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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

0.1 General

The use of manufactured nanomaterials (MNM) in consumer products and applications is growing as
manufacturers exploit the unique properties of nanomaterials. MNMs are an increasingly common
feature of a growing variety of commercial applications and consumer products — from computer chips
to golf clubs. So too are concerns over what is or can be released from products containing MNMs, and
the risk and potential impacts of exposure to such releases. These unique properties offer significant
commercialvalue en ah]ing the manufacture of prndn(‘fc thatthat offer novel characteristics. The MNM
might be pmbedded in solids, might be suspended in fluid, or might be bound to the surface of'sglid
products.]An understanding of what is released from products containing MNMs is critical to plaining
and managing safe development and use of those products.

This docyment aims to contribute to that understanding by providing a guide to the information| to
be taken [nto account in determining the methods for identifying and evaluating releases of MNMs
from matftices; providing a framework for understanding how these methods and the information they
produce dan support decision-making; and identifying opportunities for develgping standards in this
area.

This document provides practical support for decisions related to product development and use throygh
early consideration of the potential for release of MNM and through/focus on realistic use scenarjos
where exposures to the released MNM might occur.

The intenfled users of this document would include:
— those[planning to develop or adapt technical specifications for MNM use in commercial productsg;

— risk rhanagers, product developers, exposure measurement practitioners or other stakeholders
seeking guidance on the availability and utility,0F methods to measure releases that could ocg¢ur
from pises of specific MNMs in composites;

— methods and instrumentation developers seeking to identify needs of the risk management
comnjunity;

— those|planning basic and applied research programs for measurement and modelling to suppprt
decisions around sustainably safe‘uses of MNMs.

The strudtured review of the information regarding the selection of MNM measurement methdds
provided [in this document.is)needed because technologies to produce MNMs, their uses, and MINM
measurement methods are’often developing at the same time, and the development of measurement
methods ¢an in some egases lag behind product development needs. Furthermore, the need to measuyre
particulag characteristics of the released MNM might also evolve as greater understanding of what
might cayse toxicity for a particular kind of MNM is gained. This relationship between emerging
measure1{ent methods and emerging information about toxicity makes a structured approach to review

of measurlemrent needs even more important, so that data are assembled to support decisions using the
most up-tp-date and fit-to-purpose measurement methods. Finally, the selection process for choosing
a particular MNM-composite for a product should include the consideration of whether the available
measurement methods are feasible for the evaluating the conditions of use of that MNM-composite.
This consideration is needed because many methods available for research or for controlled conditions
in industrial hygiene settings are not useful for realistic measurement needs where consumers might
be exposed. In some cases, those methods are too difficult to conduct outside of the laboratory, and in
other cases the methods are too labour-intensive to be feasible for routine decision support.

The development of the decision-making framework presented in this document is based in large part
on initial analyses that focused on releases from polyamide or epoxy polymers to which multi-wall
carbon nanotubes (MWCNT) have been added. Nonetheless, the framework can be used to inform the
selection of methods for identifying and evaluating the releases for a wide range of MNMs and types of
matrices, as illustrated by the case studies in Annex A. The case studies have been chosen because of
the availability of information and methods relevant for actual MNM-polymer composite uses.

vi © IS0 2021 - All rights reserved
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Release from polymer nanocomposites can occur through processes such as physical, chemical, or
thermal degradation of a polymer matrix, resulting in particles that might include a mixture of free
MNM, free polymer, and matrix-bound MNM. This document focuses on the first release to human
exposure or to an effluent pathway. While acknowledging that subsequent MNM fate and transport
could follow from this initial release, the primary concern of this document is whether and where
release of MNMs can occur in the context of consumer or commercial use, and the need to monitor
likelihood of human exposure potential. Although other stages of the lifecycle of products containing
MNMs are discussed briefly to provide context, subsequent fate and transport events are not addressed
in detail.

Thy g releases
of pther MNMs from other matrices in subsequent versions of the document.

0.2 Decision-Making Framework

0.4.1 General

In |developing the decision-making framework set out in this document two 'key concepts [that have

pven useful in addressing the relevant risk management issues in support of decision-making have
bn applied. The first is “problem formulation”[ll. This describes the'\purpose and contgxt of the
hlysis, and the nature of the decision that the analysis aims to suppert. By making it clear the analysis
being conducted to support a specific decision, this approach helps to ensure the analysis remains
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Tiered approach

In some situations, a tiered approach — such as those described in Clause 8 — can be useful. For
example, if release outside of a confined structure is not expected (e.g. if the MNM is contained within
a phone, and release would not result in consumer exposure), an analytical method that simply detects
the MNM could be sufficient. In other cases, a qualitative description might be useful to predict the
potential for further interactions with other materials, and ultimately the fate and transport of the
MNM. Such information could be used, for example, in deciding between alternative designs or products

0.2.4  Quantitative risk assessment presents challenges
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Finally, in some cases it could be necessary to quantitatively evaluate the MNM release in order to feed
into a quantitative risk assessment. In such cases, it is important to ensure that exposure measurements
are made in a way that facilitates integration with hazard data to evaluate risk. Such integration
includes evaluating the MNM characteristics with regard to key determinants of toxicity (e.g. degree of
aggregation and functionalization), and reporting exposure in relevant dose units. Currently completing
an evaluation of this kind presents a significant challenge, as the key determinants of toxicity and
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with human skin or is used under conditions subject to severe weathering). This document is a

SO

intended to aid in evaluating — at the product design stage — how variation in adducts, coatings, or
MNM composition would affect MNM release rates and measurement needs.
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Evaluation of methods for assessing the release of
nanomaterials from commercial, nanomaterial-containing
polymer composites
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is document reviews and evaluates the utility of available methods to assess materialrelepsed from

mmercial polymer composites in support of product use and safety decisions, and)descy
rised or additional methods are needed. The document is not focused on desctibing me
rather the goal is to describe information that is appropriate for consideration’in the se
thods to support decision-making.

Normative references

e following documents are referred to in the text in such a way*that some or all of the
nstitutes requirements of this document. For dated references) only the edition cited aj
dated references, the latest edition of the referenced document (including any amendment

D/TS 80004 (all parts), Nanotechnologies — Vocabulary,

Terms and definitions

" the purposes of this document, the terms.and definitions given in ISO/TS 80004 (all part]
owing apply.

[SO Online browsing platform:‘available at https://www.iso.org/obp

[EC Electropedia: available:at https://www.electropedia.org/

inufactured nanomaterial

homaterial inténtionally produced to have selected properties or composition

URCE: ISQ/TS 80004-1:2015, 2.9]

anocemposite

ibes what
thods per
lection of

ir content
plies. For
5) applies.

s) and the

and [EC maintain terminological databases for use in standardization at the following addiresses:

Note 1 to entry: Gaseous nanophases are excluded [they are covered by nanoporous material].

anbphase

Note 2 to entry: Materials with nanoscale phases formed by precipitation alone are not considered to be
nanocomposite materials.

[SOURCE: ISO/TS 80004-4:2011, 3.2]
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3.3

carbon nanotube

CNT
nanotube

composed of carbon

Note 1 to entry: Carbon nanotubes usually consist of curved graphene layers, including single-wall carbon

nanotubes
[SOURCE:
3.4

and multiwall carbon nanotubes.

ISO/TS 80004-3:2010, 4.3]

multi-wa
MWCNT

carbon n3
distance s

Note 1 to
other, and
increases.

[SOURCE:

3.5
lifecycle
consecuti
from natul

[SOURCE:

3.6
nano-ena
exhibiting

[SOURCE:

3.7
single wa
SWCNT

|1 carbon nanotube

notube composed of nested, concentric or near-concentric graphene sheets with dnterlaj
imilar to those of graphite

entry: The structure is normally considered to be many single-wall carbon nanotubgs nesting e
would be cylindrical for small diameters but tends to have a polygonal cross-section as the diame

ISO/TS 80004-3:2010, 4.6]

ve and interlinked stages of a product system, from raw.material acquisition or generat
ral resources to final disposal

bled
function or performance only possible with nanotechnology

ISO/TS 80004-1:2015, 2.15]

11 carbon nanotube

carbon nanotube consisting of a single cylindrical graphene layer

Note 1 to
structure.

[SOURCE:

3.8
nano-enh
exhibiting

entry: The structure ‘can be visualized as a graphene sheet rolled into a cylindrical honeyco

ISO/TS 80004:3:2010, 4.4]

anced
function or performance intensified or improved by nanotechnology

ISO 14044:2006, 3.1, modified — the term has been modified from "life cycle" to "lifecycle|.

yer

hch
ter

on

mb

[SOURCE:
3.9

50/ 1560004-112U15, £2.10]

nanoscale
length range approximately from 1 nm to 100 nm

Note 1 to entry: Properties that are not extrapolations from larger sizes are predominantly exhibited in this
length range.

[SOURCE:

ISO/TS 80004-1:2015, 2.1]
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3.10

agglomerate

collection of weakly or medium strongly bound particles where the resulting external surface area is
similar to the sum of the surface areas of the individual components

Note 1 to entry: The forces holding an agglomerate together are weak forces, for example van der Waals forces or
simple physical entanglement.

Note 2 to entry: Agglomerates are also termed secondary particles and the original source particles are termed
primary particles.

[SOURCE: ISO 26824:2013, 1.2]

3.11

graphene oxide
G(
chemically modified graphene prepared by the oxidation of graphite causifig”extensive|oxidative
madification of the basal plane

[SOURCE: ISO/TS 80004-13:2017, 3.1.2.13, modified — "and exfoliation-has been deleted.]

3.12
additive
substance added to polymers to improve or modify one or moré/particles

Nofe 1 to entry: In a narrow sense, the term additive includes.only ingredients added in small amounts; in such
cages the term modifier is used for an ingredient added in relatively large amounts.

[SOURCE: ISO 472:1999, Clause 2]
4 | Abbreviations

AQ article category

AFM atomic force microscopy

C analytical ultracentrifugation
M certified reference'material

ECHA  European£hemicals Agency

EC elemental carbon

E electron microscopy

E environmental release category
ES exposure scenario

ESD emissions scenario document
ICP inductively coupled plasma

ICP-MS inductively coupled plasma mass spectrometry
ILS inter-laboratory studies
LCA Lifecycle analysis

LCS lifecycle stage

© IS0 2021 - All rights reserved 3
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MCE mixed cellulose ester

NEP nano-enabled or nano-enhanced product
PC polycarbonate

PP polypropylene

PROC  process category

PVC F n]}r"n'h.‘]r] r‘h]nridn

RM reference material

RTM representative test material
SEM gcanning electron microscopy
SL gervice life

SU gector of use

TEM transmission electron microscopy

TO thermal optical
UDS Use descriptor system
uv yltraviolet

UV-VIS (ltraviolet-visible spectroscopy

WWTP waste water treatment plants

5 Understanding the nano-enabled products

5.1 Pathway analysis for the supply chain

The focus| of this document is(on release of the MNM in the use phase of the lifecycle, including bgth
consumer| and commercial use. However, the design of NEPs needs to consider the potential for MI{\M
release, apd ultimately MNM exposure, throughout the lifecycle. Therefore, this clause briefly discus$es
considerafions for the’broader NEP lifecycle. The first step in the identification of potential releages
along the|lifecycle of’NEPs is to provide a comprehensive pathway analysis along and beyond thleir
value chain. The basis of this pathway analysis will be the information available about the product dnd
the procepses the product passes through during its whole lifecycle. This information might inclyde
product cpmposition (nanomaterial and matrix type and composition), production and use volumes for
each applicati icati i i Is)
and disposal options. Furthermore, MNM releases in industries strongly depend on the risk mitigation
measures applied for waste management and uncontrolled processes.

The estimation of the concentration of chemicals released from products and ending up in the different
environmental compartments could be based on the information provided in documents such as OECD
Emission Scenario Documents (ESDs). The OECD Working Party on Exposure Assessment develops
ESDs in order to reflect conditions on production, use, etc., that are different between countries, and so
avoiding duplicative efforts by Member countries and industry. ESDs have been widely used in national
and regional contexts. For example, ECHA’s guidance document on environmental exposure estimation
refers to existing ESDs developed by both OECD and the European Commission. Other OECD member
countries have developed their own ESDs and the US EPA has developed several generic scenarios to
be used as default release scenarios in risk assessment. The OECD describes an emission scenario as a

4 © IS0 2021 - All rights reserved
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set of conditions about sources, pathways, production processes, and uses patterns that quantify the
emissions (or releases) of a chemical from production, formulation, processing, use and recovery, and
disposal into water, air and solid waste. An emission rate is used to quantify releases. Default values
are established in a way that reflect an average number for the whole lifecycle considering the emission
rate remains constant over time. However, this is not applicable to most of the cases since the rate will
decrease over time for most additives.

Furthermore, to support the identification of uses and facilitate effective communication up and down
the supply chain, as well as quantification of releases, ECHA has developed a standardized description
of uses in the supply chain called the use descriptor system. The UDS was based on six separate
degcri — - ; - —aTti and ERC.
re are four basic stages in the lifecycle of a substance to which a use can be assigned:manufacture,
folmulation or repacking, end-use (use in industrial sites, professional use, and consumery use) and
(anfticle) SL. A brief description of the product use(s) can be obtained by using these deseriptoys.

—| Lifecycle stage: Reflects the stage of the chemical/ nanomaterial in its lifecycle. It is structured
in puch a way that it indicates the type of organizations using the chemical (61 mManomaterial) after its
mgnufacture (e.g. formulators, industrial end users).

—| Sector of use: Describes in which sector or market area the substdn¢e (nanomaterial) is psed.
EXAMPLE1  SU4: manufacture of textiles, leather, fur; SU11: manufacture of rubber products.

—| Process category: Describes the application techniqués or process types defined| from an
oc¢upational perspective; the PROC, in combination with' the operational conditions|and risk
mgnagement measures, is the prime determinant for thelevel of occupational exposure. It is § required
degcriptor for worker uses.

EXAMPLE 2 PROC1: Production in closed process without likelihood of exposure or processes withlequivalent
cofptainment conditions; PROC5: Mixing or blendingin‘batch processes; PROC7: Industrial spraying.

—| Chemical product category: Describesthe types of products in which a substance/ narjomaterial
is jused. The chemical product category.in combination with the operational conditiony and risk
mgnagement measures primarily determines the level of consumer exposure. It is a required ¢lescriptor
forl consumer uses.

EXAMPLE 3  PC9a: Coatings and\paints, thinners, paint removers, PC24: Lubricants, greases, releasg¢ products;
PCB1: Polishes and wax blends

—| AC: Describes the type of article in which the substance/nanomaterial has been process¢d. The AC
is pnly relevant and uSed for the lifecycle stage SL.

EXAMPLE4  ACZb;~Other machinery, mechanical appliances, electrical/electronic articles; A(8e: Paper
artficles: Furnitute-and furnishings; AC13a: Plastic articles: large surface area articles.

—| ERC: Bescribes the broad conditions of use from an environmental perspective, based on those
characteristics that give a first indication of the potential release of the substance to the envjironment.
Thie default is to select only one ERC per use.

EXAMPLES5  ERC2: Formulation into mixture; ERC6a: Use of intermediate; ERC8a: Widespread uses of non-
reactive processing aid (no inclusion into or onto article, indoor).

Table 1 provides an example of the UDS for polymeric nanocomposites. Scenarios for each lifecycle stage
are listed, along with a brief description of relevant processes and activities. The table then identifies
the process, product, article, and environmental release categories, to provide an overview of uses
across the supply chain.
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Table 1 — Example of the ECHA use descriptor system of CNT in polymeric nanocomposites

tribution

Short descrip- Product
LCS ES tion of process PROC SU AC ERC
- category
or activity
Synthesis PROC1
Recovery PROC2
Production/ Packing PROC9
synthesis of | [nternal trans- | PROC8b ERC1 Manu-
CNTs using port — — — facture of the
rhemical va- . substance
péur deposition Clegnlng and PROC8b
maintenance
Storage and dis- | PROC8b
tribution
Synthesis PROC1
72}
'5 Recovery PROC2
= _ Packing PROCY
g Production/
> synthesis of | Internaltrans- | PROC8b ERC1 Manu-
[ . — — — facture of the
CNT usin port
Z § substance
= arc-vapour Cleaning and PROC8b
- maintenance
= Storage and dis- | PROC8b
tribution
Synthesis PROC1
Recovery PROC2
production/ Packing PROC9
roduction
synthesis of Internal trans- | PROC8b ERC1 Manu-
: ort — — — facture of the
CNT using laser p substance
ablation Cleaning and PRQG8Db
maintenance
Storage and diss_|-PROC8b
tribution
Weighing, miXing,| PROC5 SU12 Man-
5 loading ufacture
'ﬁ Extrusion and PROC14 of pl;‘SUCS
5 4 . granulation pro ugts,
25 Manufacturing . including
e 2 bf intermedi- Packing PROC21 | compounding ERC1 Manu-
= o dte composite’ | Internal trans- | PROC21 | and conver- — — facture of the
| g' materials‘con- port sion substance
=2 faining,CNTS .
= Cleaning and PROC8b
o maintenance
= Storage and dis- | PROC21
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Table 1 (continued)
Short descrip- Product
LCS ES tion of process PROC SU AC ERC
. . category
or activity
) Weighing, mixing
5 =
0z and loading PROCS
=< - d SU12 Man-
E £ | Manufactur- E_Xt;gfllgrfl'oino}l g- PROC14 ufacture PC32
= . . in min :
E _E ing ofsoh(_i . _ of plastics | Polymer AC13 ERC3 Formula-
& 8 | products with | Shapingand fin- | ;1 ~, products, | prepara- | ., "% toninto solid
ﬁ_g composite 1shing including tions and . .
S N ; articles matrix
&£ 5 | materials con- Cleaning and compounding| com-
:; “g taining CNTs maintenance PROC8b | and conver- | pounds
3 Storage and dis son
T & tribution PROC21
ol ® Professional PC32
= ‘—; use (service Polymer ERC11a Wide-
5 @| life) of solid | Cutting, shaping, PROC24 . prepara- . spread use of
: _g = composite drilling, sanding tionsand article§ with low
Sls materials con- €on- releasg (indoor)
© taining CNT pounds
+ Sorting (mechan-
g ical, electromag-
netical and manu- PROC21 PC32
& Recycling and al separation) Polymer ERC123 Process-
u—s disposal of Processing (me- . prepara- . ing of drticles at
= | products con- |chanical and ther-| PROC24 tions and industfrial sites
* § | tainingCNTs | 4] processes) com- with low release
- pounds
Landfill PROC21
Incineration PROC2

Thle descriptors for all of these.categories are requested under the registration, eyvaluation,
authorization and restriction of chemicals (REACH) regulation in Europe for the safety assgssment of
chemical substances (including.nanomaterials) and their uses. The information from this agsessment
is pummarized in the REAGH chemical safety report (CSR). One key component of that (SR is the

ES|in which manufacturers;or importers set out the conditions for safe use of their substance. This

information is essential*to many actors in the chemical supply chain in their day-to-day handling of
substances (including-nanomaterials). For the identification of the ESs associated with a nanjp-enabled
product, the generation of conceptual maps for the product lifecycle is proposed (general diagram in

-

Figure 1). This diagram links the lifecycle stages of a product with potential exposure/release|scenarios

(dgfined as these activities from which release is highly probable to occur), receptors (humpan, water,
soll, air, bigta)'and technological compartments (WWTPs, incinerators, landfill sites). The fivie lifecycle

stdges considered are:

a) | MNM synthesis,

b) incorporation of MNM into the product (nano-enabled product manufacturing),

c¢) manufacturing of products containing MNM,

d) use and service life phase, and

e) recycling and end of life.

A full description of the lifecycle, particularly potential use scenarios, can aid in focusing release
testing on conditions that are potentially relevant to the product. During the use phase, intended and
unintended release of MNM can occur. The unintended release of MNM typically results from non-point
sources such as washed off sunscreens in the ocean water or release from other consumer products,
while the intended release results from point sources such asa WWTP that uses MNM for groundwater

© IS0 2021 - All rights reserved
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remediation. In Figure 1, green arrows indicate releases to the environment (generally uncontrolled)
and possibly resulting in human exposure (workers and consumers) and red arrows indicate MNM
release pathways ending up in waste management or end-of-life treatments.

RECYCLING

SYNTHESIS MANUFACTURING USE PHASE END OF LIFE

RELEASE-TO
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The key tg

MANUFACTURING | T

WASTE _ ——— |
L - EMPTY
~a—! CONTAINERS,
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Figure 1 — Lifecycle of a nano-enabled product

rix and MNM characteristics affectingfate and form of release

bneral

in matrix materials, and MNM-types and compositions of nanocomposites can affect {
of nanomaterial release, form ofrelease (e.g. particles containing filler, free filler, degrad
| in general the magnitude.of\materials release, which in turn can each affect measurem
election.[2] Understanding)the physicochemical properties of the neat polymeric mat
MNM additive, and composite material is critical in understanding the release behavig
mposites in their uSe)cases. Potential exposure is often application-specific and is hig
L on MNM physicochemical properties, the way the MNM is incorporated into the prody
hy the productis being used. Subclause 5.2 briefly reviews key aspects of the physicochemi
5 and otherkey characteristics of the major matrices and MNM additives relevant

stics in*Clause 6 and the need for particular sampling and measurement methods in Claus

pi¢s.discussed include:

he
ed
bnt
rix
ur
hly
ct,
cal
to
ise

— release of mnm throughout Iifecycle;

— stand

ardized descriptors of nep use, quantification of releases;

— factors affecting MNM release:

— mnm type,

— structure/composition of matrix, and

— product use.
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5.2.2 Consideration of the polymer used in the composite

5.2.2.1 General

To fabricate industrial and consumer NEPs the MNM is usually integrated in a matrix. This matrix
is often a designated plastic, i.e. a synthetic material made from a wide range of organic polymers.
Plastics are broadly classified as thermosetting or thermoplastic polymers; the classification reflects
the post-manufacturing malleability and flexibility. Thermosetting polymers are irreversibly hardened
via curing by, for example, heat. Thermoplastic polymers are pliable or moldable at a certain elevated
temperature and solidifies upon cooling. The thermal properties depend on the chemical structure
anf molecular units that form polymer chains and backbones. Thermosetting polymers |are often
cr¢sslinked forming resins and rubbers (duromers). Understanding the performance diffetlences can
help making better sourcing decisions and improve product design.

5.2.2.2 Thermosetting polymers

Thiermosetting polymers are made from polymer chains that cross-link together during the curing
process to form a permanent chemical bond. Cross-linking that occurs, during the curing process
preévents movement of individual polymer chains after curing. Because 0f)this, once cured, the|structure
of thermosetting polymers cannot be altered. This process prevents.the product from re-melting when
hept is applied, making thermosets ideal for high-heat applications like appliances and electronics.
Thlermosetting polymers can greatly improve the material’s mechanical properties, providinglenhanced
chemical resistance, heat resistance and structural integrity. Thermosetting polymers are frequently
used for sealed products due to their resistance to deformation and are among some of the m¢st impact
registant plastics available. The properties of thermosetting polymers include:

—| excellent resistance to solvents and corrosives;
—| resistance to high temperatures;

—1| high fatigue strength;

—| tailored elasticity;

—| excellent adhesion;

—| excellent finishing (e.g. polishing, painting).

Thie common thermosetting polymers (and applications) include polyester (textiles, 3D printjng), vinyl
ester (vessels, airplafes), epoxy (adhesives), phenolics (electrical components, household laminates),
anfl urethane (insulating foams, footwear). the most common thermosetting polymers used[today is a
polyester resinfollowed by vinyl ester and epoxy.

5.2.2.3 Thermoplastic polymers

A thefmoplastic is a polymeric material or plastic that becomes soft and formable when heated and
rigidowhen cooled. This process can be repeated a number of times without chemically alfering the
material. Thermoplastic materials offer many performance benefits, such as high strength, shrink-
resistance, and easy bendability. Thermoplastic polymers can serve low-stress applications such as
plastic bags but are also used in high-stress mechanical parts, depending on the type of thermoplastic
material. Thermoplastic materials are highly recyclable, offering aesthetically-superior finishes, high-
impact resistance, remolding/reshaping capabilities, chemical resistance, hard crystalline or rubbery
surface options, and eco-friendly manufacturing.

Examples of common thermoplastic polymers used today and typical consumer products manufactured
from them include Polyethylene Terephthalate (PET) (water and soda bottles), Polypropylene (PP)
(packaging containers, automotive parts), Polycarbonate (PC) (windshields, safety glass lenses),
Polybutylene terephthalate (PBT) (generic plastic parts, including children's toys), Polyethylene (PE)
(packaging, grocery bags), PVC(piping, window frames), Polyethylenimine (PEI) (airplane armrests),
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and Polyamide (PA) (footwear, fishery nets, 3D printing). Table 2 summarizes key features of
thermoplastics and thermosetting polymers.

Table 2 — Comparison of important features of thermoplastics and thermoset plastics

Thermoplastic polymers Thermosetting polymers
can be synthesized by addition can be synthesized by condensation
polymerization polymerization

monomer used is tri-, tetra- or

monomer used is generally bifunctional :
polyfunctional

long chain linear polymer with negligible | three-dimensional network structure with

cross links a number of cross links
low molecular weight high molecular weight
soft, weak, and brittle hard, strong, and more brittle

high melting point and high tensile

low melting point and low tensile strength strength

5.2.3 Polymer degradation

All polymiers will undergo some degradation during SL. The result wilklbe a steady decline in their
mechanicgl properties caused by changes to the molecular weight, molecular weight distribution, and
compositipn of the polymer. Other possible changes include embrittlement (chain hardening), softenng
(chain scission), colour changes, and cracking and charring (mass loss). Factors causing polyner
degradatipn include heat, mechanical energy, radiation, ozone; solvents, acids, and bases.

In general, the resistance to degradation will depend on’the chemical composition of the polymner.
For example, polymers such as PP, PVC, and polybutadiene (PBD) are very susceptible to thermal
degradatipn, even at normal temperature, and can onlybe prevented from degradation when formulated
with UV dtabilizers and antioxidants; whereas polymers such as polysulfone (PSU), polyethersulfqne
(PES), polyetherketone (PEEK), and polysiloxarnes (silicones) present excellent resistance to thermal
and oxidafive degradation due to the strong bonds in the long chain backbones and in the side-groujps.
The energy applied during processing [mechanical stresses, grinding, ultraviolet (UV) radiation] dan
cause brepkage of bonds. Dissociation energy for the different chemical bonds in a polymer structuyre
ranges fr¢m 65 kCal/mol to 110 kCal/mol. These factors can cause degradation of the polymer due
to chains|scission (by hydrolysis), ‘crosslinking, oxidation, or via other chemical reactions. Oxidatjon
can resulf in the destruction of crystalline order. Ingredients, additives, or contaminants can undergo
radical fofmation, which then\attacks the polymer. However, stabilizers are used to counter varigus
types of degradation processes (e.g. antioxidants, light stabilizers, heat stabilizers, antiozonants).

Furthermpre, some properties of the polymer could facilitate oxidation processes: for example, lpw
degree of|crystallinity;low molecular weight polymers, higher branching, presence of double bondg in
the chemifal structure, and the presence of additives leading to free radicals.

5.2.4 Consideration of MNM used in the composite

MNM additives used in composites can be classified based on their composition and geometry. The basic
composition can be either organic (e.g. dendrimers, polymers), inorganic (e.g. metals, metal oxides,
metal hydroxides), carbon (e.g. carbon nanotubes, bucky-balls), or combinations of these materials.
Even more complex systems can be generated by surface functionalization.

The selection of the MNM in the production of nanocomposites depends on the desired properties
for the specific application. Specific thermal, mechanical, electrical, magnetic, and optical properties
can be obtained or enhanced by inclusion of different MNM into a polymeric matrix. Preparation of
MNM-polymer nanocomposites might involve surface modification of MNM because it is important to
obtain strong interactions between MNM and polymer to enhance structural features and optimize
stable dispersion of the MNM in the nanocomposite. There have been many studies on optimizing the
dispersibility of MNM additives in the polymeric matrix. It is possible to increase hydrophobicity of

10 © IS0 2021 - All rights reserved


https://standardsiso.com/api/?name=73505ed3a7f074ab0bfc1b82f26f1cf4

ISO/TR 22293:2021(E)

the MNM additives via surface modification, enhance interfacial adhesion via chain entanglement or
chemical bonding.

Potential MNM additives include those based on carbon, metal oxides, and metals. The properties
provided to the composites by the incorporation of these different nano additives is briefly described.

One of the most commonly used carbon-based MNM additive are CNTs. The nature of the atomic
arrangements and bonding in CNTs provide these materials with exceptional mechanical properties
(tensile strength, elastic modulus, and hardness), very good thermal conductivity, and structure-
dependent electrical properties (metallic to semiconducting). These properties, along with low density

an

d ]nrgn acpnr‘f rnh'nc’ malke CNTs attractive for many app]ir‘nfinnc [3] Addifinna”y’ the incag
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braphene or graphene oxide in polymeric nanocomposites resulted in significant improve
y in the mechanical, thermal and electrical activities,[4] but also improvements in the cohg
1 gas barrier properties compare to the neat polymerl2l.

vide range of metal oxide-based MNM have proved to provide interesting (Properties:

bsent multiple advantages, they can be obtained from relatively cheap materials (clays). Ad
vir flat morphology makes it much easier to obtain good dispersions into thie.polymeric matr
brefore, provides multiple properties (flame retardancy, anticorrosion;gas barrier, increas
1 heat distortion temperature).[Z}[8] The addition of amorphous SiQ.{into certain polymeri
ulted in an improvement of mechanical properties (increasing tetisile, impact and strengft
evidences of flame-retardant properties have been found.[2l[22} Zinc oxide (Zn0) is an i
terial to be introduced into polymeric matrices due to itséntibacterial properties11].[1]
o used in applications such as food packaging[13] to imgrove food preservation in stord

soe circumstances (actively forming hydrogen bonds), ¢an improve mechanical propert
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mposite.[12] Ti0, nanoparticles (both anatase and rutile polymorphs), which are well reco
bir photocatalytic activity,[14].[15] also are commonly,incorporated into polymeric matrices,
increase in UV absorption to the nanocomposite,useful for multiple applications. The incd
[i0, nanoparticles in some polymers resultedin an increase in the tensile modulus, deco
hperature, dimension stability, bending striess, impact stress and elongation break!1el.[17],

ally, considering the incorporation of*metal-based MNM, Silver (Ag) is one of the most i
M additives due to its unique electric, optical, catalytic and, particularly, antimicrobial p
For this reason, its incorporation' into polymers have been widely studied and tested
mbined with polymers, if correctly dispersed and designed, the resulting nanocomposits
fibacterial properties that are'useful for many applications (e.g. medical devices area)[18],

e selection of MNM to use in a nanocomposite and preparation of the MNM nanocompo
ect release samplingf sample preparation, and analytic needs as discussed in Clauses 6 and

.5 Polymermnanocomposites
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matrix. This can be used to produce either advanced materials with improved properties or new
applications, or both.[20] These properties and applications are important to consider in terms of how
they might affect release measurement needs. For example, nanocomposite rubber tires with everyday
use account for more than one megaton per year of carbon black and silica production in the nanoscale
range. However, degradation of rubber nanocomposite tire tread during use is a prime example of
the challenge of measuring MNM release during the use phase of lifecycle.[2l] Furthermore, major
innovations might soon drive rapid growth of the “highly dispersible (HD)” silica additives that are
replacing carbon black and so standard methods to measure MNM release must be adapted to changing
properties of the tires as innovations proceed. The use of MNM in tires is also unusual because it
represents a nanocomposite with very high filler content (above 40 % by weight), whereas the additive
content of most other nanocomposites is in the 1 % to 5 % range.

© IS0 2021 - All rights reserved 11


https://standardsiso.com/api/?name=73505ed3a7f074ab0bfc1b82f26f1cf4

ISO/TR 22293:2021(E)

Products that contain MWCNTs are manufactured from composite made from MWNCTs incorporated
in a polymer matrix. Five polymers that are commercially relevant and represent a range of polymer
characteristics are epoxy (EP), PA, polyurethane (PU), PE, and PC (see also Table 2). Composites
used for final products are typically formulations of the polymer and additives designed to modify
the physicochemical characteristics of the polymer, particularly its mechanical properties (strength,
toughness, and wear resistance) and chemical and thermal resistance to degradation.

The development of other polymer nanocomposites is a growing area in all the industrial sectors. Over
the past decade, these MNM filled compounds have attracted considerable interests in both academia
and industry, owing to their outstanding variety of properties with only a small amount of MNM
additives. EAdxllplca frrctode reciaicat (c.g. elasticstiffrressamdstr cugth),[zl'[gl ph_ybihdl (c.g. barmjier
resistancg, flame retardancy or scratch resistance),lZ] electrical,[24] magnetic,[22] thermal, and eptical
properties. These new nanocomposites enable interesting applications in most of the industrial\sectdrs,

with a pagticularly high incidence in the electronics, automotive, textile, and mining sectors,

Polymer flanocomposites will not only expand the performance space of traditional-filled polymers
but also iptroduce completely new combinations of properties, and thus enable neW applications for
plastics.[2P1I27] Low volume additions (1 % to 5 %) of nanoparticles, such as layeréd-silicates or carfon
nanotubes, provide property enhancements (with respect to the neat resin) thatare comparable to thgse
achieved py conventional loadings (15 % to 40 %) of traditional fillers. The\lower loadings facilitate
processing and reduce component weight. Most important, though, is the.ddded unique properties,
such as reduced permeability, optical clarity, self-passivation, and increased resistance to oxidation gnd
ablation, ot normally possible with traditional additives. These chardeteristics have been transformed
into numgrous commercial successes, including automotive parts,«patings, and flame-retardants.

5.2.6 Application areas and use phase (or lifecycle) processes

The end ufser could be intentionally or unintentionally exposed to MNMs as a result of NEP use. During
common Yse of the products, the end user can be subjected to various controllable and uncontrollaple
condition$, which might increase the potential for~the release and transformation of the MNMs.
Released MNMs are often different from the pristine parent material in terms of size and aggregatjon
and agglomeration state, and they can be released either as free MNMs or together with fragments
of the prdduct matrix. The use phase will,s<in-inost cases, be the most important part of the lifecyle
for consuimer exposure to MNMs. The analysis of the needs for release measurement methods for edch
product apd product category will require a separate evaluation of the use scenario that accounts for
the product design, how it is used,cand the resulting potential conditions of MNM release. The way a
MNM is ijcorporated or applied in the product will have a high influence on the MNM properties dnd
the potential for being released and subsequently leading to consumer or environmental exposure.

Through qonsumer productiise, disposal, or recycling, nanocomposites encounter mechanical, thernjal,
and/or chemical energyiinputs that could degrade the nanocomposite and result in the release of the
embedded nanomaterjals. Several studies cited in this section below investigated release of MNM frpm
polymer npanocompasites in different scenarios (weathering, abrasion, sanding, incineration). From
these studlies, itsis*observed that there are generally insufficient data generated to support decisjon
making apout MNM release rates using a common and harmonized methodology. However, affer
analysing|themethods used in each case, one could establish some parameter ranges for each procesg to
experimentally simulate real conditions using different laboratory simulations. Laboratory simulations
can lead to the following potential erroneous conclusions:

— The stresses of the laboratory simulation tests might not be representative of the stresses by the
intended use or operational conditions or handling; for example, the machining tool used in the
laboratory experiments might have different characteristics than the one used by the operator
or consumer; or, self-ignited thermal decomposition might not reflect the conditions of waste
incinerators:

— risk: the form of release and rate of release would be incorrectly determined;

— mitigation: recommends stressing the nanocomposite by established ISO protocols that
represent real-world scenarios. For example, the NanoRelease weathering protocol uses the
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established 1SO 4892-3[231] for the aging of the polymer nanocomposites, before sampling and

analysis. Furthermore, 5.2.6 lists characteristics of tools.

— The static emission measurements are performed; for example, aerosols from sanding might

accumulate and agglomerate, or, leachates might reach saturation:

— risk: weak correlation from sanding emission to human exposure in the breathing zone.

Simulated leaching might underestimate environmental leaching.

— mitigation: more than one concentration of nanocomposite should be tested.

Onle should also consider different situations such as:

Fu
po

Fo
na

NO

The nanocomposite might contain an MNM that is known to be hazardous:

— risk: the field test will put either operators or the environment, or both, atmisk;
— mitigation: use the options of containment in a laboratory simulation

The release rates are often low:

— risk: the industrial or environmental background might conceal the released fragms
nanocomposite;

— mitigation: use the options to reduce background in-Jaboratory simulations, for ex
testing in ultrapure water or in HEPA-filtered sanding’boxes.

In early stages of research, only small amounts of therhanocomposite might be available:
— risk: unavailability of a sufficient amount @f nanocomposites;
— mitigation: use laboratory simulation testing to require less sample material.

ther limitations of experimental conditions could be possible, depending on the specific pr
fential use scenarios.

- example, Table 3 lists differént methods or processes used to induce release for PA

TE All of these studies involved laboratory simulations.

Table 3 <Experimental conditions for releases from different processes

nts of the

ample, by

oduct and

. polymer

hocomposites containing MWCNT, including conditions applied in each of the scenarios studied.

Process or cause for release Description References

A%

bathering UV =60 W to 480 W (in 300 nm to|[28], [29], [30], [31], [32],
400 nm wavelength intervals) for|[35], [36], [37]

1 000 h in an accelerated chamber,
equivalent to approximately 1 year
to 3 year in real conditions based on

[33], [34],

1S 4992 2[231]
JIeAC T e g
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Table 3 (continued)

Process or cause for release Description References
Sanding Manual sanding Manually sanded epoxy test sticks with | [38], [39]
sandpaper (220 grit)
Sandpaper affixed to | Three levels of sandpaper roughness|[40], [41]
arotational disk plate | (ADSLOX A290 P80, P150 and P320)
were used, adhesively affixed to the
surface of a disk plate fixed onto a lathe
Hand-held sanding|A miniature sander (Model Dremel|[42], [43]
equipment 400 serles) with a contact force of
2,0 x 101 N to 1,0 N, contact pressure
0f 1,0 x 10%to 5,0 x 10% and peripheral
speed of 1,8 m/s to 24 m/s
or a hand-held sanding machine (Me-
tabo FSR200 with 22 000 oscillations/
min was used
Sanding belt A belt sander (Model 97181) with a|[39], [44]
sandingbelt (10,2 cm x 91,4 cm) operat-
ing ataconstantspeed of 5,6 m/s with
a silicon-aluminium based sandpaper
having grit sizes of P150 and P320
Abrasion Taber equipment with H-18 abrasive{[45]
wheel, an applied weight of 0,75 kg and
a frequency of 60 c/min
Band saw A220blade grit,a 1,65 mm blade width, | [39], [43], [46
20 m/s blade speed and 0y2~¢m/s to
0,4 cm/s rate of advance ofithe compos-
itesin dry and wetambientenvironment
Rotatory qutting wheel A 220blade grit,a 1,65'mm blade width, | [46]
15 m/s blade spéed and 0,4 cm/s rate
of advance of‘the composites in wet
condition{water flushing)
Drilling 725 rpm to 1 355 rpm drilling speed, |[47], [48
17 Nnormalload, and 1,3 mmto 3,9 mm
specimen thickness, performed under
dry and wet ambient conditions
Scratching Normal load of 5 N to 25 N, scratch|[49]
length of 5 mm at 5 mm/min speed for
a total of one to 15 scratches
Crushing 7900 rpmto 18 750 rpm rotation speed | [50
at 108 mm crushing chamber diameter;
14 thousand total rotations
Incineratipn The lab simulations of waste inciner-|[51], [52], [53], [54
ation reproduced ISO 15270, which

I Clelil oS d lel ITdClT tCllllJCl Cl‘l-.ul T Uf Clt
least 850 °C (1 562 °F), after overfire,
air injection of atleast 2 s, and oxygen
concentration of 20,9 vol %. Only for
hazardous waste incineration, ISO
requires temperatures up to 1 200 °C
(2 192 °F), but were not yet tested.
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Table 3 (continued)

Process or cause for release Description References
Food contact Release has been observed for NEPs that | [55], [56], [57

were tested for contact with vinegar,
alcoholic beverages, flavour extracts,
and the like, simulated in food contact
standards by 3 % aceticacid and 50 %
to 95 % ethanol. The release was dom-
inated by MNM dissolution inside the
NEP matrix in these cases.

Thle processes or causes listed in Table 3 for release of MWCNT from PA composites describ
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Thie available literature has extensively evaluated the effect0f release mechanisms as describ
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release could follow from this first release. For example, MNM additive could eventually b

fra
su
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] use conditions.

Factors affecting release measurement method selection

b. abrasion, chemical, thermal) and conditions (e.g. temperature, pH, release media) on
materials that would be released, and amounts of release materials that can occur (red t
ure 2).

" the purpose of this document, release iscdefined as the first release of material from
1taining composite into exposure or effluent pathways during consumer or commercial
pduct (see Figure 2). Subsequent fate ‘and transport and determination of resulting expd
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m the initially released (particles as those particles degrade in the environment; howe
psequent release events\will not be addressed in detail in this document.
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— Release scenarios where the matrix is less resilient than the MNM: examples include weathering
of MWCNT-epoxy, of MWCNT-PA, of MWCNT-PP, of Fe,03-PP, but also thermal decomposition of
composites, because under the stresses of the specific scenarios, the degradation of the matrix is
faster than the degradation of the MNM.

Earlier works on the release from NEPs, especially on MWCNT composites, focused on transformations
of physical structures, whereas recent work on metal-containing MNM has often focused on dissolution
and transformation of chemical identity (i.e. speciation, composition). Both can occur before or during
release (in scope of the present document) or after release (beyond scope). With colours symbolizing
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the chemical identity, Figure 3 depicts hypothetical transformations before or during release leading to
particle releases.

— The physical forms of release can be simplified to five generic forms that can be experimentally
differentiated[e>].[36];

F: matrix fragment (potentially with embedded MNM);

J: MNM agglomerate;

G: matrix fragment with protruding MNM or MNM aggregate (with minor matrix components);

Somme of the forms are hypothetical, while others have been observed in the-literaturg
reproduced in Figures 4 and 5 and in the case studies in Annex A. The two ages/in Figure 3
trgnsformation of physical structure (left is intact composite NEP, right is br'eakdown of NEP

anfl by the transformation of chemical identity (blue symbolizes a chemically transformed 1
example, polymer turned to charcoal, gray symbolizes a chemically.transformed MNM, for
mdtal turned to metal oxide, or to ions). Fragmentation of the MNM without chemical transfo

indicated at the bottom right corner, but has only been observed ferthe case of fibres that bre
Intact composite F, matrix fragment G, matrix fragment J, MNM H, Free MNM [, Disintegratid
potentially with with protruding agglomerate the MNM: cher

Transformation of chemical identity

Key

H: Free MNM;

[: Disintegration of the MNM: chemically (ions) or physically (break-up).

embedded MNM ~ MNM or MNM
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Adapted from the NanoRelease state of the science reportl@2l,

Figure 3 — Graphical schematic of forms of release

The NanoRelease interlaboratory comparison performed release testing during controlled weathering
with an analysis of the form of release by TEM.[3¢] The results found some remaining ambiguity
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between “free MNM” and “MNM agglomerate,” because the operators of the image evaluation of
experimental TEM images missed clear criteria to differentiate between the two forms H and ], so
that an experimental assessment might categorize by their sum H*]. However, the interlaboratory
comparison achieved reproducible results for the identification of all other release forms (F, G, H*], I) by
the methods listed in the case studies (see Annex A)[3¢],

Consideration of the release processes, the matrix identity, and the resulting potential forms of release
are key aspects of the decision-making process (described later in this clause). By linking the release
processes (step 1 of the stepwise decision-making process) with the identity of the matrix (step 2),
systematic schemes from literature depict the resulting physical transformations before or during
release. Figure4{adaptedfromrReference {661 describes structurattramsformationsof gemreric MNM-
polymer domposites, focusing on the case of MNM more resilient than matrix. For simplicity, it dees\not
show chefnical transformations (such as the thermal decomposition of a polymer matrix, sythbolized
by the “blfie matrix” in Figure 3).

The transformations depicted in this figure were experimentally confirmed in numereus-reports, dnd
are exemplified by the Fe,05-PP case study (see Table A.5).
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Figure[4 — Linking the forms of release (Figure 3) to release processes; transformations of
generir: MNM-polymer composites, focusing on the case of MNM more resilient than matrix

A transformation scheme from Reference [65] (which was based on Reference [41]) is proposed
specifically for MWCNT polymer composites in Figure 5. Here, the elasticity of the polymer matrix
is considered. Fragments with protruding MWCNT are less likely to form with softer polymers, and
more likely with brittle polymers,[41] as a softer polymer will flow around the relatively stiffer MWCNT
during mechanical disruption. The transformations F, G and H were experimentally confirmed in the
interlaboratory comparison of MWCNT-polymer weathering(3¢l (see Figure 6) and by various sanding
experiments.[671.[68] The combined results of all relevant studies are exemplified by the MWCNT-epoxy

and MWCNT-PP case studies (see Annex A).

Although Figure 5 captures the transformation for many situations, there is an important difference for
the incineration and thermal decomposition transformation route. After incomplete combustion (20 %
oxygen, 500 °C), the majority of CNT in the NEP, if not all, remained in the residual ash. At elevated
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temperatures (20 % O, 800 °C), as relevant for waste combustion, residual ash was zero from CNT-
based NEPs, but inorganic MNM remained concentrated in chemically transformed ash.[23] MNMs
were rarely released.[2311541[69] Fibrous fillers such as CNTs and carbon fibres can experience further
transformation during the release process, for example, the CNTs could be chopped to shorter ones (see

Figure 3, formI).

NO

stdte of the science reportlésl,

Fig
by
int
de
(s
lah
for
sh
ide

o ° ° L[] [ ]
° ° °
ey, o8
e o e,
® e o °
C:T>Toyr T 4 D: Enzymatic?
decomp | Lysosome?
]

S

o

=

I
g=l

©

&

)
3 ¢ 3

g el
E G: matrix\fragment
: with-protruding CNT
Z F: matrix fragment or'CNT aggregate

2 potentially with with' minor matrix
— embedded CNT components H: free|

B2 A

Mechanical energy input per elasticity

Intact composite

TE The release forms F, G, H are indicated in accordance with Figure 3. Adapted from the N

Figure 5 — Linking the forms of release (Figure 3) to release processes: Transformaf
MWCNT-polymer composites

ure 6 depicts experimental confirmation that the form of release can be reproducibly

TEM analysis accordihg to the schemes in Figure 5. The figure is adapted from the Na
erlaboratory comparison,[3¢] with colour coding [see Figure 6, a)] of the forms of release R
scribed above, The results represent more than 400 TEM evaluations by two analysis lal
e Figure 6hoand 6c¢, respectively) on plastics aged according to ISO 4892-3[231], in f
oratories, each processing the two MWCNT nanocomposites (P4 and E4) and the two co
neat polyamide and EO for neat epoxy). The comparison included two intensities of saf
hkingrahd by sonication. The manual TEM analysis followed the rule that elongated struct
ntified as MWCNTSs, only if all three parameters were in line with the MWCNT positive con

CNT

hnoRelease

rions of

quantified
hoRelease
G H,J, as
boratories
pur aging
htrols (PO
npling, by
ures were
trol:

observed hollow core;
matching diameter (for the specific type of MWCNT: between 5 nm and 20 nm);

matching length (for the specific type of MWCNT: no longer than 2 um).

The interlaboratory comparison confirmed reproducibility.[3¢] Minor subjectivity remained between
categories F vs. G [compare Figures 6, b) versus 6, c)].
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: agment wi . ’
(possibly CNT protruding CNT only minor other CNT
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F - H as in release systematics by Harper et al. 2015

a) Colour coding forms of release N
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N
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% c) Interlaboratory comparison: results of lab 2

NOTE1 Figure 6, a) explains the colour-coding of forms of release. Figure 6, b) shows the interlaboratory
comparison analysis results for laboratory 1. Figure 6, c) shows the interlaboratory comparison analysis results
for laboratory 2.

NOTE 2  Adapted from Reference [36].

Figure 6 — Experimental confirmation that the form of release can be reproducibly quantified
by TEM analysis according to the schemes in Figure 5

For the case of MNM less resilient than matrix (depicted in Figure 3 by “gray dots in orange matrix”),
no universally applicable scheme is known, because transformation at release often involves complex
sequences of oxidation / dissolution / transformation / reprecipitation of MNM. The issue has
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been discussed for leaching of QDs from polymerlZ0l[52], leaching of copper from woodlZLl.[Z3] and
leaching of Ag from textiles[74] as opposed to the potential migration of intact titanium nitride (TiN)
from polymer, which was not actually observed.[Z5] An example case study on a Cu-treated wood is
included to demonstrate that the decision-making process is useful also in the case of a MNM that
is less resilient than the matrix (see Annex A). Thus, the primary release event could lead either
to differentiation (increase of diversity) or to assimilation (increase of similarity) of release forms
depending on the MNM-polymer formulations[Zél,

6.3 Decision support framework to determine which transformations need
consideration with examples

Baked on the literature review findings, a tiered (stepwise) evaluation framework was developed to
aid in decisions of whether/which transformations at the release point need to be considered, Together
with consideration of the specific product use scenario, this framework can aid-.in deternpining the
nefessary sampling and analytical methods. That is, determining the potential for-exposur¢ if release
dops occur is an important aspect of understanding the measurement metheds.needs for the specific
us¢ and release scenario. For example, the potential for such exposure snight be high foff an MNM
enlbedded in a textile, but the potential for direct exposure would likely be low during commiercial and
copsumer use for a NEP that is encased within a consumer product_(although exposure in|the latter
case might occur during manufacture, servicing, disposal, and recyclihg).

Table 4 below provides a list of input parameters used to derive the corresponding decision-sppporting
parameters and the resulting decision support framework output.

Table 4 — Parameters for tiered framework te'support decisions about if and whlich
transformations at the releasepoint need to be considered

$teps Input parameters Decisio@h’bporting parame- Output
%) ters
1 Release scenario Release process (relevant stress- |Forms of release to be grimarily

es‘or combinations thereof, their |sampled and analysed
intensity and duration)

2 Identity of matrix material Resilience of matrix against
relevant stresses
3 Identity of MNM Resilience of MNM against
relevant stresses
4 Content and cofmpatibility of |Homogeneity, stability, and con- |Modulations of rate and form
MNM in matfix, state of dis- centration of MNM dispersion in |of release (e.g. degree MNM is
persion of MNM in matrix the components of the material |bound to the matrix in feleased

that contacts the release medium |particles)

Annex A describes several application-specific examples, which illustrate how the decisiop support
frgmeworksprocess in Table 4 can be used to select sampling and analysis methods for identification
anfl quantification of release of MNM from nanocomposites. These examples illustrate releases of a
vafliety of MNM, for which there was sufficient literature.

a) Lightweight parts made of MWCNT-epoxy (e.g. in airplane applications). This example illustrates
the case where the MNM is more resilient than the matrix.

b) Silver nanoparticle impregnated in textiles for anti-microbial protection. This example illustrates
the case where the MNM is less resilient than the matrix.

c) Copper-based MNM impregnated into woods that are placed outdoors into soil (e.g. terrace
poles). This example illustrates the case where the MNM is less resilient than the matrix. Some
metrological challenges here are similar in Ag-textile scenarios, or QDs in a polymer.

d) Automotive parts made of MWCNT or Fe,05 in thermoplastics (PP and PA). This example illustrates
the case where both the MNM and the matrix are resilient against most stresses, but not always to
the same extent. End-of-life processes can be destructive to both MNM and matrix. Metrological
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challenges in this case are similar to that seen with metal-oxide in paints or coatings (similar
matrix degradation mechanisms, but lower metrological challenges).

e) 3D printing of MNM-containing thermoplastics illustrates MNM is more resilient than the matrix.
End-of-life processes are expected to be destructive to both MNM and matrix.

All the examples follow the same structured process for each release concern; see Tables 4 and 5.
The release scenarios are identified, along with the identity of the matrix and the MNM. Implications
for each of these factors are then identified and described. The forms of release and methods used
in the cited literature are 1dent1f1ed In this regard steps 1 through 3 are essentlal to select the most
critical pretecels g : of cou : : : ng
posite propertles and rate of release whlch mlght also affect protocol selectlon and w111 be
critical a§ models using release data are more fully developed. For each of these steps one considers
implicatigns for the lifecycle stage.

Table 5 — A structured process to evaluate each release concern

- - - - \d
Steps Questions (input Answer Implications (as m relevant for
prameter)
Release Release Releasg
concern 1 concern 2 concernfn
What are the relevant
1 )
r¢lease scenario(s)?
2 What is the identity
of matrix?
3 What is the identity
of MNM?
What is the content
anhd compatibility?
4 What is the disper-

jon state of MNM in
nmjatrix?

%]

= FORMS OF RELEASE ob-
served in'literature on spe-
cifid case (to what degree is
theyNM bound to the matrix
when released? Completely,
partially, pristine?)

Methods used in the cited
literature

It is acknqwledged*that one needs to have basic knowledge about the composition of MNM and matfix
to use theldecision support framework. If the resilience of the pure matrix or pure MNM is not known,
this could be)tested as an initial step, or the user could choose to go directly to release testing wiith
very comprehensive sampling and analytics. In some cases, 1t might not even be known which MNM (or
matrix material) is used. In this case, the decision support framework stops after step 1, and advises to
perform an adequate simulation of the relevant stresses, with comprehensive sampling and analytics
for all potential forms of release.

As a criterion for adequacy, good correlation of the simulation with real-life degradation of macroscopic
properties (such as colour, gloss, mechanics) is recommended and the simulation of relevant stresses
is ideally a validated ISO protocol used for specifying product performance in the intended use. Thus,
the decision approach is best supported by targeting the testing protocol to the relevant scenarios,
consistent with the problem formulation.

The resulting information of release forms is useful in supporting decisions about the relative
impact of the added MNM on risk management decisions: step 4 (supported by all previous steps) is
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exclusively relevant for prediction or grouping approaches. To prepare long-term goals of non-testing
release assessment, step 4 is included because it is anticipated that the steps 1 through 4 gather the
information required for modelling approaches, but clearly such models do not exist yet. Experimental
release testing is currently still required. In this regard, steps 1 through 3 are essential to select the
most critical protocols for aging, sampling, and analysis.

7 Approaches to detecting and quantifying the released material associated with
added manufactured nanomaterials

7 BL General

Nanocomposite materials can incorporate a wide variety of MNMs that can differ\signifficantly in
the¢ir properties and intended applications. Although the overall strategic approacliés to sanppling and
mdasurement of release from composites incorporating different MNMs are broadly-similar, tle specific
anplytical and/or sample preparation methods differ depending on the MNM and/polymer mafrix under
consideration.

As|noted earlier, the problem formulation and potential ES play keyxoles in designing al sampling
stijategy. The release testing and sampling strategy needs to be reletaiit to the potential ES’$, feasible,
anfl statistically valid. This means that different types of samplirig could be appropriate foy different
scgnarios. For example, in some cases it could be sufficient to start with a qualitative question ¢f whether
there is release, rather than proceeding immediately to a timie*intensive approach of determining the
nature and number of released particles.

less noted otherwise, this discussion is focused on anhalytical quantification and sampling methods
specifically relevant to the release of MWCNT and MWCNT/polymer particles. MWCNT was|chosen to
seffve as a model system to illustrate the decision support process presented in this document, but the
cohcepts and approach can be applied to other MNMs and matrices. Annex A provides several examples
of the decision support framework for these\other materials. Measurement of material released from
MWCNT-polymer composites is exceptionally challenging for numerous reasons. The foremosf reason is
the¢ chemical and physical complexity of-the released material, which can take many different forms as
illystrated in Figure 3. Clause 7 includes a review of the available methods for detection, meapurement,
anfl description of MWCNT released from composites into various media (e.g. air, water,[solid and
logical matrices) by differentumechanisms linked to effects as a result of use.

NOTE Indirect methods thdt characterize the test specimen or consumer product before ang after the
relpase event can also support the release assessment. For example, when the MNM is less resilient than the
matrix, specifically forzantimicrobial-enhanced textiles, the total MNM content of the NEP beforg and after
key topicsdnclude:

—| approdehes suitable to mnms;

—| fa€tors affecting sampling method, preparation and analysis;

— TIMeasurement methods/chatlenges;

— detection, quantification, characterization of releases.
7.2 Methods for sampling released material

7.2.1 General

Any combination and distribution of free polymer fragments, free MNM, and polymer fragments with
MNM (see Figure 3) could be released into air, water, solids (e.g., soils), and biological fluids throughout
the lifecycle of an article. Hence, the choice of method(s) for sampling released materials might differ
depending upon the media of interest (e.g., air versus water). Note that the choice of sampling method is
not independent of an overall measurement strategy. Rather, the choice of sampling method, subsequent
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preparation (if any), and analysis are inter-dependent, and all these measurements steps are critical for
obtaining meaningful data on material release. To date, most efforts to evaluate MNM release from
composites have focused primarily on release to air. This emphasis on airborne release is, in part,
because of interest in protecting workers who are often at risk of exposure early in an MNM’s lifecycle
(e.g. during masterbatch production or materials processing). Attention is also given to potential for
ecological consequences (release into water, soils, and biological tissues) at the end of an article’s
lifecycle.

7.2.2 Sampling material released into air

Generallyf methods for sampling aerosols can be divided into two categories: time resolved/real:time
instruments and time-integrated samplers. Both types of sampling are used for evaluating potential
exposure§ to nanomaterials.

Real-time| instruments have the advantage of providing instantaneous measure$s/yof particle
characterfstics such as number, mass, size, or surface area concentration in air. Howeyet, all existing
real-time finstruments are non-specific and cannot differentiate an MNM of interest friem an incidenjtal
aerosol particle (e.g. diesel soot) with nanoscale size. This limits their utility in identifying MI\M
released ffom composites, so they are not described at length in this document:

Time-integrated samplers involve collection of aerosol particles onto a substrdte for subsequent off-line
analysis. These sampling methods offer the advantage of permitting identification of captured MNMs
by off-lind analysis, but often require additional preparation steps priof to analysis.

Numerou$ time-integrated samplers are available for aerosol coellection and some are capable| of
separating particles by size (e.g. aerodynamic, thermodynamic) while others are not. In general,
time-integrated samplers collect particles with sizes well above the nanoscale. However, it is widgly
recognize(d that many MNMs form micrometre-scale agglomerates in air or might be adhered to,|or
contained| in, larger particles that become airborne (e.g:*polymer fragments), making time-integrated
methods appropriate for exposure assessment. Size<selective aerosol samplers include dichotomqus
and multj-stage samplers. Dichotomous samplers, such as the respirable cyclone have traditionglly
been used for occupational exposure assessment because they separate particles into two fractions,
respirabldg and non-respirable. In these samplers, the respirable fraction is deposited onto a filter for
t off-line analysis. The respirablejaerosol fraction includes particles with size small enoygh
to permit penetration and deposition into.the alveolar (gas exchange) region of the lung. Therefore, this
of interest for chronic lyng-disease and is often used to sample for airborne MNMsl46l.47}-
[83], Analpgous samplers developed’ for environmental monitoring of ambient particulate matfer
(PM) incl@de PM;,, PM, ¢, and PM; samplers that collect particles with aerodynamic diameters of less
, 2,5 um and 1 um; respectivelyl>4L78L[841-[86] Multi-stage aerosol samplers are capabld of

ight size fraétions from 16 000 nm to 60 nm) and electrical low-pressure impactor (12
size fractjons from 6.800 nm to 30 nm) [43L1451[87L.[88]; wide-range aerosol sampling system (12 sjze
fractions from 20<000 nm to 2 nm)4ZLIZ8]; micro-orifice uniform deposit impactor (10 size fractigns

to250 nm).[801.[20] For evaluation of consumer exposures, both the particle size distributjon
and morphbélogy are characterized.

Time-integrated samplersthatarenotparticlesize-specificbutarestill frequentlyused to collectairborne
MNMs include plastic cassette samplers and conductive cowl samplers[38]-[41].[46].[47].[77].[80],[81].[90]-[99],
Plastic cassette samplers can be operated using a ‘close-faced’ configuration in which air is drawn
into the sampler through a 4 mm inlet or in an ‘open-faced’ configuration where the top section of the
cassette with the inlet has been removed. Conductive cowl samplers utilize an open-faced configuration
and were originally developed for sampling asbestos fibres. However, they are now being used to collect
high aspect ratio MNMs such as MWCNTSs and carbon fibres.

Regardless of the type of the filter-based time integrated sampler, the choice of filter used as collection
substrate is a critical consideration because it has to be amenable to the desired analytical technique
(discussed below). For example: track-etched PC filters have a smooth surface appearance and are
used to collect particles for subsequent EM analysis; poly(tetrafluoroethylene) filters have good weight
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stability and are used to collect particles for gravimetric determination of mass; mixed cellulose
ester and polyvinyl chloride filters are easily digested in acids and are used to collect particles for
determination of elemental mass by atomic spectroscopy and gravimetric analysis, and particle count,
morphology, and chemical composition by TEM analysis; and quartz fibre filters possess good stability
at elevated temperatures and are used to collect carbonaceous nanomaterials such as MWCNTs for
thermal optical (TO) transmittance analysis (organic/elemental carbon).

Additionally, sufficient sample must be collected onto a filter or collection substrate to meet analytical
detectionlimits.Several optionsexistforincreasingmaterial collection. Forexample,inlaboratorystudies

of MWCNT release from composites, investigators could construct a chamber or enclosure around an
f/lﬂ] (421 1441 1481 1111241199 [100]_ 107

T

: PR | + + + PREER | e 1 1L 1
eXperTIreIcdar SYSLCITLU CUTILCTILI ALC LHC CTHIILEU dCTUSUITUT SAdlIIpPIlIlg

Another method to increase collection is to increase the sampling time. For example, when
wdrker exposure to aerosol, typical measurements are based on shift durations and can be
[108] When assessing consumer exposure to aerosol,[109] sampling time is shogter’than
wdrk place sampling duration since the consumer exposure is not based on shift.s¢hedule. H
nefessary, sufficient sample can be collected by combining multiple sampling runs. For sam
as|cassettes and asbestos cowls, typical sample collection rates are one to twa/itres of air p
when performing full work shift sampling but these flow rates can be inct€ased to tens off
minute to increase collection. However, it should be noted that increasing the air collection flg
samplers that separate particles by size will alter the performance ef-the sampler; i.e. incre
rafe will lower the aerodynamic size cut-offs of impactor stages oranight require different ty]
mgqdia or pore size filters to accommodate increased flow ratel2101,

Anlother type of time-integrated sampler is a precipitator/There are two main types of pre
eldctrostatic precipitator (ESP) and thermophoretic precipitator (TP). Both types are frequg
to sample for airborne MNMs!421.[44]-[47],[61].[77],[78].[101-(206].[111]-[115] Precipitators have an

adyantage over samplers that use filters because_théy collect particles directly onto grids
anplysis) or flat substrates (for SEM or AFM analysis), thereby eliminating the need for any si

hirged in a very high voltage electrical field 'and collected using a flat surface onto which a
pstrate (grid) has been mounted as thecgathode. For a TP, air is drawn between two para
csessing a temperature differential; patticles move by diffusion away from the hot plat
lected onto a grid located on theebld plate.l116] A variation to the direct particle-to-grid
broach of precipitators is to tape/an EM grid to a filter held in a cassette sampler38L[80]
wever, the performance characteristics of such a sampling approach are unknown.

7.2.3 Sampling material released into water, solids, and biological fluids

Stydies of MWCNT release from composites into water are limited and no information ig
forl release into sélids or biological fluids. Busquets-Fité et al.[22] subjected ethyl viny
polypropylene;and PA-MWCNT composites to accelerated aging (UV light) and weathering
rain episodes)>in a chamber using 1SO 4892-3[231], Following exposures, analysis of the 1
usjng TEM Jidentified composite fragments, but not MWCNTs. Fernandez-Rosas[30]
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release ©f MWCNTs from PA6 composites after wet aging using a combination of gravi
th
polnted out that for complete impact assessments, the released material should be col

etric and
Fmogravimetric analysis. Although this method was rapid and reasonably simple, tr% authors
1

cted and

analysed to determine its form and other physicochemical characteristics.

Although only a few studies have investigated MWCNTSs released into liquids, relevant sampling and
analytical methods can be inferred from release studies concerning other types of embedded particles.
For instance, Bott et al.[120] investigated release of carbon black from low density polyethylene food
packaging composites using asymmetric flow field flow fractionation (AF4) (for sample preparation and
particle separation) coupled to multi-angle light scattering (for detection); they observed no release of
carbonaceous nanoparticles under the conditions tested, with a detection limit of 12 ug/kg. This method
should be adaptable to analysis of MWCNT release, given that MWCNTSs and carbon black have a similar
elemental makeup. In addition, many studies have investigated release of metallic, semiconductor, or
metal oxide particles (see Reference [55] for an overview of this literature) into environmental liquids
or food simulants. Most of these studies directly sampled the liquid media using ICP-MS or equivalent
for nanoparticle mass quantitation, sometimes using front-end separation techniques or time-
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resolution modes for separation of particles from dissolve fractions. Some of these studies were strictly
passive release scenarios,[361[121] whereas others (e.g. Reference [45]) simulated more aggressive
weathering by applying abrasion conditions; for example, those specified in ISO 11998[232], This device
pumps an aqueous abrasive solution onto a coated surface and the abrasive buffer is linearly rubbed
on the sample to generate dynamic friction and released particles are collected in the liquid, where
they can be analysed by conventional analytical techniques. Although it should be noted that ICP-MS-
based sampling techniques are not directly applicable to detection of released MWCNTSs, since they are
nominally carbon-based, quantification of MWCNTSs in liquid media using ICP-MS has been shown to
be possible via detection of trace metals residual from the MWCNT manufacturing process (e.g. see
Reference [122]).

Studies or] the fate of MWCNTSs in water,[123]-[125] solids,[126.127] and biological tissues and fluids[12&]-128]
have beer] published and provide additional useful insights for sample collection in composité helegse
scenarios| These studies have demonstrated that MWCNTs dispersed in waters containing/natujral
organic njatter (NOM) remain well dispersed.[123]-[123] [n contrast, Holbrook et al.[124],_démonstrated
that the pfesence of kaolin and alginates in waters promoted MWCNT coagulation and Zkang et al.l425]
reported fhat sediments in hard water or seawater readily sorbed MWCNTs. Hencej/the presence] of
certain wfater constituents in release scenarios has important implications fox sample collectipn.
Specifically, if only NOM is present, MWCNTSs will likely be well dispersed jin\the suspension an
representptive sample could be drawn from anywhere in the water. In contrast, if kaolin or alginates
are presept (fresh water) or sediments (seawater), the MWCNTs will coagulate or sorb to sediment
particles which might require sample collection from the bottom ,of\the water and/or additiohal
sample pfeparation steps (e.g. centrifugation to separate solids frentliquids). With regard to solids,
Petersen ¢t al.[126], fortified river sediment containing peat with MWENTSs and by tumbling were abld to
disperse the tubes homogeneously throughout the matrix. A similar protocol was used in a subsequent
study by Petersen et al.[227], to homogeneously disperse MWCNTSs in soil. Studies of MWCNT uptake to
tissues, fdr example, by fish,[128] aquatic worms,[126] and edfthworms,[127] simply involves harvest|ng
the organ|sms from the media using a net or sieve.

7.3 Methods for preparing samples of released material for subsequent analysis

7.3.1 General

Sample pfeparation is the second step of an overall measurement strategy. The preparation method
will depend on the analytical technique to be employed. As with collection, it is critical that the sample
preparatipn step preserve the properties of the MWCNTSs in the same state as in the matrix into whjch
they werelreleased.

7.3.2 Preparation and @nalysis of air samples

Collectior] of aerosol.particles directly onto microscopy grids or flat substrates (e.g. mica, Si wafelrs)
using pre¢ipitatorsdoes not require any sample preparation. The substrate is simply removed from the
sampling fevicesand placed in the TEM, SEM, or AFM instrument sample holder. Hence, this clause only
addresseqg manipulation of filter samples for off-line analyses.

The most CUIIIITIVUIT DallllJ}C l.ll ClJCll Clt;UlL DtClJD dCDLl 1bcd f\.ll fl}‘(cxo \AAYZ ™ fUl oubocqucut ClllCl}_yD;D uo ng
TEM or SEM. For EM, sample preparation is relatively simple as long as the sample is vacuum compatible
and the sample surface is electrically conductivel6Z].[1141.[129], For SEM substrates with a smooth surface
(e.g. PC filters or aluminium foils), a piece is sectioned using a scalpel, mounted on a stub using double
sided carbon tape or other conductive adhesive, and sputter coated with a conductive material such
as carbon, platinum, gold, and/or palladium/33}.[40].[41].[43],[47],[60].[61].[87].[92],[96],[98].[105].[130,[131]  [n
TEM, electrons are transmitted through a specimen to generate high-resolution images. Therefore,
TEM samples must be thin enough (100 nm or less) to be electron transparent. If the substrate has
a thick uneven surface, such as MCE filters, additional preparation steps (collapsing and clearing)
are necessary because particles can deposit and become hidden from view in the furrows and pores.
Most collapsing and clearing procedures for MCE filters are a variation of NIOSH Method 7402 —
Asbestos by TEM — and are used to prepare samples for TEM analysis (though SEM can also be used
if the sample is coated with a conductive material).[29] In this procedure, a section of the MCE filter is
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placed on a standard 3 mm TEM grid and collapsed and made translucent using acetonel321.[

:2021(E)

81],[971.[95]

chloroform,[22] or 50 % of water/ 35 % of dimethylformamide/ 15 % of glacial acetic acid[132] vapour.

Another method reported to prepare samples for TEM analysis was to immerse PC filters i

n acetone,

disperse the particles by ultrasonic agitation, and either dip a microscopy grid into the suspension(42l

or deposit a drop of the suspension onto a grid[41],

Elemental carbon/organic carbon (EC/OC) analysis is another common filter analysis
for measuring organic carbon and elemental carbon content. In EC/OC analysis, particles

technique
that were

collected on quartz fibre filters (QFF) are incrementally heated to oxidize the carbon constituents. In

this technique, the EC fraction is used as a marker for MWCNTs based on the assumption that C

+129

1ranlre1lraonlrocl 12231 1137
t==T =

1
1.

negtigibte O€comten MostEC/OCamatysesare vartatioms of WO
0 — Diesel particulate matter (as elemental carbon)132] which uses thermal-optical 4T
teqhnique. In these methods, typically a 1,5 cm? section of a filter is removed for analysis;
th¢ particles were not evenly distributed across the filter surface during collection, multiple
th¢ filter or the entire filter should be analysed to accurately determine EC conteng81.

If § weight-stable filter was used to collect a sample, it can be pre- and post-weéighed unde
temperature- and humidity-controlled conditions to determine the total<mass of particles
dufing a release test. The composite sample itself can also be pre- and*post-weighed in
mgnner to determine the mass of material that was released during a test[311.[61L[60] S
anplysis of filter samples by atomic spectroscopy is a sensitive method-for determination of lo
mdtals in aerosols[4Z].[78]-[80L[82L[95] Atomic spectroscopy has beefused to quantify masses
napoparticles (e.g. Cu, see Reference [83]) or masses of residudl catalyst contamination (e.
cobalt) as a marker of MWCNTs. Prior to quantification of'metals, the entire mixed cellulo
polyvinyl chloride filter sample is subject to dissolution{ising acids and/or thermal treatme
a Hotblock or microwave. The exact choice of acids and<er thermal treatment is specific to t
inflerest, though commonly used standard methods.iniclude US EPA Method 3051 - Microwa
acld digestion of sediments, sludges, soils, and oils;}401 NIOSH Method 7300 - Elements by I
perchloric acid ashing),[138] and NIOSH Method-7303 - Elements by ICP (hot block/HCI/HNO;
141 For composite release scenarios, if MWGNTs could be tagged with a unique metal, anal
filgers could be used as a qualitative indicator of release.

filter preparation procedures outlined above are used for direct analysis of material co
th¢ substrate. However, with additional processing, material can be analysed by analytical t
inqluding colloid counting and,AUC. For example, a filter can be placed in an appropriate
subjected to ultrasonic agitation to remove particles (fragments and free MWCNTSs) from the
anfl disperse them in the tiquid for subsequent sizing by laser diffraction or AUCIEL60] or U
Vigible (UV-Vis) spectroscopyl142],

In pome cases, the masses of fragments released to air can be relatively high (e.g. sanding) or

sucth a long period-oftime (e.g. UV weathering), such that collection of particles without size {
respirable‘er-inhalable fraction) onto a substrate is not feasible. In these cases, investigd
re¢overed materials from the surfaces of the enclosure surrounding a samplel€l.[60] or usd

pldtes.3 When sufficient quantities of released material are available, the loose powd

pressediinto a sample holder for analysis using X-ray photoelectron spectroscopy (XPS) to dis
MWENT protrusions from polymer background using the shift in C(1s) spectra of tubes[143].14
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7.3.3 Preparation and analysis of waters, solids and biological fluid samples

With appropriate sample preparation, many of the same analytical techniques used to an

samples are also applicable to waters, solids, and biological fluids. For EM analysis of

alyse air
materials

released into water, an aliquot of the suspension is directly pipetted onto a substrate such as an SEM

stubl142].[124].[1881.[29] or g TEM grid[22}.[123].[144].[145] and allowed to dry in air or in an oven. If a

n aqueous

sample contains a wide range of particle sizes, additional sample preparation might be necessary before

depositing the suspension onto a substrate. For example, Kaegi et al.[142], used a two-step cent

rifugation

process to isolate silver nanoparticles in rainwater. First, an aliquot of water was centrifuged at a low

g-force to remove large particles followed by a second centrifugation at a higher g-force
nanoparticles onto TEM grids placed in the bottom of the centrifuge tube. Alternatively, Tag
et al.[144], separated MWCNTSs from amorphous material in a buffered suspension by flow
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fractionation and used the eluted MWCNT suspension to prepare a grid samples for TEM analysis.
Numerous other techniques exist for pre-fractionation of nanoparticle from large particles in aqueous
suspensions, soils, and biological (e.g. milk) fluids using capillary electrophoresis and variations of
chromatography (e.g. hydrodynamic, ion exchange, size exclusion). These pre-fractionation techniques
can be used in tandem with analytical methods such as ultraviolet-visible spectroscopy and atomic
spectroscopy, and the reader is referred to the review articles by Bandyopadhyay et al.,[146] Tiede et
al.,[147] and Duncan and Singh[148] for more information on these procedures. Finally, if it is desired to
analyse wet samples, specialized sample holders[147] and variable pressure SEMs[149] could be used for
measurement of MWCNTSs in water and biological fluids and tissues.

TO-trans i iT; er,
soil, and Biological fluids[€0L.[123L135] n a methods development study, Doudrick et al.[133], prepatted
suspensions of MWCNT in waters (surface, municipal tap, waste), solids (river sediment), and biologiral

tissues (lyophilized bacteria, synthetic urine, human serum, lung tissue, and commercigdlly
available gow’s milk), deposited the materials onto QFF, dried, and successfully used TO-transmittance
analysis (#long with Raman spectroscopy) to quantify masses of EC in samples.

Atomic splectroscopy is also amenable to analysis of waters, soils, and biological fluids.l145] As with pir
filters, samples should first be digested using various chemical and thermal tréatments, though there
are many|standard methods available for this purpose (e.g. EPA 305111401}, 'As with air samples, the
applicabiljty of atomic spectroscopy to detection of MWCNTSs, either tagged\with a metal or containing
residual datalysts, in waters, soils, and biological fluids will be limited*to qualitative informatipn.
An alternptive to metals analysis by atomic spectroscopy is scintillation counting of radiolabelled
MWCNTSs.|Several publications225)-[128] have demonstrated the sensitivity and utility of scintillatjon
counting for detection and quantification of labelled MWCNTsdin 'waters, soils (sediment, peat), and
biological|fluids (earthworm gut contents), and tissues (fish, éarthworms, aquatic worms). For watdrs,
sample pijeparation consists of diluting the specimen with@cintillation cocktail before counting. For
solids and biologicals, samples were freeze-dried, combusted in a biological oxidizer, and mixed wijith
scintillatipn cocktail before counting. While scintillation“counting is a robust method that is applicaple
to a wide range of matrices, a potential disadvantage\of this approach is the use of radioactive materipls
and the gdneration of radioactive waste from testing.

7.4 Measurement challenges

7.4.1 General

Based up¢n existing data, it is reasonable to assume that the sample of interest from a given relegse
scenario is a collection of many/entities (fragments, unbound MNMs, or both) as opposed to a single
fragment or MNMs. There is.a’plethora of possible characteristics of a sample that could be measuied
(e.g. size dlistribution). Gonsideration of the problem formulation and the key determinants of toxidity
can help fo focus the@ndlysis strategy on the critical elements. In addition to the complexity of the
released §ample, there are several challenges associated specifically with measurement of MNMs| in
complex rhatrices'and these are discussed below. Finally, more conventional analytical hurdles such|as
repeatability aiid'method validation, the availability of suitable RMs, difficulty of identifying contjrol
materials| or.processes, and resource management issues (cost and expertise) are also commonly
encountered—nanomaterials—anabysis—Althoush—these—issues—wil-net-be—deseribedfurtherin—this
document, their consideration in the context of the problem formulation is critical in determining the
appropriate analysis strategy.

7.4.2 Surface functionalization and transformations

The large surface area and reactivity of the various MWCNT chirality types can promote adsorption of
contaminants from the surrounding media following release. Such surface functionalization can result
in physical and chemical transformations that affect measurements. The type of functionalization and
resultant transformations will vary depending on the phase of the product lifecycle. For example, it
is widely recognized that surfaces of MWCNTSs are hydrophobic, so they are frequently functionalized
(e.g. with carboxylic acid functional groups) to promote dispersion in masterbatches of polymer during
production. If released to air during use, MWCNTs (individually or protruding from polymer fragments)
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can be oxidized, thereby changing surface reactivity. If released to aqueous matrices during the end-
of-life phase of the lifecycle, the presence of organic matter or other water constituents will alter the
surface chemistry and the behaviour of MWCNTSs in suspension[123]-[125].[150],

7.4.3 Sample collection artefacts

Proper choice of a sampling device and the collection conditions is the first opportunity in a
measurement strategy for ensuring that a representative sample is obtained for analysis. For example,
if the measurement goal is to obtain information about particle physical dimensions using EM, then
the area of the filter sectioned and mounted for analysis must be representative of the whole filter.
Sampling bias is possible when sectioning if the particles were not uniformly deposited acrosshthe filter.
One approach to obtaining a representative filter section is to use a conductive cowl sampler that is
depigned to promote uniform deposition across the filter surface.

7.4.4 Applicability of a measurement method for a given release media

MNM-polymer composites and material released from composites will Contact various media
throughout their lifecycle. Such media could be: environmental (e.g. air,/water, and mixed splids such
as|soil); biological (e.g. saliva, blood, and tissue); or man-made (e.g. chemicals and other pfoducts in
larjdfills). The release scenario will determine the media. For examplé;in the case of grinding ¢r sanding
of MNM-polymer composites to manufacture a product, material will most likely be released Into air. In
the case of “weathering” of a product, optical (UV radiation) ag'well as chemical (water) driving forces
can result in polymer degradation and subsequent release of MNMs, most likely into surrounding water
or|soil. It is essential that the chosen analytical method.dees not alter the properties of the MNM or
mdtrix from their state at the time of sample collection. For example, TEM uses a high energj electron
bepm to interrogate a specimen and the beam itself can*cause changes in nanoparticle properties such
assize, for example by beam-induced swelling.[13\ikewise, preparation of soil samples fpr ICP-MS
anplysis will require matrix digestion to be compatible with instrumentation hardware, which almost
certainly will destroy information about parti¢les as they exist naturally in the soil.

7.4.5 Sample preparation artefacts

Prpper sample preparation is critical for ensuring meaningful measurement results. Unfgrtunately,
sample preparation is often npt described in sufficient detail in existing reports. When preparing
samples for EM from aqueous-suspensions, drying artefacts can occur if the surface tensfjon of the
wdter droplet pulls the particles into contact as the liquid evaporates. To avoid this problem} TEM and
SEM substrates can be functionalized with a charged coating (positive or negative) oppogite to the
sufface charge of the particles of interest. The charged coating on the substrate will hold the pppositely
charged particles implace, which helps to reduce drying artefacts and promotes well-dispersed samples
forl analysis. Anofher example is preparation of particles that were collected onto a filter fof colloidal
cofinting. Oftefhya filter is immersed in a liquid and subjected to ultrasonic agitation to diglodge the
particles; however, bias is likely with this dispersion method if particle removal efficiency| from the
filfer is netsthe same for all sizes of particles. An alternative approach could be to collect th¢ particles
diectly'\itito the analytical medium using an impinger or similar device.

7.4.6 Capability of a measurement method

For each property of interest, there are multiple possible measurement methods applicable to MNMs
and each method has unique advantages and disadvantages. The use of multiple complimentary and
confirmatory measurement methods is recommended to ensure a robust data set. For example, the
size of fragments released from MNM-polymer composites could vary from hundreds of nanometres
to hundreds of micrometres, which is very large compared to the diameters of individual MNMs (e.g.
on the order of a few nanometres). Few techniques can accurately measure across such a wide range
of size scales. In one study, Wohlleben et al.[61], reported the use of laser diffraction to measure the
size distribution of abraded material released from a composite. This technique is not sensitive below
200 nm so a second complimentary technique, AUC (range 0,5 nm to 10 000 nm, ISO 13318-1[152]), was
used to measure the size distribution of particles below 200 nm. The detection of free MWCNT (form H
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in Figure 5) in the presence of manifold higher background concentration of polymer fragments (form F
in Figure 5) was later confirmed experimentally.[41]

NOTE If the MNM particles are encased in a polymer fragment or are protruding from the fragment surface,
measurement by surface-based methods such as microscopy will not detect all the MNM in a fragment. If
unbound MNM are released, it is likely that MNM will possess varying morphological characteristics including
aspect ratios, making it difficult to describe the population in a sample using a single technique. In this case,
pre-fractionation of samples using size exclusion chromatography or field flow fractionation in tandem with EM
analysis might be required, though such approaches are time consuming. The specific measurement methods
chosen should be based on the information needs for supporting the decision and will depend upon the knowledge
of the specific nanomaterial.

7.4.7 Representativeness of measurements

The chos¢n measurement method should provide representative information on the sample that is
being intdgrrogated. The importance of this concept can be highlighted in the use of SEM for analysiq of
released particles. Although SEM is extensively used for particle analysis, SEM can enly interrogatg a
thin layer|of material near the particle surface and cannot detect MNM particles buvied far beneath the
surface off polymer fragment. This means it is often challenging to discriminate fragments that contain
MNM frorh fragments that consist of polymer only. More recently, investigatofs)have made progresg in
the use of| electric force microscopy to detect and visualize MWCNTs below-the surface of composites.
[1531.[154] Another limitation of EM techniques is obtaining sufficient medsurements to ensure robpist
counting $tatistics. There are multiple particle collection parameters such as filter pore size, airflow,
and sampling duration that will affect the sample.[152] For example{a)standard 37-mm filter has abgut
960 mm? pf available collection surface area. Typically, a 3 mm? to'6 mm? piece of filter is sectioned for
analysis, Which represents only 0,3 % to 0,5 % of the available collection surface. In turn, typically a few
fields of vijew, each on the order of 10 um?, are imaged in the electron microscope, which corresponds
to an ared of about 1076 % of the original sample. None efpapers reviewed reported number of fie|ds
viewed or|sufficiently described counting statistics from\EM analysis. These issues raise challenges for
the use of|such data in decision making, as further discussed in Clause 8.

7.4.8 Composition measurements

The comppsition of the MNM and polymer(might influence the utility of available methods. For examyle,
both MWENTSs and polymers are carbon-based. Additionally, MWCNTSs added to polymers also likely
include a hon-negligible portion of other forms of carbon nanomaterials, including cups, horns, etc.|As
noted preliously, TO-transmittanee.is commonly used for the analysis of released particles and the|EC
fraction ig used as a marker for-MWCNTs. To date, studies have not sufficiently evaluated the abilityf of
this tech?nt'que to distinguishaamong MWCNTSs, cups, horns, and polymer matrices. Further complicating
measurements is the fact'that polymers contain additives and stabilizers that could interfere wijith
analyses.

7.4.9 Polymer stability

Each typq of polymer possesses unique properties that make it attractive for an application, althoygh
these sameproperties can lead to instabilities (e.g. dissolution or degradation) of a polymer matyix
that vary with the phase of the product lifecycle, thus complicating measurement ol released MNM.
This variation in polymer stability is especially important where the released or potentially released
material is likely in the form of unbound MNM particles. Most composites are unlikely to be exposed to
strong acids, bases, or solvents during use; however, at the end of its useful life, a product could contact
liquids that degrade the polymer matrix in landfills, etc., or be exposed to other conditions (e.g. UV
radiation) that make the polymers more susceptible to degradation from milder agents.

7.4.10 Commercial practices

As with any emerging nanotechnology, competitive advantages are to be gained by those who can
understand how to effectively disperse MNM in a polymer matrix and control reproducibility of
manufacturing procedures. Hence, intellectual property issues will present challenges for sharing
measurement data. Additionally, the dynamic nature of the field of nanotechnology is such that products
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are continuously being improved. A polymer matrix used today might be obsolete in six months or a
year because of changes in polymer formulations, processing methods, etc. This makes it difficult to
identify a ‘representative’ composite for release testing and risk assessment.

7.5 Considerations for detection, quantification, and determination of properties of
released materials

The problem formulation and associated decision needs determine the necessary nature of the
analysis, whether detection, quantification, determining the characteristics of the MNM, or some
combination of the three method types is needed. Detection is a qualitative method simply defined
as|the presence—yes or no—of MNM released from MNM-polymer composites as free MNMs or in
polymer fragments. The detectability limit in terms of number or mass concentration.of MNMs will
valy from method-to-method, and it needs to be determined for each method using control samples126]
with appropriate MNM concentrations. A critical data need for evaluating releasehin many product
e scenarios is information of detectability limits. As an example, when performing gravimetric air
asurements, typically, the sensitivity of the analytical balance defines the detection limit{ The limit
detection (LOD) will be calculated from blank filters used in the same conditions as sample filters
[l will be weight several times as would filter samples to determine th€ LOD. The detectior} limit and
hntification for the counting of fibres for air exposure measurement would depend on the pnalytical
sitivity (e.g. dependent of the microscope, set up and magnification), the number of fibref counted,

ent MNM
e method
bcuments.
ion, many
n did not

US. CPSCH3Z] compiled information on a wide rangéof analytical methods for diffey
characteristics, including data on the method sensitivity (limit of detection) and whether t
hafl been validated, based on information in a range of technical reports and guidance d
ever, this compilation has not been publisheddn’the peer-reviewed literature. In addit
of the published methods did not include information on detectability limits, the compilati

didtinguish methods appropriate for a resear¢h setting from those appropriate to suppor
mgdking, and none of the reviewed methods reported rates. That is, a method might measur
sufface area, but not amount released petuhit time.

Qufantification concerns the number‘dr-mass concentration of MNMs in or released from MNN
composites per unit volume, mass, or surface area of polymer matrix. Quantification of releag
particularly those in polymer ‘fragments, is challenging for the reasons described in the
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that the
of MNMs

sicochemigal characteristics and properties of MNMs determine the toxicity and fate
umansfnd the environment; see, for example References [158] to [162]. However, desdription of
released material can also be the most complex step in the measurement hierarchy. This clause
reSses four characteristics or properties of MNMs of importance in released material: size, i.e.
MNMength, diameter; size distribution, both unbound and within polymer fragments; MNM surface
chemistry; and spatial distribution of MNMs in polymer fragments.

It is important to note that measurement methods can be qualitative, that is, measurements that
provide a result ranging from “the sample does or does not contain MNMs” to “the sample contains
about 50 % MNMs” per unit area or volume examined. For qualitative methods, the relative uncertainty
in the result is large or cannot be defined adequately because all sources of error are not known or
quantifiable. In contrast, a quantitative measurement produces a numerical result such as “the diameter
of individual MWCNTSs ranges from 100 nm to 200 nm” with knowledge of the sources of error that
contribute to relative uncertainty for the MWCNT population. The relative uncertainty in a numerical
result obtained from a quantitative measurement is much smaller than that obtained from a qualitative
measurement.
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7.6 Applicable measurement methods

Comprehensive review articlesl163]-[165] describe, in detail, measurement methods to determine the
physicochemical characteristics of MNMs. The information in these articles includes spatial resolution,
detection limit, advantages, disadvantages, and measurable characteristics and properties for over
40 methods. Most of the measurement methods in published release studies on MWCNT-polymer
composites are included in these review articles; additionally, the articles include methods of potential
applicability for release studies. Regarding measurement and counting of airborne particles in air,
there are a few publications and documents published on the measurement and counting of CNTs
from workplace samples (e.g. References [166] to [169]). In addition, a review article by Petersen et
in
ds
hct

8 Identification of needs for standards, methods, instrumentation, décision
framewprks, and research

8.1 General

The precdding clauses reviewed the properties of MNM-polymer composites, described scenarios gnd
driving forces that influence release, and reviewed available methads to collect, prepare, and analyse
samples of materials released to environmental and biological media throughout the lifecycle of a NEP.
Progress has been made in the last decade to understand thesnature of particles that contain MI\M
that are r¢leased from composites, and the potential for hazard if people are exposed to released MM
particles.[However, it is critical to address several essentialgaps in order to better understand whether
and wher¢ risk to human health might exceed safe levels,'"Addressing these might also enable innovatjon
using nanjomaterials in ways that present little or no@isk. Improved (or new) measurement methogds,
ILS of reldase in relevant scenarios, development of"test protocols, and standardization of methods are
needed. Als summarized in the bullets below this.elause addresses these, and briefly reviews availaple
decision frameworks to aid risk managers dix"determining the information and sampling methads
needed to[support product design and deyelopment decisions.

The key tgpics include:
— addrdssing knowledge gaps:
— electron microscopy;and

bference materials’in inter-laboratory studies;

|
-

— protogols;

— standprdization approaches/challenges;

— selecfeddecision frameworks: focus, purpose, application.

8.2 Potential improved/new methods

As new analytical methods are developed and decision frameworks are refined, it is important for the
exposure measurements to be coordinated with the needs and approach of toxicologists, so that the
data can be interpreted in the context of the implications for human health. For example, it might be
useful to develop “counting rules” and guidance on the relevant size range for size selective samplers.

EM methods have most often been used to interrogate samples of released materials because
these instruments can provide information on the presence of MNMs and/or information on their
characteristics of these tubes. However, to obtain quantitative information on specific properties (e.g.
size distribution) with these techniques is time-consuming and expensive. Even when the EM resources
are available, quantitative analyses of released MNM using current EM methods rely heavily on many
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hours of manual efforts. There is a critical need for automated microscopy-based methods (SEM,
TEM, and AFM) for detection, quantification, and determining the characteristics of MNM in polymer
fragments to greatly accelerate measurements. Automated methods are particularly important for
quantitative MWCNT size distribution and number concentration measurements. Such innovations will
help in achieving an overall goal of low-cost methods for quantifying and characterizing released MNM.

Figure 2 describes this document’s focus on the primary release of polymer fragments as opposed
to secondary release of polymer fragments. These primary release fragments can consist of any
combination of MNMs that are fully encased or protruding from the polymer surface as well as
fragments that consist of polymer only (see F 1gure ) D1scr1mmat1or1 of polymer fragments that

N First, the
hmple, the
indorporation of MWCNTSs can alter the release fragment/particle size distribution curves, gotentially
inflluencing deposition patterns secondarily[4044107] Additionally, if the sizes pf fragmgnts with
enfased MNM represent only a portion of all released fragments, then their lung depesition pattern will
differ from that predicted from the overall size distribution. Secondly, the présence of polymer only
frggments that have the same appearance in the electron microscope as fragments with encdsed MNM
indreases background ‘noise’ and precludes accurate assessment of exposure€ potential. Hencd, a sample
préparation procedure or pre-separation technique that yields a higherpurity sample (fewer polymer

8.3 Inter-laboratory studies

An| ILS is a testing scheme that involves multiple laboratories wherein samples from the saqme batch
ar¢ measured by the participants and the results are analysed with the goal of providing a| precision
(umcertainty) statement. There are numerous purposes for conducting an ILS, among them is to
esfablish the effectiveness of new test methods.[1Z2l#176] [n the context of MNM-polymer cqmposites,
nep test methods could be procedures to reproducibly generate materials for a release| scenario,
protocols for sample preparation, and procedures for analytical measurements. The resultd of an ILS
ar¢ often used to support development of a stahdard method.

RMs are a means to ensure or improve.measurement quality and are a critical tool in any IIfS scheme.
Geperally, RMs are produced as CRMs:or as non-certified RMs. An RM is a material that is spfficiently
homogeneous and stable with respect to one (or more) properties which has been establighed to be
ac¢eptable for its intended measurement use.l17Z]1 RMs can be used as benchmark materigls for ILS
stydies of new test methods/orprotocols. A sub-set of RMs is CRMs whose properties are ceiftified and
ar¢ metrologically traceable, i.e. to a specified reference system and accompanied by an uncertainty
value derived from an @ngertainty budget covering all significant uncertainty contributions.{1ZZ] CRMs
ar¢ used for calibration purposes or for method testing. A third class of materials that arg relevant
foil development of-test methods is RTMs which is defined as a material from a single batch which is
sufficiently homogeneous and stable with respect to one (or more) specified properties and i$ assumed
to pe fit for itSyintended use.[178] [t is important to note the differences among these types of|materials
anfl their appropriate uses in the development of test methods. For example, a RTM does|not carry
anfuncerfainty budget so it is inappropriate to use as a calibration standard but it could be{ adequate
for testmg a protocol to generate materIals during a release scenario. At the opposite extreime, a CRM
cat ) ) accuracy and
prec151on of measurement data but unnecessary for testing a protocol to generate materlals during a
release scenario.

In the NanoRelease pilot inter-laboratory comparison, MWCNT-epoxy was proposed as RTM with high
release rates both by mechanical stresses and by weathering stresses, and with a known share of forms
of release (see Figure 6) that includes free MWCNT (form H in Figure 5). MWCNT-PA was proposed
as RTM with low release rates by weathering stresses. The nanoGRAVUR pilot inter-laboratory
comparison of sanding processes has successfully used epoxy as RTM to calibrate the rates of sanding
aerosol releases across three laboratories with differing sanding setups, achieving predictive ranking
for a wide range of materials (thermosets, thermoplastics, acrylic coatings, cements).

Another concept related to measurement quality that is important for ILS is measurement validation.
Validation of a measurement is defined in the Vocabulary of Metrologyl172l as verification wherein
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the specified requirements are adequate for an intended use. Validation is a provision of objective
evidence that a given item fulfils specified requirements. There are several examples of a validated
measurement result. One example is the case wherein results on a given sample measured by more than
one method are consistent. Another example is measurement validation through the use of a model that
incorporates actual data.

Prior to conducting an ILS, a protocol should be developed that outlines the purpose and scope of the
procedure and the desired outcome (e.g. a measurement result). Experience with gold nanoparticle
RMs sized by dynamic light scattering, TEM, SEM, and AFMI[180] and testing haemolysis[18l] and
cytotoxicityl182] protocols indicates that it is good practice to perform a pilot study with a modest
number of orgarmizatioms o thetterded samptetorefimeaprotocot-beforeconductimgafutt HS-H83]
A pilot evaluation of a protocol permits identification of steps that might be confusing to participatjts,
opportunities for improvement, and allows participants to practice the procedure.

NOTE A video demonstration of the protocol might also be helpful to participants. Once a pratecol is agre¢ed
upon, a ful]-scale ILS can be conducted in accordance with recognized standards/119].[176],

8.4 Prgtocols and assays

The abserce of standardized test methods for generation, collection, and analysis of fragments releaged
from MNM-polymer composites is a major barrier to release testing (see\8.5). As recommended| in
Clause 6, the method to apply the stress should have a good correlation ¢f the simulation with real-]ife
degradatipn of macroscopic properties (e.g. such as colour, gloss, mechahics). This is, in general, fulfilled
best by vdlidated ISO protocols that are used for specifying produet performance in the intended ussg.

Researchgrs have taken methods that were originally developed for some other purpose and adapted
them to epaluate MNM release from composites. One common example is the use of a Taber abrager,
which is 4 well-established method to quantify wear resistance of polymer coatings and paints and is
specified jin ISO 5470-11184] and ASTM D4060-95[185] tp\evaluate MNM release from composites. The
adaptatioh of other standards essentially results in:xthe development of a test protocol (defined h¢re
as a list of the steps to be followed in the test). Itis important to note that a test protocol prescribes a
procedur¢ but does not carry the same level of confidence as a standard method. In the early phaseq of
research, uch as with MNM release studies; fest protocols are an invaluable means to begin to address
critical mgasurement approaches and serveas starting points for evaluation of these approaches.

A

8.5 Opportunities for standardjzation of methods

The develppment of consensusgbased standard test methods (i.e. protocols that produce a measurement
result) forf quantification or, detérmining the characteristics of MNM by a standards organization sych
as ISO or|ASTM Internatienal is predicated on the availability of a well-defined, validated protofol
for the m¢thod of interest. As noted above, a goal of an ILS is to provide data to calculate a precision
(uncertaimty) statement. ASTM requires that all test methods be accompanied by a precision gnd
bias statgment, bat)ISO does not. Given the current state-of-the-science, it might not be possiple
to develop standard test methods for quantification or determining the characteristics of most] if
not all, M[NM<polymer materials released from composites at this time. For example, review of the
literature|foPMWCNTs indicates that such methods are not possible for some aspects of quantification
for characteristics needed to support an understanding of dose per unit time of release. However, it
might be possible to develop standards in the form of guides, technical reports, and specifications
(i.e. protocols that do not produce a measurement result) for sample preparation approaches for
analysis techniques such as SEM, TEM, or AFM. Such procedures would be an essential precursor to
the eventual development of standard test methods. For example, there are several ISO documents on
nanotechnologies on specific methods to measure and describe the characteristics of free SWCNTs.
There is only one document related to free MWCNTs: ISO/TR 10929.1186] However, it should be noted
that ISO/TR 10929[18¢] relates primarily to characterization of MWCNT samples prepared for use under
laboratory conditions and so might not apply to release conditions addressed in this technical report.
ISO/TC 229 has established a study group to explore the feasibility of developing a standard for the
determination of MWCNT size by TEM.
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The available reports and specifications provide guidance on how to measure free MWCNT
characteristics and properties; however, there are no standard test methods that yield a numerical
result with an uncertainty determination. Further work is needed, including pilot studies across
laboratories to identify sources of variation in sampling, sample preparation and analytic methods,
then leading to more extensive ILS to inform development of a standard.

8.6 Decision frameworks

There are many factors to consider about MNM when evaluating what measurement methods should
be used to support decisions about MNM release and potential for exposure from that release.
Fagtors include physical and chemical properties of the MNM, potential uses, environmental release
considerations, the potential for toxicity, and the feasibility of measurement methods_ for, application
to resulting ES’s. Decision frameworks are tools that are designed to guide a user through the process
of thoosing methods for correctly measuring and describing MNM, based on a number-of factiors which
ar¢ often determined by the user. In some cases, the methods might be experimental, as| might be
used in product development, and in other cases the methods might need te be standardized, as in
support of safety in a regulatory context. Decision frameworks can aid in evaluation of methods-utility
eldgments (material characteristics, sampling methods, analytic methods/choices, MNM characteristics
affecting biological interaction) so that the evaluation refers to and is bounded by realistif decision

negds. Decision frameworks can also be used to identify critical gapsdn the current ability t¢ measure
MNM release rates in a form useful for evaluating the presence or absence of potential toxicity and risk.
Thiese gaps might indicate critical barriers to product developiment, where it might not be gossible to
eviluate safety, or safety issues might arise.
Thiere are many decision frameworks available and each-has different considerations for s¢lection of
teqts for the measurement and description of MNM.[18Z]'Several of the available decision frameworks are
preésented in Table 6. Each of these has a unique focus‘and differs somewhat in purpose and application.
Table 6 — Decision frameworks with considerations for selection of experimental tests for the
measurement and description of MNM
Decision framework 5 ('\.17 Short description
NanoGRID Multi-tiered testing framework that guides the user through procegs of deter-
mining the physical properties, potential for nanoscale material r¢lease and
environmental health and safety implications of nano-enabled products.
GUIDEnano Web-based guidance tool aimed primarily at guiding industry in asgessing the
potential risks associated to nano-enabled product designing and agplying the
most appropriate risk assessment and mitigation strategies for a specifiic product.
SUNDS The SUNDS software system can estimate occupational, consumer and environ-
mental risks from MNM in industrial products along their lifecycle. In|situations
when the risks are not acceptable, SUNDS proposes suitable risk mgnagement
measures, including information about their costs compared to the penefits of
the nanotechnologies.
DF4nanoGrouping Three-tiered framework for the grouping and testing of nanomaterialg, including
considerations of lifecycle releases[1881.[190],
MARINA risk assessment frame- | Combines four themes of materials, exposure, hazard, and risk assessment and
work management of nanomaterials into a risk management toolbox[121],
ECHA/JRC/RIVM A read-across approach focuses on grouping and read across method of ana-
lysing nanomaterials[192],
nanoGRAVUR Three-tiered framework that groups materials for their occupational, consumer,
and environmental risks based on a harmonized set of materials properties[189],

The first three decision frameworks listed in Table 6 are described in further detail below.

The Nano Guidance for Risk Informed Deployment (NanoGRID) is a multi-tiered framework and tool
that provides general guidance for ranking and selecting relevant test methods to determine the
environmental fate and effects of nanomaterials and nano-enabled technologies. The tiered framework
guides the user through a process of determining the physical properties of MNMs, potential for
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nanoscale material release, and environmental health and safety implications of NEPs. The framework
also connects the user with appropriate definitions, publications, and regulation documents.

NanoGRID is constructed of five tiers and allows the user to use only the tiers necessary for test
selection. Tier 1 guides the user through the screening criteria for the MNM that is based on material
amount, size, properties, technology categories and use. Tier 1 helps compile baseline information with
a focus on lifecycle, description, and categorization of the nanomaterial. Tier 2 focuses on release of
potential MNMs from the nano-enabled material. In Tier 2, rankings are assigned for potential release
pathways, potential use, and storage of the nanomaterial. Rankings of zero to five (five being most
conservatlve assumptlon) are a551gned by the user by answerlng a series of questlons about the phy51cal

bm
ot
controlled SUNDS proposes suitable risk management measures, including information about their
costs verqus the benefits of the technologies. The system can simultanieously assess risks in differ¢nt
lifecycle stages, targets, activities, and routes of exposure based gnvin vivo toxicity data and ES’s. The
integration of lifecycle and release information in the SUNDS hastheen demonstrated in the copper cgse
study in Annex A.[194] It was found that along the lifecycles of‘these formulations, used in antibacterial
and antifyngal wood coatings and impregnations, the risk anialysis revealed inhalation risks from CuO
in ES’s invjolving workers handling dry powders and performing sanding operations as well as potential
ingestion |risks for children exposed to nano Cu?(QHJ3CO; in a scenario involving hand-to-moyth
transfer of the substance released from impregnated wood.

Another g¢xample is GUIDEnano, a web-based, teol, which guides any potential user, including NEP
developerfs (mainly industry) into the design(and application of the most appropriate risk assessment
and risk rpitigation strategies for a specifio product. The tool incorporates innovative methodologjies
to evaluate and manage human and, énvironmental health risks of NEPs, considering the whple
product lifecycle: synthesis of MNMimanufacturing of NEPs, use, and end-of-life phase. The corrgct
implemenftation of this guidancesensures that the risks associated with a NEP, throughout its whple
lifecycle dnd value chain, have\b€en appropriately evaluated and mitigated to an acceptable leyel,
according|to the most recent’knowledge at the time of implementation. The evaluation of a NEP using
this tool i$ also useful for risk communication to regulators, insurance companies, and society.

More spe¢ifically, the‘exposure module of GUIDEnano includes an activity card library in which the
release raftes for the.different processes that take place at all life-cycle stages of the NEPs are capturgd.
There arq two generic ways to determine the exposure in the tool: via release data converted into
exposure [data\by using a dispersion model, or via input of exposure data from existing expos:rre
models. Fprthe exposure modelling, the exposure scenario library (ESL) developed within the MARINA
project is Hrkedtothe GtHBEamoToot (44 additionatscenariosareinchrdedbasedomrmeasurenments
in exposure chambers and at the workplace). For cases in which the user has no activity card and
therefore no release/exposure data are available for the assessment scenario (AS), guidance is given
to determine the similarity, relevance, and quality of a data source for comparable scenarios found in
the literature. Therefore, release data generated or collected following the recommendations in this
document will enrich the GUIDEnano activity card library with high quality and valuable exposure data

for risk assessment purposes.

The variety of decision frameworks differ in the details of their approaches and in the specifics of
their applications, but all are designed to support a decision: identifying fit-for-purpose sampling and
analytical methods, or supporting a risk management decision. Efficient resource use requires that
the sampling method be connected to the scenario and the risk management decision that needs to
be made. For each framework, the analysis is done in the context of a specific problem formulation,
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which describes the exposure and use scenario, the MNM, the surrounding matrix, and the NEP. Proper
application of these frameworks requires that the results be considered in the context of the specific
problem formulation.
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Annex A
(informative)

Example case studies

A.1 General

Several wprked examples of the tiered decision support framework are presented in this Anhex. The
intent of this use of the decision support framework is to clarify sampling and method analysi$ needs.
The conclfisions and citation selections are provided here for illustration purposes only.

As mentigned in 6.3, five application specific case studies are detailed. Case studiés”included were
selected Hased on the availability of sufficient literature to address various aspects/f the framework.

a) Lightweight parts made of MWCNT-epoxy (e.g. in airplane applications)..This example illustrates
the cdse where the MNM is more resilient than the matrix.

b) Silver nanoparticle impregnated textile. This example illustrates’the’ case where the MNM is less
resili¢gnt than matrix.

c) Copp¢r-based MNM impregnated into woods that are placed outdoors into soil (e.g. terrqce
poles]. This example illustrates the case where the MNMis less resilient than the matrix. Some
metrglogical challenges here are similar in Ag-textile seénarios, or QDs in a polymer.

d) Autorpotive parts made of MWCNT or Fe,05 in thesmoplastics (PP and PA). This example illustrages
the cdse where both the MNM and the matrix are‘resilient against most stresses, but not alwayq to
the sgme extent. End-of-life processes cam b@&destructive to both MNM and matrix. Metrological
challgnges in this case are similar to that.seen with metal-oxide in paints or coatings (similar
matrix degradation mechanisms, but lower metrological challenges).

e) 3D prfinting of MWCNT-containing.thermoplastics. This example illustrates MNM is more resili¢nt
tharll—r]:atrix. End-of-life processes:are expected to be destructive to both MNM and matrix.

The exampples follow the same structured process for each release concern: the release scenarios gre
identified| along with the identity of the matrix and the MNM. Implications for each of these factprs
are then identified and described, as appropriate. The forms of release and methods used in the cited
literature|are identifiedAdditional steps capture information on the MNM content (e.g. percentage),
informatipn regarding/compatibility with the matrix and dispersion within the matrix. For each| of
these stegls one identifies implications for the relevant lifecycle stage. Table 5 illustrates the structire
used for epch of the'examples.

All examplles in this Annex follow the same structured process given in Table 5.

To use the framework, work from top to bottom and left to right: First use step (1) to identify release
scenarios, then proceed to step (2) to identity of the matrix, step (3) to identify the MNM. For each line,
state the question, gather the answer, and consider the implications. The implications focus on release
and differentiate the four main phases of the lifecycle, where the manufacturing and/or assembly
phase raise primarily occupational concerns, the use phase primarily consumer and environmental
concerns, and the end-of-life phase primarily environmental concerns. Additional implications can
be included to reflect the situation. Each cell provides the evidence from the literature specific to the
example. Step 4 is optional and captures information on the MNM content (e.g. percentage), information
regarding compatibility with the matrix, and dispersion within the matrix. For each of these steps one
also considers implications for the lifecycle stage. The final two rows address the forms of release and
methods used to measure the release (as cited in the literature). The form(s) of released fragments, that
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is, the degree to which the MNM is bound to the matrix in the released fragments (completely, partially,
pristine), are represented by the appropriate schematics as pictured in Figure 3.

A.2 Lightweight parts made of MWCNT-epoxy

Table A.2 illustrates the use of the decision support framework using data on lightweight MWCNT-
epoxy composite parts used in airplane applications. In this example, the MNM is more resilient than
the matrix. End-of-life processes are expected to be destructive to both MNM and the matrix.
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A.3 Silver nanoparticle impregnated textiles

Table A.3 illustrates the use of the decision support framework using data on Ag nanoparticles in textile
for antimicrobial applications. This example illustrates silver nanoparticle incorporation into cotton/
polyester textiles for clothing with antibacterial purposes and illustrates a case where the MNM is less

resilient than the matrix. Two end of life processes have been considered: textile disposal in a landfill
and incineration.
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A.4 Copper-based MNM impregnated into woods that are placed outdoors into
soil

Table A.4 illustrates the use of the decision support framework using data on copper-based MNM
impregnated into woods that are placed outdoors into soil (e.g. terrace poles). The MNM and matrix
function as a controlled Cu ion release vehicle to prevent fungal biodegradation at the wood surface.
This example illustrates the case where the MNM is not persistent (it is less resilient than the wood
matrix). Some metrological challenges here are similar in Ag-textile scenarios, or QDs in a polymer.
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A.5 Automotive parts made of MWCNT or Fe,05 in thermosetting polymers (PP
and PA)

Table A.5 illustrates the use of the decision support framework using data on automotive parts made
of MWCNT or Fe,03 in thermoplastics (PP and PA). This example illustrates the case where both the
MNM and the matrix are resilient against most stresses, but not always to the same extent. End-of-life
processes can be destructive to both MNM and matrix. Metrological challenges in this case are similar
to that seen with metal oxide in paints or coatings (similar matrix degradation mechanisms, but lower
metrological challenges).
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A.6 3D

printing of MNM-containing thermoplastics

A.6.1 General

Table A.6 illustrates the use of the decision support framework using data on 3D printing of MNM
(MWCNT)-containing thermoplastics. This example uses two release scenarios (home and school) that
are each assessed for

a) melt-processing by consumer,

b) consumeruse-efthe-productand
c) dispopal.
This example illustrates a case where the MNM is more resilient than the matrix, but-end-of-

processes

A.6.2 R¢

A.6.2.1

are expected to be destructive to both MNM and matrix.

blease scenario 1

Manufacturing steps and assembly

A 3D prinfer is used in home using an ABS filament with MWCNT to print out a coffee mug at 230

for 6 h (ag
with no of
particles y

A.6.2.2
The coffed

A.6.2.3
The coffeg

A.6.3 R¢

A.6.3.1

A 3D prin
MWCNT t
time of ag
MWCNT p

A.6.3.2

sumed values). The 3D printer is located in the basement, afid the home has an HVAC syst
vith MWCNT protruding from the matrix.

[Jse phase

mug is mouthed and handled by the user.

End of life

mug is disposed of in a trash can.

please Scenario 2

Manufacturing steps and assembly

ter is used in an.elémentary school classroom. The 3D printer uses an ABS filament w|

sembly. Thegoncern during this phase is the release of free MWCNT or ABS particles w
rotruding frem the matrix.

[Jse phase

The toy is

her engineering controls. The concern during this phase.is\the release of free MWCNT or A

b print out a toyab230 °C for 6 h. The children are in the classroom during the entire day 4

ife

°C
2l
BS

ith
nd
ith

a check or checker piece thatis used by the children on a daily basis. Children will handle

nd

potentially mouth the pieces. Fragments of the material might accumulate in the classroom as dust.

A.6.3.3 End oflife

The checker pieces are disposed of in a trash can.
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