the experiments. In wind erosion, the wind face velocity
was 30 m-s™ which corresponds to a violent storm in the Beaufort scale (Met office, 2007). On average, the
particle number emissions from artificially weathered components as compared to their new intact
analogues in Al-coatings were similar during wind erosion (0.8 times lower), and 33 times higher during
dynamic friction but only 4 times higher during sanding. For PP composite, on average the weathering
increased 167 times in wind erosion, decreased 4.6 times in dynamic friction and decreased 2.7 times in

sanding. Because the MRRs were constant between the same processes, change in release may be related
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to change in the contact between the tool tip and substrate which change the size of the released

fragments.

Shandilya et al. (2015) exposed masonry bricks coated with two different nano-TiO, coatings to up to 657
MJ-m™ UV and artificial rain. Weathered bricks were abraded using TA 5750 (Tables S7 and S9, SI). They
found that abrasion of coatings can be divided into four different phases. In phase I, particle emissions
increases; probably related to change of the contact surface roughness between the abrader and the
nanocoating. In phase Il, the abrasion process is in equilibrium and emissions are constant. In phase lll, the
nanocoating is partially removed from the substrate, and in phase IV, the nanocoating is fully removed and
substrate particles are emitted. At a UV dose of 657 MJ-m?, the surface starts to crack and subsequent
scratching results in removal of the surface in the form of flakes (Shandilya et al., 2015). We estimated the
mean particle emission rates for phases I-1l (Figure 3). Only the lower limits of the particle emission rates

are estimated.

For products exposed to mechanical treatment after artificial weathering, the emission rates varied over 6
orders of magnitude, from no emission detected to ca. 2.7x10° s™* (Figure 3). This is likely because the
particle number concentration is not a conservative quantity without having information about the particle
size distribution and detailed physicochemical characterization to show if the released matter is released as
partly evaporated. Differences in emissions between different processes may be related to change in

sampling efficiency or air mixing in the experimental setup.

2.4 Release from spray processes

In a spray process, the particle emission rate (also known as overspray) is the ejection mass rate multiplied
with transfer efficiency defined as the fraction of spray that coats the surface (Flynn et al., 1999; Tan et al.,

2002a; 2002b). Transfer efficiency depends on spray applications, spray suspension properties, and the
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spraying conditions and is typically in the range of 70 to 95% in industrial use (Flynn et al., 1999). Airborne
particle emission rates from spray processes are given as the number of particles released per second (s
or per amount of sprayed product (g or mL™). Here, the emission rates were calculated the same way as in
mechanical treatment for Ngrgaard et al. (2009) and Bekker et al. (2014) except NF was ejection mass.
Losert et al. (2014) gives a comprehensive review of the human exposure to conventional and
nanotechnology-based sprays, but they do not elaborate on the composition of the released particles and

particle emission rates.

Ngrgaard et al. (2009) used a 0.66 m® (Q=16 L-min™*) chamber to study VOC and particle emissions from
four different nanofilm coating sprays designed for non-absorbing floor materials (pump spray), ceramic
tiles (pump spray), window glass (pump spray), and a multipurpose surfaces cleaning and film coating
(propellant spray). The results showed that using pump sprays resulted in airborne overspray particles
ranging in size from ca. 10 nm to several um at emission rates of up to 0.24x10° g™ (Figure 4). For floor and
ceramic tile products all the observed particles were considered to be generated by condensation of the
active silane and siloxane compounds in the products inferred from particles found on TEM-grids exposed
by direct spraying (unpublished). The glass-coating product contained nano-TiO,, while the multipurpose

products contained several different particles, organic substances and limonene.

Quadros and Marr (2011) studied particle emissions in a 0.52 m? chamber from commercially available
sprays, marketed to contain NMs, which were applied from pump spray dispensers. The studied sprays
were an anti-odor spray, a surface disinfectant spray, and a throat spray. Use of all sprays resulted in
airborne overspray particles below 100 nm. Emission rates were reported as particles released per
activation (activation™ and ng activation™) and particles released per volume sprayed product (mL™) for size
classes <0.75 um (Figure 4) and between 0.3 to 10 um. TEM analysis of airborne particles showed that anti-

odor spray particles were mainly below 100 nm in size and contained Ag and Cl.
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Bekker et al. (2014) studied particle emissions from commercially available impregnator and antiperspirant
propellant sprays that were marketed to contain NMs, and two reference propellant sprays. The
experiments were performed in a 19.5 m? experimental room without ventilation or air mixing. The
measurements were performed from 30 to 100 cm and 290 to 360 cm to the spray site. The resulting
average concentrations were used to calculate the emission rates (Figure 4). Airborne nano-SiO, particles
were detected only from the antiperspirant spray, even though impregnator spray should have contained

SiO, NM as well.

Gohler and Stintz (2014) studied particle emissions from different spray-application technologies (Figure 4).
Spraying was performed using TPU coating, acrylate topcoat with TiO, pigment particles, water-based
coating with TiO, pigment particles, and organic solvent-based mixed coating. ZnO, Fe,0s, and SiO, NMs
were deliberately added to the spray suspensions. Particle emissions were measured in a 1235 mm long
spray channel which was purged at flow rate from 200 to 300 L-min™. The influence of the setup on the
transfer efficiency was not characterized, but the authors assumed that spray particles are turbulently
mixed in the purge air and particle losses onto spray channel wall were negligible. This scenario was
assumed to simulate spraying directly into air. Spray ejection mass flows (g s™) and particle number
releases (g”) were measured for particle sizes of 0.1, 1, and 10 um. Figure 4 shows the emission rates for
particles below 10 um in diameter. Microscopy analysis showed dried-out spray droplets containing ZnO
and Fe,0; NM agglomerates, TiO, pigment particles, and a matrix consisting of binder, hardener, filler, and
dispersing agents. Isolated non-volatile particles were not detected and particles below 100 nm consisted

of dried matrix droplets without non-volatile particles.

Hagendorfer et al. (2010) studied particle emissions from propellant spray and pump spray dispensers using
a commercially available water-based spray product marketed to contain nano-Ag, and a reference product
without NMs. The nano-Ag spray suspensions contained Ag agglomerates (6 nm primary particle size).

Particle concentrations were measured in a 0.3 m® chamber. Testing of the propellant gas spray dispenser
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resulted in increased concentration levels of volatile sub-100 nm particles, whereas pump sprays did not
increase the concentration level notably. Results from microscopy analyses of airborne particles collected
with and without a thermodesorber (temperature N/A) indicated that non-volatile particles are transported

in droplets rather than as free particles.

Nazarenko et al. (2011; 2014) studied the potential human exposure during use of eleven commercially
available sprays of which, six sprays were labelled as containing NMs. They found that all spray suspensions
contained particles below 10 nm (hydrodynamic size). Results from TEM analysis suggested that three spray
suspensions, where presence of NM was claimed, did not contain non-volatile particles. All regular sprays
contained non-volatile particles. The size of the non-volatile particles ranged from sub-100 nm in diameter
to several um, except in a skin hydrating mist, where the smallest non-volatile particles observed were 146
nm in diameter. Simulated spray application increased the airborne particle concentrations in the size

range from 13 nm to over 10 um.

Lorenz et al. (2011) studied particle emissions from a commercially available antiperspirant propellant
spray, two different shoe impregnation propellant sprays and a plant strengthening agent pump spray
dispenser. Results from TEM analysis of the spray suspensions showed that one of the shoe impregnation
sprays and the plant strengthening agent contained non-volatile particles while the antiperspirant
contained micron-sized structures. All propellant sprays emitted airborne particles sub-100 nm. Using the
pump spray did not elevate the airborne particle concentrations from the background level. According to
the TEM analysis, 86 to 91% of the airborne particles were smaller than 100 nm. NM agglomerates were

found to be embedded into micrometer-sized particles.

Chen et al. (2010) studied particle emissions from a commercially available bathroom cleaner/sanitizer
containing TiO, NM. The geometric mean diameter of the overspray particles was 75 nm with a 2.3

geometric standard deviation. TEM analysis of airborne particles showed TiO, agglomerates with diameters
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ranging from 40 nm to 3.5 um. The surfaces of TiO, particles were porous which according to the authors

suggest that the particles were coated with suspension matrix.

Six out of nine studies found and documented free NM agglomerates with sizes from tens of nanometers to
several micrometers. The overspray particle emission using pump sprays was ca. 1.1x10° (1.0x10%) g"* while
the level generated using propellant sprays was ca. 8.6x10° (3.8x10°) g (standard deviation in brackets).
All the studied sprays resulted in sub-100 nm particles in the overspray regardless of whether the product
contained NMs or not. At least in some cases, these sub-100 nm particles consisted of condensed active
ingredients. In pump sprays, water-based coating released 1.0x10° g™ while the solvent based coating

resulted in a 26 times higher emission (Gohler and Stintz, 2014).

2.5 Release from washing and leaching of textiles

NMs are usually added to textiles and fabrics by coating or by impregnating the textiles surfaces with NM
by sorption, chemical binding of NM to the textile surface, or directly incorporating NM into textile fibers.
Commonly studied textiles are cotton, PES, and PA6 and their mixtures including elastane, PBT, wool, nylon,
PP, cellulose, spandex, elastic yarn, lycra or X-static fiber. The reviewed studies covered mainly NM release
into washing water and artificial sweat, which were carried out by using commercially available textiles,
plush toys, towels, shirts, surgical cloths and medical masks containing Ag, TiO,, or Ag and TiO, NMs (Table
S5). The NM release from textiles is expressed as mg of NM per kg or per m? of textile. The released mass, if
needed, was calculated from concentration and volume of immersion fluid. The amount of release NM may
depend on their initial mass concentration, myy,0, NM addition technique, textile/fabric type, leaching
suspension, and environmental conditions. Here we report NM released mass, M, reieased, @s fraction of

Mum,0, Which allows for inter-comparison of different studies (Figure 5).
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The release of NM changes with consecutive washings or artificial sweat immersions until all NM is released
(Benn and Westerhoff, 2008; Lorenz et al., 2012). Mitrano et al. (2015b) showed that the washing
detergent and number of washing cycles has an effect on the morphology of the released particles.
Kulthong et al. (2010) measured release ratios exceeding 100% in artificial sweat, which suggests that these
results are not reliable (Table S14). However, both Kulthong et al. (2010) and Von Goetz et al. (2010) found
that Ag NM release strongly depends on the composition of the artificial sweat solution (Figure 5). Guiot et
al. (2009) also studied airborne particle emission rates during mechanical abrasion of a fabric consisting of
PET and PVC coated with MMT. They found that released particles were mainly below 100 nm in diameter

for PET and PVC with and without MMT.

First wash and rinse of textiles containing Ag NM released 0.5 to 35% of the initial elemental Ag
concentration (Figure 5). The Ag is released mainly in ionic form (dissolved) and as precipitates such as AgCl
and Ag associated with S, Si, and O but is also released as metallic Ag particles (Benn and Westerhoff, 2008;
Benn et al., 2010; Lorenz et al., 2012; Pasricha et al., 2012; Quadros et al., 2013; Von Goetz et al., 2013;
Mitrano et al., 2014). First wash and rinse of textiles containing TiO, NM released 0.01 to 3.4 % of the initial
elemental Ti concentration as TiO, agglomerates. Figure 5 suggest that the type of textile or NM
incorporation technique did not make any difference on the Ag or Ti release fraction. Release of Ag and Ti
from fabrics to artificial sweat solutions (ISO 105-E04, 2008) is on average between 1.2 and 3.4 times lower
than to wash water during laundry. Washing and rinsing of TiO, NM textiles and leaching to artificial sweats
released TiO, NM agglomerates with sizes ranging from ca. 60 nm to over 450 nm in diameter (Von Goetz

et al., 2013; Mitrano et al., 2014; Kulthong et al., 2010).

2.6 Release from incineration

At the end-of-life, some of the nano-products will be incinerated together with other municipal waste in a

waste incineration plant at up to 1400 °C (Walser et al. 2012). During incineration is formed airborne
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particulate matter (fly ash) and solid combustion residues (slag). Slag is cooled with slag water and the
exhaust gas is scrubbed before released to the atmosphere. Slag water and water from the scrubber are
released to waste water stream. Incineration studies reported particulate matter release or residue from

Incineration as a weight fraction of initial mass.

Rodes et al. (2011) studied under different ventilation conditions incineration of PA6 and PP containing fire
retardants, nanoclay, and both fire retardants and nanoclay. It was found that in PA6 additives did not
effect on the particle size distribution but changed the soot production yield and for PP additives determine
the particle size of the soot. Under fully developed flame at 825 °C and at feed rate of 1 g:'min™ the mass

yield varied from 1.2 to 2.9 wt.% for PA6 and from 1.0 to 4.4 wt.% for PP.

Walser et al. (2012) sprayed at the waste incineration plant 8140 g nano-CeO, to municipal solid waste and
814 g nano-CeO, directly to the furnace representing worst case scenario. After incineration of waste
sprayed with CeO,, from initial CeO, mass they detect 32, 7, 0.009 and 0 wt.% from slag, fly ash, fly ash
treatment and clean gas, respectively. When the CeO, was directly sprayed to the flame the mass fractions
were 18, 15, 0.58, 5.6x10” wt.% for slag, fly ash, fly ash treatment and clean gas, respectively. Free and
agglomerated CeO, nanoparticles were detected. The waste incinerator plant exhaust air filtration

efficiency was >99. 6% for CeO, particles.

Chivas-Joly et al. (2014) studied incineration of PA6 containing O (reference), 0.2, and 1 wt.% CNTs and
PMMA containing CNTs at the same concentrations as PA6 using calorimeters. At a heat flux of 50 kW m™
the aerosol mass yield varied from 0.39 to 0.63 wt.% for PA6 and from 0.37 to 0.46 wt.% for PMMA. The
CNTs did not effect on airborne particles mass size distribution in PA6 but the PMMA containing CNTs
reduced particle emissions in the size range from 0.6 to 2.5 um. From PA6 containing CNTs, free CNTs were

found from particles below the aerodynamic diameter of 30 nm.

Ounoughene et al. (2015) studied incineration of PA6 containing O (reference), 1, and 5 wt.% HNTs at 850

°C. Airborne particles and residual ash consisted of soot particles and mineral particles and agglomerates
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transformed from HNTs. Thermogravimetric analysis showed that HNTs are first dehydrated at ca. 200 °C,
and PA6 mass is lost between 300 to 500 °C, after which HNTs are dehydroxylated at ca. 500 to 900 °C and
deformations occurs from 1200 to 1400 °C. Combustion reduces HNTs mass by 14 wt.% from its initial mass

due to water release.

Sotiriou et al. (2015) who studied thermal decomposition of PU containing 0.09 wt.% CNTs at 500 and 800
°C. They did not detect CNTs from aerosol at any temperature. Incineration at 500 °C produced residual ash
where they could detect CNTs protruding from the ash particles at concentration of 1.62 wt.% which
correspond close to the initial mass of CNTs added in PU. This is in line with Vilar et al. (2011) who found
that CNTs can be recovered from PAG6 for re-use purposes using calcination at 410 °C. At 800 °C PU was

combusted completely and they could not detect residual ash.

Sotiriou et al. (2016) studied thermal decomposition of PU containing 0.09 wt.% CB and 0.09 wt.% CNT and
PE containing 4 wt.% Fe,0; and 2 wt.% Organic pigment Red 254 and their references at up to 500 °C and
800 °C by analyzing airborne particles and residual ash. In thermal decomposition aerosol was released
mainly as <100 nm particles where total yield ranged from 2.09 to 7.74 wt.% at 500 °C and 3.06 to 6.71
wt.% at 800 °C. They found only Fe,0s filler particles from released aerosol and the release characteristic is
dictated by the matrix and not nanofillers. Amount of residual ash varied at 500 °C incineration varied from
0.9 to 5 wt.% consisting mainly of EC from 75 to 84.9 % and OC except PE containing Fe203 consisted only
Fe,0s. From the residual ash particles surface was detected filler particles. Residual ash at 800 °C
incineration of PU and PE containing organic fillers were below detection limits but Fe,0; filler remained at

yield of 3.9 wt.%.

Incineration studies involve temperatures over 500 °C in which matrix is combusted and airborne soot
particles and ash is produced. Depending on the temperatures and materials NM is deformed (e.g. HNTSs;
Ounoughene et al., 2015) or may be recovered from the matrix (e.g. CNTs; Sotiriou et al. 2015, 2016; Vilar

et al. 2011). NM additives may determine the emission yield and effect on the particle size distribution as
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shown for PP nanocomposites (Rodes et al. 2011) and PMMA containing CNTs (Chivas-Joly et al. 2014) but
it may be also determined by the matrix only as shown for PA6 nanocomposites (Rodes et al. 2011; Chivas-
Joly et al. 2014) and PU and PE nanocomposites by Sotiriou et al. (2016). Reminders of NM additives from
incomplete combustion are mainly found from residual ash (Vilar et al. 2011; Chivas-Joly et al. 2014;
Ounoughene et al. 2015; Sotiriou et al. 2015; 2016) but may be found from aerosol in small fractions
(Chivas-Joly et al. 2014; Sotiriou et al. 2016). Waste incineration plant filtering system is efficient >99.6 % so
the main environmental risk is related to treatment of slug and quenching water (Walser et al., 2012). The

residual masses from incineration processes are shown in Table S15.

2.7 Other articles

The “Other articles” group covers studies which do not fall into any of the above categories. These studies
examine how NMs can be used in cements (Wohlleben et al., 2011; Hirth et al., 2013; Van Broekhuizen et
al., 2011) ceramics (Van Broekhuizen et al., 2011; Ren and Smith, 2013), dental composites (Moreau et al.,
2012), and laser printer toners (Pirela et al., 2014) (Table S6, Sl). In addition, Farkas et al. (2011) showed
how a commercial laundry machine designed to produce Ag NM to washing water effluent increased the
effluent Ag concentration by 11 pg Ag-L™, where Ag was detected both in ionic form and particulate form
with mean diameter of 10 nm. The Ag concentrations in washed cotton fabrics were similar to the levels
found in the laundry machine effluent. A two year aging study of dental composites containing 0 to 20%
Ca3[PO,4], NM including mechanical abrasion and leaching to water at different temperatures, did not show
any material release or visible damage on the analyzed surfaces (Moreau et al., 2012). Bielefeldt et al.
(2013) measured release from ceramic plates containing 0.72 to 7.2 pg-cm™ nano-Ag, varying from 20 to
83%, to ultrapure water and NaOCl solution, respectively. Laser printer toner contains various organic and
elemental carbons and metal/metal oxide NMs, which become airborne and respirable during printing

which depend on the printer type (Pirela et al., 2014).
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Our review on the "Other articles" group shows that the release or emission rate assessment may require
unique procedures, and in some cases, needs to be monitored in situ as Walser et al. (2012) studied CeO,

mass flows in a waste incineration plant.

3. Examples of exposure assessment modelings

Here we give to examples how to use the quantitative release date for personal exposure assessment in

case of sanding and environmental exposure assessment in case of washing laundry.

3.1 Removing paint from wood boards by sanding

In this exposure scenario, a wooden board painted with a paint containing Nano Amor and NaBond TiO,
rutile nanoparticles 36 wt.% (Paint 2 in Gomez et al. 2014) is sanded using a Metabo FSR200 hand-held
sanding machine where the dust collector cartridge was removed (user modified) and equipped with a
sanding paper with a grit size of 120. This is the worst exposure scenario what can be obtained using this
kind of setup and the process corresponds to sanding test performed by Gomez et al. (2014). We assume
that 10 g of paint is sanded in a 20 m* room without ventilation and the total exposure time is 120 minutes

which are the same conditions as in Mackevica and Hansen (2016).

Because Gomez et al. (2014) did not give the MRR we measured that by sanding painted wooden boards
using the same sanding system. Because the same paint (Paint 2 in Gomez et al., 2014) was not available
we measured MRRs from wooden boards which were coated with paints containing ~10 wet wt.% Nano-
silica sol and 10 wet wt.% UV titan (G3A and G2B in Koponen et al. (2011), respectively). The measured
MRRs were 3.0 and 0.9 g-min™ for G3A and G2B, respectively. Here we used the MRR of 0.9 g-min™ and

thus the sanding time to remove 10 g of paint is 638 seconds.

Mass emission rates from the sanding were calculated from particle number size distributions (Figure 6
Paint 2 in Gomez et al. (2014) and here Figure 6a) by assuming spherical particles. Density of particles was
assumed to be composed 36% of TiO, rutile bulk density of 4.23 g-cm™ and 64% of paint additives density
of 1 g-cm™. This results to a density of 2.16 g-cm™. The emission rate distribution includes emissions from
sanding machine which influence on mass emission rate is < 0.001 %. Figure S2a shows that ~75 % of the
mass was measured by three highest ELPI channels (D,; > 3 um). In some studies, the ELPI have shown to
overestimate large particles particle concentrations due to reduced sensitivity in the upper stages (Pagels

et al., 2005; Jensen et al., 2015).
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The air exchange ratio was assessed from the particle number concentration decay using the mass balance
of indoor aerosol particles (e.g. Hussein and Kulmala, 2008). The mass balance of aerosol particles inside a
room without ventilation can be described without coagulation as

0= g xm(p), @)

where m [mg-m~] is the mass concentration, t [s] is time, S [cm™.s™'] is source of particles, V [m?] is volume
of the room, and 8 [s'] is the deposition rate of particles onto surfaces. For comparison of the results with
Mackevica and Hansen (2016), The modelings were made by assuming the deposition rate to be 0s™
(without deposition) or by using a deposition rate estimated for an empty 20 m> cubic room having smooth
surfaces with a friction velocity of 1 cm-s™* using a model developed by Lai and Nazaroff (2000). This result
in deposition rates ranging from 0.004 h™ to 5.6 h™ for 73 nm and 8.1 um particles, respectively. Typical
deposition rates for 8 um particles vary from ~1.7 to 7 (Hussein and Kulmala, 2008). Friction velocity effects
mainly deposition of <3 um particles (Hussein and Kulmala, 2008). Thus, correct friction velocity is not

critical for this case where particles >3 um in diameter accounts for majority of the mass in the air.

The modeling’s shows that mass concentrations increase at the maximum at the end of sanding. If there
are no sinks for the mass concentrations the mass concentration remains at the maximum level at 217
mg-m~ (Figure 6b). This correspond to mass of 4.3 g in the room air which is high considering that most of
the sanding dust is beyond the ELPI measurement size range of 10 um or non-airborne dust. If we take into
account deposition of particles to the surfaces the mass concentration peak after sanding is 184 mg-m™
after which the concentration decays mainly due to gravitational settling of particles > 1 um in diameter
(Figure 6c). Average concentrations during the exposure time were 207 mg-m™ without particle losses and

86 mg-m~ when particle deposition was taken into account.

Inhaled dose during 2 hour exposure can be estimated from the size resolved particle mass distributions.
Here we assumed that the respiratory minute volume (minute ventilation of the lungs) corresponds to light
exercise (25 L-min") breathing and the total deposition fractions during inspiration and expiration was
estimated using simplified deposition fraction equations for the ICRP model (ICRP, 1994) as described by
Hinds (1999). The method provides a first approximation to estimate magnitude of the total deposited dose
(see e.g. Koivisto et al. 2012). During 2 hour exposure total amount of deposited mass is 520 mg without
particle losses and 190 mg when particle deposition was taken into account. This corresponds for 60 kg
person doses of 8.7 and 3.2 mg-kg™, respectively and the TiO, dose would be 36 % of the total dose e.g. 3.2
and 1.1 mg-kg’, respectively, if we assume TiO, particle number concentrations distributed uniformly in

each size class.
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In the same exposure scenario, the body weighted TiO, dose would be 40 mg kg™ according to the ECHA
R.15 exposure and dose model (Mackevica and Hansen, 2016). Here, the body weighted doses were 13 and
36 times smaller depending if there were no concentration sinks or assuming gravitational settling as sink
for concentrations. It must be noted that in a small room without ventilation human breathing has
significant effect on the concentrations. For example, in this example case without taking particle
deposition into account, human breathing removed 12 % of mass from the room air. In the ECHA R.15
exposure and dose model the TiO, uptake via inhalation was 2.4 g during the 2 h exposure. Assuming 1

hour additional exposure time the dose would exceed available TiO, mass in the room.

In this example, main uncertainties in predicted mass concentrations were related to estimate of MRR and
the mass emission rate that was converted from the particle number emission rates defined from the ELPI

measurements.

3.2 Washing and rinsing 10 kg of PES textiles containing Ag

According to Geranio et al. (2009), a first time washing and rinsing of 10 kg PES incorporated with 99 mg-kg
! Ag would release 1.3% of the Ag to the washing water which corresponds to release of 13 mg Ag (Figure
5). If the amount of Ag is increased to 390 mg-kg™, the release fraction increases to 17 %, which would
result to release of 663 mg Ag (Figure 5). If one uses 20 liters water for washing and rinsing the average Ag
concentration for the water would be 0.65 mg-L™* and 33 mg-L™, respectively. The Ag is released mainly in
ionic form (dissolved) and precipitates as AgCl and Ag/S but also as metallic Ag particles (Benn and
Westerhoff, 2008; Benn et al., 2010; Lorenz et al., 2012; Pasricha et al., 2012; Quadros et al., 2013; Von
Goetz et al., 2013; Mitrano et al., 2014). It must be noted that the washing detergent as well as the type of

wash cycles has an effect on the amount released and type of released fragments (Mitrano et al., 2015).

4. Concluding remarks and future prospects

In this work, we were able to extract properties of released fragments from 60 studies and quantitative
release characteristics from 36 scientific publications providing a total of 374 different release scenarios.
The quantitative releases are presented in Figures 1-5 and Tables S10-S15 and released particle

characteristics in Tables S1-S6. Our data-library is the first step towards a general NM-product and article
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release library. To demonstrate the potential use of the release data, we have given two examples on how
to predict exposure concentrations showing that process specific emission rates, and in this cases also
information on size-distribution, are crucial for detailed modelling-based exposure assessments. In short,
Supporting Information is used to identify the study mimicking exposure scenario. Then, if exposure study
is available, type of the released fragments are listed in Tables S1-S6 and quantitative releases can be found

from Figures 1-5 or Tables S10-S15.

The library presented in this study is lacking explicit uncertainties and variations in quantitative releases
and does not contain information on size-distributions of the emitted materials. Here, we assume that the
experimental setup does not result in losses (e.g. deposition, sampling efficiency, full mixing of
concentrations) nor has any influence on the release characteristics (e.g. coagulation, flocculation). In
future investigations, these processes should be taken into account as e.g. in Gomez et al. (2014). In
washing and leaching studies, the morphology of released material and their by-products should be
assessed as done e.g. by Mitrano et al. (2014). We recommend that future release measurements should

provide information on:

Properties of the matrix and added NM, NM addition technique, concentration, and level of NM

dispersion in the matrix.

e Release scenario and process parameters.

e Concentration gradients in the sampling volume (fully mixed concentrations are preferred unless it
influences on release characteristics).

e The influence of the setups on the concentrations (e.g. deposition, coagulation, flocculation,
chemical reactions, sampling efficiency).

e The morphologies of the released fragments and transformation products due to aging (Dwivedi et

al., 2015; Mitrano et al., 2015a; 2015b).
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e In mechanical processes process rate or MRR. The MRR can be used to calculate process times and
estimate environmental exposure and personal exposure (e.g. dermal exposure).

e Size-distribution concentration data, which for airborne particle should be include at least the 10
nm to ca. 10 um aerodynamic size-range. The concentrations of particles between ca. 1 to 10 nm
should be measured to assess the particle concentrations in the size-overlap between gas phase
compounds and airborne particles (see e.g. Pedata et al. (2015) about concern related to sub-10
nm particle emissions).

e Effective density to convert particle number size distributions to particle mass distributions.

e Concentration of gas phase compounds including VOCs, when relevant.

e Uncertainties and variations of quantitative releases.

Currently, there is no general guidance available to measure quantitative release from various release
scenarios. Harmonized methods would reduce systematic errors (e.g. mixing of concentrations in
atmospheric measurements) and make the release results comparable. Mass balance should be reported
i.e. from the removed fraction which is released as particulate matter, dissolved fraction, vapors, or
transferred to other solid compounds. Properties of released fragments should be analyzed with systematic
techniques and fraction of free or accessible NMs should be defined e.g. using labelled NMs or automatized
EM analysis. Currently, in regulatory exposure assessment it is usually assumed that NM is released as in

pristine form which is far from reality (e.g. Schlagenhauf et al., 2015).

We propose to mimic the stress scenario by following standardized stress test procedures or simulate the
process in environmentally relevant and well-controlled conditions. Sampling of released fragments should
be harmonized so that it can be linked to hazard assessment and further risk assessment. For example, the
release R, depend on sampling technique (e.g. non-volatile fraction, particles in specific size range) which
why different measurements are not always directly comparable. Also, particle number emission rates

alone cannot be used to estimate mass flows or linked to hazard. Without systematic experimental
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methods, it is challenging to understand how NM additives modulate the potential release, when different
stress factors are applied. This is also essential for understanding potential hazards associated with

potential exposure to the released materials.
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Figure 1. Release from artificial weathering as a function of UV dose: a) release of MAT+NM and b) release

of NM without MAT. Table S7 shows aging protocols and sampling techniques for each study. Table S8

shows release function fitting parameters a and b.
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Figure 2. Particle number emission rates from mechanical treatment. The studies were ordered so that

emission rate increases towards right hand side and not accordingly to the specific energy consumption or

wear energy.
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and manual gravity spray guns (SGA; shaded symbols). Gohler et al. (2014) incorporated NMs in TPU,

Acrylate topcoat with TiO, pigment particles (ACL), water-based coating with TiO, pigment particles (WL)

and organic solvent-based mixed coating (LML) which dry mass fractions are given.
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Fabric type, amount of NM, type of NM, and addition technique in bracets

Figure 5. NM release in elemental fractions from textiles during first wash and rinse (open symbols) and
leaching to different artificial sweats (shaded symbol). NM applying techniques are shown as incorporation
(INC) or impregnation (IMP). Detection limit values were 1.25 and 1.5 mg-kg™ for Lorenz et al. (2012) and

Von Goetz et al. (2013), respectively.
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Figure 6. Emission rate modelings showing a) size resolved particle number emission rates and mass

emission rates, b) mass concentrations released during 21 minutes and 15 second sanding, and c) averages

of mass size distributions measured

58



Graphical abstract
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Highlights

e Quantitative releases were derived from existing emission studies.

e Properties of released fragments were summarized.

e Establishes a quantitative emission library for articles containing nanomaterials.
e Examples how to use the data for exposure assessment based on mass flows.

e Recommendations for quantitative release measurements.

60



