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Abstract 

 

This report provides the JRC assessment of feedback on the experiences of stakeholders with the EC nanomaterial 

definition, published in 2011 (EC Recommendation 2011/696/EU). The report is a follow-up report of the previous JRC 

report (EUR 26567 EN, 2014), which compiled feedback collected by JRC in 2013 and early 2014, partly through a 

dedicated survey. Based on the current report, JRC will prepare a set of recommendations for the revision of the EC 

nanomaterial definition, as part of the review process foreseen in the 2011 EC Recommendation. 
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DISCLAIMER 

Certain commercial equipment, instruments, brand names and materials are identified in this report as 

examples or to specify adequately an experimental procedure. In no case does such identification imply 

recommendation or endorsement by the European Commission, nor does it imply that the material or 

equipment is necessarily the best available for the purpose.  
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EXECUTIVE SUMMARY 

This report is the second in a series of reports of the Joint Research Centre (JRC) of the European 

Commission (EC) “Towards a review of the EC Recommendation for a definition of the term 

nanomaterial”. The EC Recommendation (2011/696/EU) proposes a nanomaterial definition (in this 

report referred to as 'the EC definition' or 'the definition'), which was developed to provide a common 

basis for regulatory purposes across all areas of European Union (EU) policy.  

In the present report JRC assesses the information collected between August 2013 and April 2014 from 

scientists, research institutes, regulatory bodies, non-governmental organisations and industry 

regarding implementation of the EC Recommendation. Consequently, it builds on the first report of the 

series entitled “Towards a review of the EC Recommendation for a definition of the term 

“nanomaterial” Part 1: Compilation of information concerning the experience with the definition”. 

After an introduction (Section 1), this second report puts the EC nanomaterial definition in perspective 

by comparing it with other existing nanomaterial definitions, thereby identifying the most prominent 

characteristics of the EC definition (Section 2).  

Probably the most distinguishing aspect of the EC nanomaterial definition is the use of particle size 

distributions based on the numbers of particles, and not on the mass or volume of the particles, as the 

main classification feature. The general advantages and disadvantages of using this metric are assessed 

in Section 3.1. Then section 3.2 focusses on the choice of 50 % as the value for the threshold particle 

number fraction to distinguish nanomaterials from non-nanomaterials, and examines whether this 

criterion is effective as a “boundary line” between materials that are generally perceived to be 

nanomaterials and those that are not. Section 3.3 investigates the consequences of allowing flexibility in 

the choice of the threshold value on transparency, regulatory uptake and implementation. 

It became obvious from the feedback collected by the JRC that there is a need to clarify a number of 

issues around and inside the definition. The report first reflects on apparent misunderstandings on the 

purpose (Section 4.1) and scope (Section 4.2) of the definition. Section 4.3 discusses the main terms in 

the current definition that have been identified as potential sources of confusion for its common 

understanding and application. Section 4.4 assesses generic questions on how to implement the 

definition. 

Section 5 is focussed on the main implementation challenges resulting from the current definition, and 

on proposals about how to overcome these. Most of the challenges brought to the attention of the JRC 

are related to analytical methods: how can one implement the definition through measurements? 

Section 5.2 introduces the concept of measurement uncertainty, which is crucial to quantify this 

analytical challenge, to judge proposed measurement methods and ultimately to compare 

measurement results. Section 5.3 discusses the most demanding analytical challenge, which is the 

measurement of the size of constituent particles inside aggregates. Section 5.4 evaluates a number of 

routes that may be used as alternatives to the direct implementation of the definition (i.e. individual 

analysis of constituent particles), such as the use of surface area measurements (5.4.1), the conversion 

from other types of size distributions to number based size distributions (5.4.2), the use of simple 

separation or filtration methods (5.4.3), the consideration of information on manufacturing processes 

(5.4.4) and the extrapolation of results obtained on one material to other similar materials (read-across) 

(5.4.5). Section 5.5 summarises this chapter on analytical challenges and considers related resources. 

The definition explicitly includes a limited number of specified materials which do not meet the generic 

definition based on characteristics of the particle size distribution. Therefore, Section 6.1 reflects on the 

methods available to detect and identify these materials (fullerenes, single-wall carbon nanotubes and 

graphene). Section 6.2 investigates the consequences of potentially expanding this 'positive list' of 

materials. 
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Finally Section 7 addresses the issue of nanostructured materials as well as possible reasons for, and 

consequences of, expanding the current definition – which covers only particulate matter – towards 

inclusion of other types of nanostructured materials. 

Based on the feedback received regarding the current definition, compiled in the first report of the 

series, and its assessment, presented in this second report, the JRC is now working on a set of 

indications on how the definition could be modified to improve its clarity, effectiveness and 

implementability. These recommendations will be included in a final report (Part 3 of the series), which 

is expected to be released later in 2014. 
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ACRONYMS 

0D,1D,2D,3D 0-, 1-, 2- and 3-dimensional 

a, b, c, d dimensions of sides and cross-sections of regularly shaped particles 

ACC  American Chemistry Council 

AFM  Atomic Force Microscopy 

ASTM  ASTM International 

BAM  German Federal Institute for Materials Research and Testing 

BET  Brunauer-Emmett-Teller 

BAuA  German Federal Institute for Occupational Safety and Health 

BfR  Bundesinstitut für Risikobewertung, Germany 

CEN  European Committee for Standardization 

CLP  EU Regulation Classification, Labelling and Packaging 

CLS  Centrifugal Liquid Sedimentation 

CNT  Carbon nanotube 

CRM  Certified Reference Material 

D  diameter of a sphere 

d  diameter of circular cross-section 

DLS  Dynamic Light Scattering 

DG   Directorate-General of the European Commission 

DG ENV Environment Directorate-General 

EC   European Commission 

ECHA  European Chemicals Agency 

EDX  Energy-dispersive X-ray Spectroscopy 

EFSA  European Food Safety Authority 

EM  Electron Microscopy 

ETUC  European Trade Union Confederation 

EU  European Union 

FFF  Field-flow Fractionation 

FP7  Seventh framework programme of the European Community for research and 

technological development including demonstration activities 

FSP  Flame spray processing 

ICCA  International Council of Chemical Associations 

ICCR  International Cooperation on Cosmetic Regulation 

ICP-MS Inductively coupled plasma mass spectrometry 

IEC International Electrotechnical Commission 

IHCP Institute for Health and Consumer Protection 

ILC Inter Laboratory Comparison 

IRMM Institute for Reference Materials and Measurements 

ISO International Organization for Standardization 

IUPAC  International Union of Pure and Applied Chemistry 

JRC  Joint Research Centre 

l  length 

LD  Laser Diffraction 

LED  light-emitting diode 

NIST  U.S. National Institute for standards and technology 

OECD  Organisation for Economic Co-operation and Development  
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OEL  Occupational exposure limit 

PI  polydispersity index 

PNT  polymer nanotube 

PSA  Particle size analysis 

PSD  Particle size distribution 

PTA  Particle Tracking Analysis 

Q&A  Questions and Answers 

r  radius 

REACH EU Regulation on Registration, Evaluation, Authorisation and Restriction of 

Chemicals 

RIVM  Dutch National Institute for Public Health and the Environment 

RM  Reference material 

SAXS  Small-Angle X-ray Scattering 

SC  Sub-committee (of a standards developing organisation technical committee) 

SCCS  Scientific Committee on Consumer Safety 

SCENIHR Scientific Committee on Emerging and Newly Identified Health Risks 

SECO  Swiss State Secretariat for Economic Affairs 

SEM  Scanning Electron Microscopy 

sp-ICPMS Single Particle Inductively Coupled Plasma Mass Spectrometry 

SPM   Scanning Probe Microscopy 

SSA  Specific surface area 

SVHC  Substance of very high concern 

SWCNT single-walled carbon nanotube 

SWD  Staff Working Document of the European Commission 

TC  Technical Committee 

TEM  Transmission Electron Microscopy 

TNT  Titanium dioxide nanotube 

TR  Technical Report 

TS  Technical Specification 

UBA  German Federal Environment Agency 

UV-Vis  Ultraviolet and visible light 

VAMAS Versailles Project on Advanced Materials and Standards 

VCI  German Chemical Industry Association 

VSSA  Volume Specific Surface Area 

xF,min  minimum Feret diameter 

XRD  X-ray Diffraction 
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1 INTRODUCTION 

In 2011, the European Commission published a Recommendation (2011/696/EU) with a proposed 

definition for the term nanomaterial, specifically for regulatory use,
1
 covering natural, incidental and 

manufactured materials and based solely on the size of the constituent particles of a material, 

without regard to specific functional or hazard properties or risks:  

‘Nanomaterial’ means a natural, incidental or manufactured material containing particles, in 

an unbound state or as an aggregate or as an agglomerate and where, for 50 % or more of 

the particles in the number size distribution, one or more external dimensions is in the size 

range 1 nm-100 nm.  

In specific cases and where warranted by concerns for the environment, health, safety or 

competitiveness the number size distribution threshold of 50 % may be replaced by a 

threshold between 1 and 50 %. 

The Recommendation further specifies:  

By derogation […], fullerenes, graphene flakes and single wall carbon nanotubes with one or 

more external dimensions below 1 nm should be considered as nanomaterials.  

 […] ‘particle’, ‘agglomerate’ and ‘aggregate’ are defined as follows:  

(a) ‘particle’ means a minute piece of matter with defined physical boundaries; 

(b) ‘agglomerate’ means a collection of weakly bound particles or aggregates where the 

resulting external surface area is similar to the sum of the surface areas of the individual 

components;  

(c) ‘aggregate’ means a particle comprising of strongly bound or fused particles. 

Where technically feasible and requested in specific legislation, compliance with the 

definition […] may be determined on the basis of the specific surface area by volume. A 

material should be considered as falling under the definition […] where the specific surface 

area by volume of the material is greater than 60 m
2
/cm

3
. However, a material which, based 

on its number size distribution, is a nanomaterial should be considered as complying with the 

definition […] even if the material has a specific surface area lower than 60 m
2
/cm

3
. 

 

In the same Recommendation (2011/696/EU), the EC announced that the proposed definition would 

be reviewed in 2014: "…Technological development and scientific progress continue with great speed. 

The definition including descriptors should therefore be subject to a review by December 2014 to 

ensure that it corresponds to the needs."
1
 

In 2013, the Joint Research Centre of the European Commission (JRC) started collecting feedback 

from stakeholders and users of the EC nanomaterial definition, and earlier in 2014 JRC released a 

first report, with a compilation of the collected feedback and data.
2
  

The current (second) JRC report provides an assessment by JRC of the information collected in the 

first JRC report, where necessary complemented with new or additional input.  

This second JRC report will be followed later in 2014 by a third JRC report, in which JRC will formulate 

its recommendations to the EC policy services that will need to judge whether the current definition 

needs revision, and if yes, in which way it should be adapted. 



   

  9 

 

2 THE EC NANOMATERIAL DEFINITION COMPARED WITH OTHER DEFINITIONS 

The nanomaterial definition in the EC Recommendation (further in this report called the EC 

definition, or the definition) was not the first and is not the only definition of the term nanomaterial. 

This chapter compares parameters and properties applied in different definitions of nanomaterials. 

Particular emphasis is given to the EC definition and especially why it includes or excludes certain 

aspects and issues relevant for nanomaterials.  

In addition to the EC definition, the definitions considered here are from standardisation 

organisations: the International Organization for Standardization (ISO), and the European Committee 

for Standardization (CEN)
3
; industrial organisations:  the American Chemistry Council (ACC) 

4
, the 

International Council of Chemical Associations (ICCA)
5
, the German Chemical Industry Association 

(VCI)
 6

, and from regulatory sources: the Scientific Committee on Emerging and Newly Identified 

Health Risks (SCENIHR)
7
, the International Cooperation on Cosmetic Regulation (ICCR)

8
, EU 

regulations (Cosmetic Product Regulation
9
, Food Information to Consumer Regulation

10
, Biocides 

Regulation
11

, Medicinal Product Regulation
12

, Medical Devices Regulation
13

, Regulation on plastic 

materials and articles intended to come into contact with food
 14,15

). Also (draft) national definitions 

of nanomaterials are included and come from countries in the EU: France
16

, Belgium
17

 and 

Denmark
18,19

, as well as outside the EU: Switzerland
20

, the United States of America
21

, Taiwan4, 

Korea
22

, China
23

, Australia
24

 and Canada
25

. Details of these definitions can be found in section 2 of the 

recent JRC Report EUR 26567.
2
 In addition, the ETUC concept of a regulatory definition of a 

substance in the nanoform was considered in this report.
 26

 

2.1 Comparison of intended purposes and scopes 

The definitions of nanomaterials from the sources listed above can be classified by their scope and by 

the type of applications that they intend to address (scientific, regulatory, industrial). For the 

nanomaterial definitions the following aspects are important: the legal status, the scope, the origin 

of the materials addressed in a definition and whether the material is particulate or nanostructured. 

These aspects are reviewed below. 

2.1.1 Legal status 

Many of the documents addressing the nanomaterial definition issued by international committees 

and organisations as well as some non-European countries, are advisory, non-normative and non-

regulatory and give guidance or recommendations only. EU sector-specific legislation and national 

registries and mandatory reporting schemes in EU member states and the associated definitions are 

legally binding.  

The EC definition is nominally a Recommendation only and hence not legally binding; at the same 

time it is an instrument explicitly aiming at the harmonisation of existing and future legislation with 

regard to defining what a nanomaterial is in a regulatory context. The EC definition was used in 

recently adopted Regulations on Biocides
11

 and on Medical Devices
13

 and is currently used as a basis 

for the modification of the Cosmetics
9
 and Food Information to Consumers Regulations

10
. It is also 

envisaged to use the Recommendation in other EU regulations, such as REACH, and by EU agencies 

with regulatory roles. 

2.1.2 Broadness of scope  

Some of the nanomaterial definitions mentioned above have a scope that is defined in a broad, 

generic way, whereas others have a narrow, specific scope. Like other definitions by international 

organizations or national authorities, the EC definition does not limit its applicability to certain 

(chemical) compositions or to certain application fields. (An exception is the definition from the ICCR, 

which applies only to cosmetic ingredients.)  
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In contrast to the EC definition and its broad scope applicable across different sectors, the definitions 

and nanomaterial specifications from EU sector specific legislation have a scope limited to the area of 

the legislation in question. Although those definitions are already in line or will be aligned with the 

EC definition, the limitation of the scope emerges from the well-defined area of application of the 

regulations themselves. 

2.1.3 Origin of materials 

Nanomaterial definitions can apply to materials of all kinds of origin, or they can have a scope that is 

limited to (intentionally) manufactured particles.  

Some of the definitions do not address this point at all (definitions from ISO, CEN, SCENIHR, Biocides 

and Medical Devices Regulations), but most of the definitions limit their scope to “intentionally 

manufactured” or ”engineered” materials. The EC definition, however, not only includes intentionally 

manufactured materials, it also explicitly includes incidentally manufactured and naturally occurring 

particles. This means de facto that all materials regardless from their origin or purpose may fall under 

the EC definition. EU regulations referring to or inspired by the EC definition may restrict the scope of 

the materials effectively covered with criteria such as the origin of the material. 

2.1.4 Particulate vs non-particulate matter 

While several other definitions also include non-particulate, but nanostructured materials, the EC 

definition is explicitly limited to particulate materials. In this sense, the EC definition corresponds to 

the concept of atmospheric particle matter that includes for example 'PM10' (particles with an 

aerodynamic diameter of 10 micrometres or less) and 'PM2.5' (fine particles with an aerodynamic 

diameter of 2.5 micrometres or less). (The obvious difference between the 'PM' materials and the EC 

definition is that the latter also includes particulate matter not dispersed in the atmosphere.) 

2.2 Comparison of technical aspects 

2.2.1 Size range of relevant microstructural features 

The defining property that all nanomaterial definitions have in common is the size of constituent 

microstructural features, e.g. particles. The basic size range is identical (1 nm to 100 nm) for almost 

all definitions. Whereas several definitions refer to both external and internal structural features, the 

EC definition is limited to the external dimensions of the constituent microstructural features. 

Internal structure in the EC definition is only relevant for the specific subset of nanostructured 

nanomaterials that are aggregates or agglomerates, but also here the relevant size range is that 

corresponding with the external dimensions of the constituent particles. 

The SCENHIR opinion additionally considers materials with a median size between 100 nm and 

500 nm as a nanomaterial, if a statistical extrapolation of the average size and associated standard 

deviation indicates that possibly 0.15 % or more of the (number of) particles are smaller than 

100 nm. Similarly, the Swiss (SECO) guideline
20

 uses the 1 nm to 100 nm range, and in addition 

considers a material with an average particle size below 500 nm to be a nanomaterial if the particle 

size distribution is not known. 

The Biocides Regulation and the SECO guideline as well as the EC definition explicitely include 

fullerenes, graphene flakes and single wall nanotubes even if their relevant external dimension is 

below 1 nm. 

2.2.2 Threshold for the fraction of particles in a particle size distribution 

Compared with other definitions of nanomaterial, the feature that distinguishes the EC definition 

most explicitly is the threshold value for the fraction of particles in a particle size distribution falling 

inside a defined size range. The EC definition states a threshold value of 50 % in the number based 

particle size distribution; with a content of particles equal to or above this threshold the material is 
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defined to be a nanomaterial. Furthermore, the possibility to lower this threshold to a value between 

1 % and 50 % is included. 

Most definitions do not use the particle size (distribution) as the main identifying parameter (ISO, 

ICCR, North American and Asian national definitions), and for these definitions a threshold particle 

fraction is not a relevant parameter to qualify a material as a nanomaterial. For definitions referring 

to both internal and external features with a size in the nano-range, it is even less straightforward to 

set up such quantitative criterion. Only for definitions that refer to a specific property induced by the 

nanostructure of the material, one could set a threshold based on this specific property.  

The few other definitions that contain a threshold fraction fall in two categories: particle size 

distribution is based on a) particle mass or b) particle number. Particle mass based particle size 

distributions are used in definitions of chemical industries associations (ACC, ICCA, VCI), which 

commonly set a threshold of 10 % mass. In the definition proposed by ICCA, an additional cut-off of 

50 % (mass based) is defined if aggregates/agglomerates consist of nano-objects. 

For the particle number based thresholds, the threshold value of 50 %, as in the EC definition, is used 

in legislation within the geographical EU area, such as recently adopted or adapted European 

Regulations and the French definition. Outside the EU area, some definitions propose a different 

threshold value: 

- The Australian working definition for industrial nanomaterials specifies a 10 % particle number 

based threshold. The Swiss SECO guideline stipulates a 1 % number based limit. It is not clear 

whether and how these smaller threshold values are already being applied in practice.  

- The SCENIHR Opinion seemingly suggests the lowest threshold value, by proposing that a material is 

a nanomaterial when more than 0.15 % of the particles may have a diameter below 100 nm. This 

value can not directly be compared with the 50 % value of the EC definition: the SCENIHR Opinion 

value of 0.15 % follows from a statistical reasoning that aims at taking into account the width of the 

particle size distribution: the SCENIHR definition includes materials for which the measured average 

particle size is above 100 nm but only if the standard deviation of this average value indicates that 

probably there are more than 0.15 % of the particles smaller than 100 nm. De facto, this approach 

also makes the upper size limit (100 nm) less rigid. 

- The ETUC concept, on the other hand, proposes an 80 % threshold for the number of particles with 

a diameter of 100 nm or below. Interestingly, in the case of a particle size fraction below 100 nm 

between 10 % and 80 %, ETUC speaks of a multi-constituent substance composed of the nanoform 

and the bulk material.  

2.2.3 Agglomerates and aggregates 

Agglomerates and aggregates are not explicitly addressed in ISO, ICCR, North American and most 

Asian national definitions. In all other definitions assessed, including the EC definition, the question 

of agglomerates and aggregates is explicitly addressed. In particular, the EC definition restricts the 

term ‘nanomaterial’ to materials containing particles. Like particles in an unbound state, 

agglomerates and aggregates are explicitly included. 

2.2.4 Specific surface area 

Apart from the VCI and SCENIHR nanomaterial definitions, the EC definition is the only definition that 

establishes the volume specific surface area as a complementary criterion, and the EC definition 

states that a material is classified as a nanomaterial if the volume specific surface area is larger than 

60 m
2
/cm

3
.  

2.2.5 Nano-specific functional properties 

There has been, from the earliest debates on the definition of the term nanomaterial, a discussion 

between stakeholders proposing to define nanomaterials based on size (either external size, as in the 
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EC definition, or the size of internal, structural features) and stakeholders emphasising that a 

nanomaterial should display novel properties or properties or phenomena attributable to its [nano] 

dimensions, or nano-scale properties (ACC, national definitions of USA, Taiwan, Taiwan, China, 

Australia and Canada). This discussion is somehow linked to the concept of “engineered” 

nanomaterials as described in Section 2.1.3 above (on the origin and purpose of materials).  

The EC definition is size-based only and therefore not limited to materials produced intentionally 

with specific properties.  

2.2.6 Solubility 

Another parameter that is used in nanomaterial definitions is the solubility of particles. However, this 

is only applied in the case of definitions in the cosmetic field (ICCR, EU Cosmetic Product Regulation) 

and by the ACC. The text of the EC definition does not include this aspect. 

2.3 Summary: the essential elements and characteristics of the EC nanomaterial definition 

The EC definition has quite some overlap with many other nanomaterial definitions; however it is 

unique in the combination of its scope and the technical parameters addressed. An important 

feature is its legal status and the broad scope of application. Although the EC definition is published 

in a legally non-binding document, it serves as a basis for the definition of nanomaterials in specific 

EU legislation. On the one hand, the EC definition is not limited to a certain type or origin of a 

material, but on the other hand it only covers particulate materials with specific size features, which 

therefore potentially show specific properties. 

In terms of the physical properties that determine whether a material is considered a nanomaterial 

or not, the particularity of the EC definition is in the combination of a size range, a threshold value of 

50 % for the fraction of particles in a particle number based particle size distribution, and the 

additional volume specific surface area criterion.  

As such, the EC definition is a prime example of definitions that are 'regulation and concern'-inspired:  

- it is broad and inclusive (in an attempt not to exclude any potentially harmful materials for which 

novel properties are not (yet) demonstrated), and at the same time it is restricted to particulate 

materials (the materials that are realistically the only ones that can lead to direct exposure of 

humans and the environment),  

- it is relying on external dimensions, more specifically on particle size values (providing a classical 

and seemingly feasible way of implementing the definition),  

- it is based on the particle number based particle size distribution (because particle mass based size 

distributions are easily affected by the presence of a few large particles, and in line with a basic 

toxicological concept of the number of interactions that can potentially create a toxic effect). 

Any proposal to revise the definition that affects these main characteristics would require a strong 

justification. 
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3 THE PARTICLE NUMBER BASED PARTICLE SIZE DISTRIBUTION AS DEFINING FEATURE 

The particle size distribution (PSD) of a particulate material is a list of values or the corresponding 

graphical presentation or mathematical equation, which show how the particles in a material are 

distributed over different size classes. The PSD can be "mass-based" (when the PSD shows the 

combined mass of all particles per size class, compared to the total mass of material) or "number-

based" (when the PSD shows the number of particles per size class compared to the total number of 

particles in the material). Other types of size distribution are based on volume per size class, surface 

area per size class, or (any kind of) signal intensity per size class.  

The EC nanomaterial definition uses the number-based PSD: ‘Nanomaterial’ means a natural, 

incidental or manufactured material containing particles, in an unbound state or as an aggregate or 

as an agglomerate and where, for 50 % or more of the particles in the number size distribution, one 

or more external dimensions is in the size range 1 nm-100 nm.
1
  

This Chapter investigates three aspects: first, the choice for the particle number based fraction as the 

defining metric, secondly the choice of 50 % as the default threshold value, and thirdly the 

consequences of allowing the flexibility to deviate from this 50 % threshold. 

3.1 The choice for particle number fraction as metric in the nanomaterial definition 

Some of the respondents to the online survey launched by JRC in preparation of the review of the 

definition (see report EUR 26567 EN, report 1 of 3 in this series)
2
 argued that the mass-based PSD 

should be used in the definition, because routine measurements in industry are mainly based on 

volume-, mass- or intensity based PSDs, while methods for measuring particle number-based PSDs 

have only been tested on an investigative level.  

It must be noted, however, that only number-based PSDs give a clear picture of how many particles 

of a certain size are available in a sample. This information is missing when using mass-based 

distributions, especially as the latter are dominated by larger particles if there is a substantial size 

difference between the smaller and the larger particles in the material. This section further 

investigates whether it is important to know the number based PSD, and use it in the nanomaterial 

definition, rather than the mass based PSD.  

3.1.1 General considerations on concentration metrics 

For soluble chemicals, concentration is traditionally reported as 'amount-of-substance' concentration 

(in other words: referring to the number of moles of the substance of interest in a given volume). 

Neglecting potential isotopic differences, amount-of-substance and mass based concentrations of 

soluble chemicals are equivalent and can be converted into each other using the molecular weight. 

The situation is different when considering particles as the building blocks of a material. Particles of a 

certain material are usually not all identical, but are characterized by a size distribution, a shape 

distribution and even a density distribution. Having measured their mass-based PSD is not sufficient 

to calculate the number of particles, as this calculation requires precise information on parameters 

such as particle size, shape and density.  

3.1.2 Relevant concentration metrics in particle toxicology 

In classical toxicology with soluble chemicals the dissolved material is present in the form of 

molecules or ions, which move and freely interact with biologically relevant active sites. Since every 

ion or molecule moves separately, they can potentially all find a toxicologically relevant active site.  

Molecules and ions that are bound together in a particle cannot move independently, and thereby 

the number of interactions per gram of particle substance with biologically relevant active sites is 

limited. Size and shape of the particles (or surface area in a simplified view) are the parameters to 

consider when estimating the number of interactions possible for each gram of particle substance 



   

  14 

 

(effective dose) and therefore determine the extent of the measured toxicological effect.
27

  It must 

also be kept in mind that molecules or ions and particles may interact differently with biological 

entities. 

Nevertheless, Occupational Exposure Limits (OEL) for particulate compounds are traditionally 

provided as mass concentration. Size effects are only implicitly recognised when different size 

fractions (e.g. respirable vs inhalable) receive different OELs.  The mass concentration metric may not 

be very meaningful especially for ultrafine or nanoparticles. At an OEL of 1 μg/m
3
, the corresponding 

small amount in mass could correspond with a huge number of ultrafine particles. The consequence 

is that exposure assessment based on mass could underestimate the toxicity of nanoparticles, as 

such small particles do not contribute considerably to the overall mass concentration, even though 

they represent the larger amount in terms of particles number. A dose-metric expressed as particle 

number could be much more relevant in these situations.
28

  

Particle number has indeed been used for exposure assessment of fibres, and the particle counter 

instruments which are used to measure exposure in occupational settings utilize the number 

concentration metric (particle count per air volume).
29 

But there are other relevant metrics as well, 

for example when studying toxicity of ultrafine particles in lungs, which is linked to the accumulation 

of particles in the lungs (lung overload). The extent of the overload and therefore of the toxicological 

effects has been proposed to be related to the overall volume of the particles (particle or 

agglomerate density).
30,31

 In another study, by Gallagher et al.
32

, the lung overload condition seemed 

to be associated to inflammation only when the surface area of the particles was high, and Tran et 

al.
33

 proposed total particles surface area as the most relevant metric to express the lung burden due 

to poorly soluble particles.  

In several toxicological studies, surface area has been demonstrated to be the most relevant dose-

metric for comparing the effects of different kinds of nanoparticles of different sizes and the best 

correlation between in vitro and in vivo studies has been found using such metric.
33,34,35

 Therefore, 

even if the relation between particles surface area and inflammation is not yet certain, for inhalation 

toxicity studies, mass may not be the key parameter to be considered. In fact, the issue of dosimetry 

is even more complex, since there is often a significant difference between the average 

concentration in an environment and the effective dose at the cellular level, as discussed for in vitro 

testing by Teeguarden and Oberdorster.
36

  

Since the current EC definition restricts nanomaterials to particulate matter, the choice of 

appropriate dose metric to be used in toxicological or exposure studies must be inspired by the 

general findings of particle toxicology, and be related to the mechanism of action of the 

nanomaterial: "The effective dose of a nanomaterial may be smaller on a mass basis than the 

effective dose of larger particles of the same material if the mode of action relates to the total 

particle number or surface area".37,38 

3.1.3 Recommendations from national and international organisations 

As already stated in Chapter 2, the EC definition is developed particularly for regulatory purposes, 

which has certainly influenced the choice of the metric used in the definition. In this subsection we 

investigate how different organisations with regulatory vocation have linked their regulatory 

concerns with the definition or classification of nanomaterials.  

In the document "R14-4 Recommendations for nanomaterials applicable to Chapter R.14 

Occupational exposure estimation"
39

 of the Guidance on information requirements and chemical 

safety assessment, ECHA asserts that all three main metrics: i) mass concentration (unit kg/m
3
); ii) 

number concentration (unit 1/m
3
); and iii) surface area concentration (unit m

2
/m

3
) can be relevant 

when performing exposure estimation studies. ECHA's suggestion is that the right metric to choose is 

the one which is "correlated with the health effect of concern, can be relatively easily measured and 

be both measurable and sensitive enough to detect differences in the probable ranges encountered". 
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The best metric to choose is likely to be different for different nanomaterials and for the kind of 

health effect with which exposure studies correlate.  

SCENIHR was the first organization to publish a recommendation to define the term nanomaterial 

using a number-based PSD. SCENIHR argued that a small mass concentration of nanoparticles in a 

material might still correspond with a great number of nanoparticles.
7,40

  For the same reason, also 

the European Trade Union Confederation (ETUC) recommends the use of a number-based PSD rather 

than the mass or volume based one for the definition of a substance in the nanoform.
26

 

OECD does not have its own specific nanomaterial definition based on mass or particle number 

based PSDs. In a document on nanomaterial sample preparation and dosimetry, OECD recommends 

that dose is not only reported in the traditional mass-based manner, but that also surface area- and 

particle number-based PSDs must be reported in toxicological studies, as these parameters may play 

a key role in determining the toxicity of nanomaterials.
41

 In the document on risk assessment of 

manufactured nanomaterials, OECD also states that using different metrics in the risk assessment of 

nanomaterials could help understanding which metric is more closely related with the mechanism of 

action of a certain nanomaterial.
37

  

The Scientific Committee on Consumer Safety (SCCS) agrees that, differently than for conventional 

chemicals, metrics such as mass or volume may not be appropriate for nanomaterials, but additional 

parameters such as particle number concentration and surface area must be provided in toxicological 

assessments.
42

 Similarly, EFSA, in its guidance document on risk assessment of nanomaterials, 

recommends that together with mass-based dose, additional information concerning the conversion 

of the mass dose metric to surface area and/or number of particles must be provided, especially 

when a comparison with non-nanoforms is required in the risk assessment context.
43

 In the report 

"Interpretation and implications of the European Commission Recommendation on the definition of 

nanomaterial"
44

 published in 2012, the Dutch National Institute for Public Health and the 

Environment (RIVM) highlights that the practical implication of using a number-based PSD rather 

than a mass-based PSD is that more materials will be classified as nanomaterial, provided that the 

threshold remains the same. RIVM underlines that having a definition using the number-based PSD 

reduces the chances to classify a material as non-nanomaterial even if the majority of the particles 

are below 100 nm. This situation could occur when using a mass-based particle size distribution.
44

  

The German Competent Authorities, BfR (Federal Institute for Risk Assessment), BAuA (Federal 

Institute for Occupational Safety and Health) and UBA (Federal Environmental Agency) in the report 

"Nanomaterials and REACH" affirm that the number-based PSD could be used as a parameter to 

compare different nanoforms of the same substance.
45

 

While mass concentration has traditionally been considered the most convenient dose metric for 

toxicological and exposure studies with soluble chemicals, the pertinence of using only this dose 

metric for particles is questioned by many.
34

 Since at the moment no agreement has been reached in 

the scientific community on the appropriate exposure metric to be used for the assessment of 

exposure to particles, the concept of using multiple metrics (mass, surface area and number of 

particles) simultaneously in exposure measurements has been widely proposed and in some cases 

has already been applied.
35,46

 This trend to use alternative metrics such as particle number, volume 

specific surface area or a combination of all these parameters more often is also observed for studies 

performed with particulate nanomaterials.
36, 47 , 48 , 49 , 50

 When reporting toxicological effects of 

nanomaterials, the number of particles of a certain size can indeed become a key parameter, as it is 

related to the possible number of interactions with biologically relevant sites. Similarly, surface area 

is also a parameter that may correlate with the effects of nanoparticles, because it determines the 

amount of active atoms exposed at the surface and able to interact with the environment. 

3.1.4 Conclusions 

A single, most pertinent dose metric to be used in toxicological studies has not been agreed at 

international level. The most relevant dose metric is likely to be different for different nanomaterials 
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and for different toxicological endpoints. The right metric to choose would be the one most closely 

associated with the mode of action leading to a certain effect.
51

 An immediate and important 

consequence of nevertheless using (only) particle number based PSDs as criterion in the EC 

definition, is that also materials are included that may have an extremely small mass fraction of 

nanoparticles. Therefore, it is fair to state that the choice of number-based PSDs to define 

nanomaterials is based largely on an attitude of precaution of the responsible regulatory authorities, 

as the number-based PSD is the metric which most effectively avoids that the smaller size fractions in 

the PSD are hidden, on purpose or not, by smaller numbers of larger particles. In the following 

sections and chapters, several practical difficulties associated with a definition based on particle 

number based PSDs will be mentioned and discussed, as well as possible ways to work around them. 

3.2 Consequences of choosing 50 % as the threshold particle number fraction 

This section assesses whether the 'right' materials are 'captured' by choosing 50 % as the value for 

the threshold in the number based PSD. Relevant data have been derived from chapter 10 

(“Information on actually measured particle size distributions for a representative set of materials 

...”) and from chapter 7 (“Summary of experiences from relevant actors in the implementation of the 

definition including best practices and open challenges”) of JRC report 1.
2
  

It should be noted beforehand that in any provision with a quantitative threshold, borderline cases 

are expected and should not come as a surprise. Examples can be found in the assessment of water 

quality or the presence of substances of very high concern (SVHC) in articles, and differences in 

conclusions may come both from sampling and measurement uncertainty (see also section 5.2). It 

can also be noted that, as 'nanogrades' of a certain substance can be registered and identified under 

REACH under one registration number, it will be quite normal that some grades of the same declared 

substance would be classified as nanomaterial according to the EC definition and others do not. 

3.2.1 Borderline cases 

The online survey conducted by JRC has provided opinions and comments on the application and 

consequences of the definition of nanomaterial. The participants to the questionnaire that had 

experience in measuring the size distribution of particulate materials were asked to provide 

information about borderline cases, i.e., materials for which it was difficult to decide whether they 

are nanomaterials according to the EC definition.  Of the 42 respondents who make use of size 

distribution measurements, about 70 % claimed to have encountered problematic borderline cases, 

while about 30 % had not. The addressees were asked to provide specific borderline cases rather 

than a theoretical discussion on hypothetical cases. However, the many respondents who mentioned 

that there are borderline cases, did not provide an actual description of such cases. Therefore, while 

the qualitative information suggests that more than two thirds of organizations with experience in 

measuring particle size distribution of samples have encountered cases where it was difficult to 

decide whether they are nanomaterials according to the EC definition, the lack of data unfortunately 

does not allow estimating the frequency of such borderline cases. 

Real borderline cases reported in section 10 of the first report illustrate the challenge in proper 

classification of nanomaterials. An example is the material “Red iron oxide” reported in section 10.5, 

which is a specific commercial product used for a wide variety of application in building materials, 

paint and plastics. It has an average hydrodynamic diameter (measured by DLS) of 222 nm, a volume-

specific surface area (VSSA) of 51 m
2
/cm

3
 (equivalent to monodisperse spheres with an average 

diameter of approximately 117 nm), an average minimum Feret diameter (by SEM) of 107 nm, an 

average equivalent circle diameter (by SEM) of 124 nm, an average minimum Feret diameter (by 

TEM) of 94 nm, and an average equivalent circle diameter (by TEM) of 110 nm, thus rendering the 

classification dependent not only on the measurement technology chosen (e.g. electron microscopy 

vs. dynamic light scattering), but also on the measured parameter (minimum Feret diameter vs. 

equivalent circle diameter, with the former being closer to the 'smallest external dimension' required 

in the definition). This example shows that "borderline" cases may only be revealed when comparing 
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results obtained with different techniques (measuring different quantities) or with different data 

evaluation methods. The number of such cases may be reduced by referring to specific measurement 

techniques and data evaluation methods, e.g., specifying what external dimension is actually 

reported. It is also noted that if there are concerns regarding the measurement of size and size 

distributions they seem to be associated primarily with the upper size limit of 100 nm and much less 

with the lower size limit of 1 nm. 

3.2.2 Materials perceived as nanomaterials but excluded from the definition 

The term nanomaterial has been used for many years now, and a wide variety of materials have 

become known as nanomaterials, in particular materials which are shown to have specific properties 

because of their nanoscale structure. It is the aim of the EC definition to capture these materials with 

a single, common and verifiable approach. This however may be difficult to achieve, given the vast 

diversity of materials generally perceived as nanomaterials. A pragmatic solution is to expand the 

core definition with a list of explicitly mentioned materials, if they would not be captured by the core 

definition. Such a list is also discussed in Section 6.2. In this section, the focus is on the effect of the 

50 % threshold value on the unwanted exclusion (and inclusion, see next section) of materials in the 

definition. 

The issue of inclusion or exclusion of materials that are generally perceived as nanomaterials is a 

subtle one, as different organizations, scientists and other stakeholders probably have different and 

varied opinions of what should generally be considered a “nanomaterial”. Some indications can be 

extracted from the comments to the questionnaire (reported in sections 7.2.1 through 7.2.8, ref. 2). 

Only a few comments are related to materials not covered by the definition, even if they are 

perceived to be nanomaterials. They all refer to engineered materials. In particular the following 

comments were made:  

• Nanotubes in general should be included. 

• The reference to the fullerenes, single wall nanotubes and graphene flakes in point 3 of the EC 

Recommendation should be extended to also encompass other shapes/forms of graphene 

materials, such as cones and ribbons. 

• It is suggested that single wall nanotubes, flakes and spheres made from other materials than 

carbon should also be considered. 

Furthermore, bigger structures that have internal nanoscale features which give them a unique 

functionality are often perceived as nanomaterials and marketed as such, but they are not included 

in the EC definition. Examples are nanocellulose sponges that can be used to immobilize oil spills or 

as filters.   

3.2.3 Materials not perceived as nanomaterials but included in the definition 

The issue of including materials which often are not perceived to be nanomaterials has attracted 

many more and varied comments.  

Most respondents from trade and industry associations are concerned that many materials produced 

for a long time and used safely would now fall under the definition of nanomaterial. Several of these 

comments relate to a “general feeling” on nanomaterials and its current connotations for the general 

public, and claim that the definition is not viewed as neutral as it is intended and stated in the 

definition text. These industry associations, their members and their customers are concerned that 

the definition is rather linked to a perceived hazard associated with nanomaterials in general.  

In other comments it was mentioned that the majority of insoluble particulate materials could 

become nanomaterials according to the EC Recommendation, since they may easily contain a 

significant number fraction of particles with external dimensions in the nanoscale, even if the 
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volume/mass fraction is very low.  While this claim has yet to be verified, it is conceivable that high-

resolution electron microscopy of common particulates would reveal the presence of “incidental” 

nanoparticles, possibly originating from post-production contamination or handling, or perhaps due 

to residual nanoparticles arising from a production process designed to create much larger grained 

materials. One reply claimed that with the 50 % threshold the definition would indeed encompass 

too many substances that should not be considered as nanomaterial (e. g., sand, pigments). There 

are several suggestions that the definition should not include these materials, but only materials that 

are developed to exhibit novel characteristics, such as improved physical or chemical properties 

compared to the same material without nanoscale features. 

3.2.4 Considerations on imposing additional criteria and limits 

Currently the EC definition is based on 2 quantitative criteria: the size of the individual constituent 

particles (with the lower and upper size limits of the nanoscale, 1 nm and 100 nm) and the 50 % 

threshold in the particle number based particle size distribution. In view of the above paragraphs on 

borderline cases and the difference between materials perceived and defined as nanomaterials, one 

may consider refining the definition with one or more additional criteria and corresponding limits.  

For example, the definition does not specify an upper limit for the size of particles that should be 

counted to determine the fraction of particles with external dimensions at the nanoscale: in any 

given ensemble of particles, all particles should be counted regardless of their size. As a 

consequence, a material consisting of centimetre-sized pebbles mixed with an equal amount of 

nanoparticles is a nanomaterial. To avoid such situations, and without harming the purposes of the 

EC definition of nanomaterial, it could be considered to establish additional criteria:  

(i) One possibility is to define an additional cut-off size "C" well above 100 nm, e. g. C = 10 µm. 

Particles with minimum external dimensions larger than C would not be taken into account when 

determining the fraction of nanosized particles in a given material. Thereby the material is divided 

into a fraction S (particles smaller than C) and a fraction L (particles larger than C). Only fraction S 

would be evaluated whether it fulfils the definition of nanomaterial. Without further provisions, 

this would increase the number of materials meeting the nanomaterial definition.  

(ii) Another possibility would be to define, in addition to the threshold in the particle number based 

particle fraction, a minimum particle mass based particle fraction (X %, e.g. 1 %); in other words: a 

material would be a nanomaterial only if at least 50 % of its constituent particles have a minimum 

external dimension between 1 nm and 100 nm (as in the current definition), and if in addition this 

fraction represents more than X % of the mass of the material. Imposing this additional criterion 

would necessarily reduce the number of materials meeting the definition, to an extent that 

depends strongly on the choice of the value 'X'. 

(iii) The additional limits proposed under (i) and (ii) could also be combined: one could impose a 

minimum mass fraction of the particles in the fraction S, for the material as a whole to be a 

nanomaterial. Depending on the choice of the values C and X, the number of materials meeting 

the definition may be smaller or larger than for the current definition. 

(iv) A different scenario would start with the same analysis as scenario (i), i.e. the introduction of 

fractions S and L with the cut-off value C. Again, only fraction S would be evaluated whether it 

fulfils the definition of nanomaterial. Then, and in contrast to scenario (i), according to the result 

of the particle size distribution analysis, fraction S would, or would not, be called a nanomaterial, 

whereas fraction L would not be part of that nanomaterial at all. This scenario would effectively 

split up a material into a mixture of a nanomaterial and a non-nanomaterial. (This is a scenario 

that has similarities to the proposal made by ETUC.
26

) 

3.2.5 Conclusion 

Choosing a single scale and metric (at least one external dimension between 1 nm to 100 nm) and a 

single threshold value (50 % in the particle number based PSD) in the nanomaterial definition creates 
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a sharp cut between nanomaterials and non-nanomaterials. Given the diversity of materials generally 

perceived as nanomaterials, it is inevitable that this singular cut in the definition has the 

consequence that on the one hand a number of materials generally not considered as nanomaterials 

will be covered by the definition and, on the other hand, certain materials generally considered as 

nanomaterials will not be covered by the definition. Choosing a different value than the current 50 % 

value will not significantly reduce the combined risk. This observation strengthens the view that the 

threshold should be based on a value of 50 % (or more) to limit the nanomaterial definition to 

materials for which the majority component has a nanoscale character.  

As a possibility to further reduce the number of materials not intended to be covered by the 

definition of nanomaterials, the introduction of one or more additional thresholds can be 

considered. Several possible scenarios were presented. In order to prevent the opposite (true 

nanomaterials not being covered by the definition) the definition already uses a short list of explicitly 

included materials. In Section 6.2, the expansion of this list of materials is discussed as another 

alternative to improve the match between the nanomaterial definition and the materials considered 

nanomaterial in daily practice.  

3.3 Regulatory consequences of a flexible threshold value 

The EC definition contains the following clause: '…In specific cases and where warranted by concerns 

for the environment, health, safety or competitiveness the number size distribution threshold of 

50 % may be replaced by a threshold between 1 and 50 %...'.
1
 This section investigates the 

advantages and disadvantages of this flexibility. 

3.3.1 The exposure consideration 

The above-mentioned clause of the EC definition is inspired by the fundamental risk assessment 

paradigm that RISK is a combination of HAZARD and EXPOSURE, as well as to the precautionary 

principle. For certain uses, e.g. resulting in high exposure (and thus concern), the flexible threshold 

opens the possibility to define for regulatory purposes also a material containing a percentage 

between 1 % and 50 % of nanoparticles as a nanomaterial (the EC definition already defines that 

materials containing more than 50 % nanoparticles are nanomaterials). Thus, by lowering the 

threshold in selected legislations, the nanomaterial-specific provisions of those legislations would 

apply and e.g. submission of specific and/or additional information, and performance of a separate 

nanospecific risk assessment etc., would be required.  

An example of legislative areas for which a lower threshold (than the default 50 %) could be relevant 

is legislations addressing applications that are designed to result in exposure to nanomaterials in 

products such as food and cosmetics where respectively oral and dermal exposure is intentional. 

However, it must be noted that exposure is not only determined by the relative content of 

nanoparticles in the nanomaterial ingredients, but also by the relative content of these ingredients in 

the consumer product. Therefore, the reduction of the threshold in the definition does not 

necessarily imply an effective improvement in product safety. 

3.3.2 The consistency consideration 

It is assumed that applying the same definition of nanomaterial with the possibility of a flexible 

threshold would enhance regulatory uptake of the definition in all areas of legislation. However, if 

the same material (with the same PSD) is used in different applications covered by different 

legislations, the situation may arise that different thresholds are applied to the same material. Thus a 

material containing less than 50 % nanoparticles may be regarded as a nanomaterial for regulatory 

purposes within certain EU legislative areas (using lower thresholds) but not within others (that use 

the default threshold). Nevertheless, the flexible threshold means that for particular uses a lower 

threshold can be applied whereas applications with a lower level of concern would not need the 

lower end of the threshold range.  
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Such a situation may cause confusion and create regulatory uncertainty. Moreover, nanomaterial 

definitions in different Member States may deviate from the EC Recommendation. Such deviations 

may concern for example the threshold, which is the case for France
16,52

 and Belgium
17

 in which the 

definitions are applied to substances intentionally manufactured at the nanoscale and exclude some 

areas. A possible solution could be the co-ordination between legislators in different areas to agree 

on a common, lower threshold across legislations so that the same material would always be 

categorised in the same way for regulatory purposes. However, based on experience from 

implementing the chemicals legislation before REACH, it may be cumbersome to harmonise a 

threshold different from the default one across different areas of legislation. A common, lower 

threshold across all legislation could have considerable consequences on the marketing of materials 

and products (price, change of ingredients etc.).  

3.3.3 The implementation consideration 

The implementation of a legal definition of a material based on quantitative criteria, such as the EC 

nanomaterial definition, requires measurements to check whether materials are classified correctly. 

For this purpose, it is preferable to have standardised measurement methods; however, there is no 

absolute requirement, for example under REACH, to use standardised methods for determining the 

identity and chemical compositions of substances. This is due to the intrinsic diversity of materials 

that are covered by the definition of substance: standardisation bodies cannot provide specific 

standard measurement methods for each substance. Although in many cases standardised methods 

are not available, substances are nevertheless identified, compositions are reported and relevant 

classifications applied. In this absence of standardised methods, a larger responsibility is bestowed 

on the individual laboratories to ensure the reliablility of their results.  

For nanomaterials the issue is complicated due to the absence of validated, reliable methods to 

measure the PSDs of materials, especially if they consist of particles with a wide distribution from the 

nanorange to micrometre size (or larger). The identification of the smallest nanoparticles in such 

broad PSDs is not yet possible. Another issue is that the publications that analysed how well 

currently available methods could possibly address the lower end of the flexible range of threshold 

values (i.e. closer to 1 % than to 50 %), agree that the relative measurement uncertainty increases 

when the threshold is lowered. Currently available methods may not be able to identify these small 

quantities or only do this with considerable difficulty and lack of accuracy; thus currently available 

methods are not capable of reliably implementing the current definition with a threshold lower than 

the 50 % default value. Detailed information on measurement uncertainties associated with the 

measurement of particle sizes and size distributions as well as a discussion on specific uncertainty 

contributions from elements of the EC definition can be found in Section 5.2 of this report. 

JRC Report 1
2
 lists the pros and cons of common size measurements techniques. Only about half of 

these techniques give a number-based result directly. (See also Section 4.3 where this is discussed in 

further detail.) JRC Report 1 also states "… In the broadest sense, a single measurement method is 

only valid for a full assessment of the EC nanomaterial definition if it has been shown to provide 

particle number based size distributions in the size range around 100 nm, preferably from 1 nm to 

several micrometres. One of the conclusions of JRC Reference Report 25404
53

 was that no such 

method exists and it is not expected that it will be developed in the near future. On the other hand, a 

method that provides particle number based size distributions from 1 nm to several micrometres for 

all types of materials is not necessary, and several methods have been validated for the measurement 

of the particle number based particle size distribution of specific types of nanomaterials. …".  

Clearly, measurement methods need further development to ensure that the number based size 

distribution can be reliably measured. One way to address the PSD measurement issues could be to 

provide guidance documents that reflect the state of the art and that include the limits to currently 

available methods. But it is more important to continue the efforts already undertaken to develop, 

improve and validate accurate methods for PSD measurements and identification of the nanofraction 

in materials. 
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3.3.4 Conclusion 

The flexible approach impacts negatively on the transparency of the legislation addressing 

nanomaterials due to the fact that materials may be regarded as nanomaterials or not, depending on 

the legislation. It counteracts the intention that the EC definition should guarantee that a material 

which would be regarded as nanomaterial in one sector will be given the same classification if used 

in another one. However, the flexible approach is assumed also to promote the regulatory uptake of 

the same definition, where only the number based percentage of nanosized particle content in the 

materials threshold varies. In this context we note that another option is that the 50 % number-

based threshold value could be fixed and implemented as the only threshold for defining 

nanomaterials, and each specific area of legislation could then define, as relevant, application limits 

for content of nanomaterial in products addressed by the specific legislation or define limits specific 

to certain nanomaterials. Regarding the implementation, there is a need to continue to develop and 

improve the measurement methods; the lower the threshold, the larger is the improvement needed. 

Actually, current methods would not allow reproducible and valid measurements at the lower end of 

the flexible threshold range. 
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4 NEEDS FOR CLARIFICATION OF THE CURRENT EC NANOMATERIAL DEFINITION 

A survey was carried out by the JRC in preparation and support of the review of the EC definition of 

nanomaterial to collect feedback from key actors on their experience with the implementation of the 

definition. An overview of recurring elements which, in the opinion of the respondents to that 

survey, need clarification was provided in the preceding report in its chapter 9.3.2.
2
 This section gives 

an assessment of these clarification needs.  

4.1 Clarification of the purpose of the definition 

Some survey respondents were confused about the purpose of the EC Recommendation. For them it 

is not clear whether the aim is to propose a scientific definition or a tool for legislation. Actually, it 

was precisely stated in the text that "the definition in this Recommendation should be used as a 

reference for determining whether a material should be considered as a ‘nanomaterial’ for legislative 

and policy purposes in the Union" (recital 3).
1
 On the latter issue, the 2012 Staff Working Paper on 

the nanomaterials on the market
54

 is more explicit and it is mentioned that "the purpose of the 

Recommendation is to ensure consistency across legislative areas as well as across guidance and 

other technical documents by the European Commission. In addition, the Commission invites 

Member States, the EU agencies and economic operators to use this definition, for example, in the 

adoption and implementation of legislation and policy and research programmes concerning 

products of nanotechnologies". Based on these clear statements further clarification on the purpose 

of the EC definition does not seem to be necessary.  

It is argued by some respondents that there is a lack of harmonisation between existing regulations 

in national laws, or also in different sectors. Actually, one of the purposes of the EC Recommendation 

is to ensure conformity across legislative areas, as the same materials are often used in different 

contexts; the EC Recommendation was developed to provide a coherent cross-cutting reference 

here. Consequently the EC Recommendation should guarantee as far as possible that a material 

which would be regarded as a nanomaterial in one sector will be given the same classification if used 

in another one. The harmonised definition will improve the transparency of the use of 

nanomaterials. 

4.2 Clarification of the scope of the definition 

Clarification on the relationship between the EC Recommendation and legislation in EU Member 

States, and the differences in scope, is also requested.  

4.2.1 Manufactured or not 

In the scope of the French Decree
52 

establishing a national registration scheme for nanomaterials as 

well as in the scope of the Belgian Nanomaterials Declaration Scheme
17

 or in the definition used by 

the Danish Environmental Protection Agency,
18

 certain activities or products are in part or totally 

excluded. Firstly, in these national regulations, only manufactured products are considered. 

Moreover, in the French decree,
52 

for example, the minimum proportion of the number size 

distribution is specified to be 50 % but it is also stated that "in specific cases and where warranted by 

concerns for the environment, health, safety or competitiveness, this minimum proportion may be 

reduced". In the Belgium scheme,
17

 quite a number of materials are excluded from the registration 

requirement: nanoproducts sold between businesses and products that fall under specific 

regulations (e.g. food, biocides, feed, pharmaceuticals, medical devices, cosmetics, pesticides and 

waste) and also pigments.  

It seems that the definitions used in different legislative provisions that exist in various countries are 

derived from a basic definition of the term "nanomaterial", by restricting its scope (e.g. by origin, or 

to certain groups of substances and products). Due to the different scopes, the concerned 

nanotechnology stakeholders need to be careful in their declarations of nanomaterials in different 
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countries, resulting in an additional workload. However, if indeed a common basic definition is used, 

then this minimises the risk of contradicting national and sectorial definitions. The EC definition can 

serve as such a 'basic' definition and facilitates an overall consistent approach and implementation. 

Some survey respondents indicate that they would prefer if only manufactured nanomaterials were 

covered by the EC definition. However, for the purpose of harmonization, the Commission has 

chosen to identify a nanomaterial only on the basis of its particle size, regardless of its origin or the 

intention to produce such a material. Properties or possible risks posed by a nanomaterial do not 

depend on whether an object is natural, produced incidentally, or the result of an engineering 

process with or without the explicit intention to manufacture a nanomaterial. In that respect, natural 

materials can exhibit similar properties as those that are manufactured and vice versa. For a general 

definition of a certain class of materials, it would consequently not be coherent to ignore certain 

types of materials just on the basis of their origin. However, if needed, the scope of the definition can 

be adapted to specific areas; e.g., the Biocidal Products Regulation,
11 

which uses the EC 

Recommendation, is only applicable to "manufactured" nanomaterials. 

4.2.2 Defining properties other than size 

Some survey respondents suggest that other specific properties should be considered instead of or in 

addition to the size. However, referring to other properties specific to nanomaterials would likely be 

detrimental to the legal clarity of the definition. The specific properties to be considered could vary, 

depending on the focus of specific sectors. Furthermore, it would be necessary to define (i) which 

properties should be considered and (ii) for each property, in a quantitative way, when it should be 

considered as being different from the same property of the non-nano form of the same material. 

This would certainly introduce more complexity and subjectivity into the definition. Size is the only 

universally applicable, clear and measurable criterion which could be used to define materials in a 

sector-independent way with a minimum of arbitrariness in the choice of the defining criteria.
55 

 

4.2.3 Non-particulate materials 

Some types of materials are not matching the EC definition, even if they are covered by the 

corresponding ISO nanomaterial definition. The EC definition is limited to materials consisting of 

particles (and, according to the EC's Q&A documentation,
56

 excluding non-particular materials such 

as proteins or micelles as present for example in mayonnaise), and excludes nanostructured 

materials (i.e. solid products, films, parts or components) with an internal or surface structure in the 

range between 1 nm and 100 nm, such as computer chips). According to this, and taking into account 

the current EC position on particulate material (see also the discussion on the term "particle" below), 

nano-emulsions, nanoporous materials, solid and liquid nanofoams, and particles with an engineered 

nanoscale internal structure are not covered by the current EC definition if their external dimensions 

are larger than 100 nm.
54 

All these exclusions could be explicitly specified in the EC Recommendation 

in order to avoid misunderstandings and provide more clarity. 

4.2.4 Products 

According to the EC Recommendation, “nanomaterial” means a natural, incidental or manufactured 

material containing particles.
1
 The definition uses the verb "contain" instead of "consist of". The term 

"contain" can induce some misunderstandings. Indeed, any material containing particles and where 

more than 50 % of those particles have external dimensions in the nanoscale, can be considered as 

nanomaterial according to the EC definition. On the other hand in the Q&A documentation,
56

 it was 

specified "that if a nanomaterial is used amongst other ingredients in a formulation the entire 

product will not become a nanomaterial". If one strictly follows the text of the EC Recommendation,
1
 

the Q&A document is not accurate. Using the term "consist of" instead of "contain" could help to 

avoid this kind of misunderstanding because it restrains the limit of concerned materials. 

Notably, the different language versions of the EC Recommendation are inconsistent with respect to 

the wording "contain" vs. "consist of". For example, the French, Spanish, German, Italian, and 
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Swedish versions use words which are equivalent to "contain", whereas the Dutch and Danish 

versions use words equivalent to "consist of". Possibly, this is one of the reasons why some survey 

respondents indicated that it is not clear whether a material which contains nanoparticles is 

considered as a nanomaterial or not, even if this point was clarified in the existing Q&A document 

(Questions 3, 10, 11 and 18),
56

 a link to which was provided with the invitation to the  survey.  

4.2.5 Mixtures 

The Recommendation's scope includes nanomaterials when they are, in the terms of REACH, 

substances or mixtures, but a consumer- or end-product will not become a nanomaterial itself if it 

contains nanomaterials as ingredients.
56

 In order to avoid misunderstandings this could be specified 

in the EU Recommendation itself. 

The Recommendation does not make any specification regarding the chemical nature or identity of 

the material. If, for example, the material in question is a mixture consisting of particles of two or 

more different substances, then there is in theory the possibility to test each of the substances 

individually and decide whether they are nanomaterials (option 1). This would imply that the 

particles need to be distinguished by their chemical identity. The second option (option 2) is to apply 

the criteria of the definition to the mixture as a whole and count all particles regardless of their 

chemical identity, and without the need to distinguish them chemically.  

Both options are conceivable and therefore it depends on intent: if one is interested in product 

ingredients, or the constituents of a mixture, then each material should be assessed individually, 

according to option 1. If one is interested in the nano-nature of the mixture as a whole (which may 

well be the case) then option 2 would be applicable.  

The Recommendation itself can be reasonably applied following both options. However, it should be 

clearly indicated which option is to be applied.    

4.2.6 (Volume-)specific surface area 

Clarification is also requested about the use of VSSA. The Recommendation clearly indicates "where 

technically feasible and requested in specific legislation, compliance with the definition in point 2 

may be determined on the basis of the specific surface area by volume". However, this 

characterisation cannot be applied to all material types. Therefore, VSSA is not an obligatory analysis 

method.   Moreover, to some survey respondents it is also not clear what to do with materials with a 

VSSA above the limit but with particles that are not in the nanoscale. Highly porous materials such as 

zeolite granulate with particles larger than 100 nm might fall under this type. It could be classified as 

a "false" nanomaterial, as the definition introduces VSSA not as a screening tool but as additional 

criterion. It could be more explicitly specified whether in such a case the particle size criterion 

overrules the VSSA criterion or vice versa. 

4.3 Clarification of terms used in the definition 

There are a number of terms used in the EC Recommendation that need to be clarified in order to 

avoid certain misunderstandings pointed out during the survey. 

4.3.1 Particle 

An important issue to consider in the context of nanostructured materials is the definition of 

"particle" and its interpretation in different contexts.  

CEN ISO/TS 27687:2008
57

 (Nanotechnologies - Terminology and definitions for nano-objects -- 

Nanoparticle, nanofibre and nanoplate) quotes the following definition for particles from ISO 14644-

6:2007
58

:  

"Particle - minute piece of matter with defined physical boundaries" 
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This definition is also used for the EC definition.
1
 CEN ISO/TS 27687:2008(en)

57
 further specifies that 

a physical boundary can also be described as an interface and that a particle can move as a unit. This 

definition is also referred to in the JRC Reference report
55 

on Considerations on a Definition of 

Nanomaterial for Regulatory Purposes (EUR 24403). ISO further specifies that the general particle 

definition applies to nano-objects.  

ISO 21501-1:2009(en)
59

 (Determination of particle size distribution — Single particle light interaction 

methods — Part 1: Light scattering aerosol spectrometer) provides the following slightly different 

definition of the term "particle": "Particle - discrete element of the material regardless of size" 

whereas ISO 29464:2011(en)
60

 (Cleaning equipment for air and other gases — Terminology) defines a 

particle as " Particle - small discrete mass of solid or liquid matter". 

None of these definitions provides a size limit above which a discrete piece of matter would not be 

called a particle anymore, "minute" and "small" being unprecise qualifyers. ISO 21501-1:2009
59

 

explicitly excludes size as criterion for the term "particle". 

There is also a debate whether certain types of discrete elements of matter match the EC definition 

of nanomaterial. This discussion is related to the interpretation of the term "particle". In the Staff 

Working Document (SWD)
54 

accompanying the EC's Second Regulatory Review on Nanomaterials
61

 it 

is argued for example that "nano-emulsions consist of liquid nano-objects suspended or dispersed in a 

liquid phase. They are not covered by the EU nanomaterial definition, because the term particle as 

defined in the Commission Recommendation is intended to cover only nano-objects with a defined, 

rigid shape, thus in essence solid nano-objects." Here the SWD
54

 refers to the Q&A documentation
56

 

of the Commission which explains that "… the Commission definition of “nanomaterial” is limited to 

materials consisting of particles (excluding non-particular materials such as proteins or micelles as 

present for example in mayonnaise) …" 

The remark in the SWD
54

 (section 3.1) that the EC definition is intended to cover only nano-objects 

with a defined, rigid shape, thus in essence solid nano-objects, narrows the term "particle" 

specifically for that definition and implies that only a selection of particles should be covered by the 

EC definition. Such a limitation of the scope of the term "particle" could be mentioned explicitly in 

the EC definition, e.g., in a recital. 

Another issue to be clarified is whether (clusters of) molecules, proteins, fats, starch and other 

macromolecules with external diameters above 1 nm should be considered as nanomaterials. The 

definition itself is not entirely clear in this respect. As one possibility, one could consider entities as 

particles if their nature would not change drastically if one such entity is divided in two new entities. 

As a consequence, if their external dimensions are in the nanoscale they would be considered as 

nanomaterial.  For example, if a polystyrene nanoparticle is broken into pieces, it will lead to two 

polystyrene nanoparticles. In this case, it could be considered as a nanomaterial. In contrast if a 

protein is separated into two parts, two materials with different nature will be obtained. Hence it 

would not be called a particle or considered as a nanomaterial. On the other hand, protein clusters 

which can be disintegrated into individual, equivalent constituents would consequently fall under the 

scope of the definition.  Excluding certain materials would then be an option when the definition is 

implemented in specific sectors, by defining additional, sector-specific criteria for such materials, for 

example biodegradability or solubility. 

4.3.2 Unbound state and physical boundaries 

According to the EC Recommendation (e.g. in paragraph 2),
1
 "Nanomaterial" means a natural, 

incidental or manufactured material containing particles, in an unbound state or as an aggregate or 

as an agglomerate…. Furthermore, a particle is defined as "a minute piece of matter with defined 

physical boundaries". 

In the context of the EC Recommendation (e.g. paragraphs 2 and 4a),
1
 the terms "unbound state" 

and "physical boundaries" refer to individual particles which are defined as "a minute piece of 

matter with defined physical boundaries". Survey respondents pointed out that there is ambiguity in 
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the use of these terms and they consider that it is not obvious to determine whether the EC 

Recommendation is only limited to particulate materials, even if, implicitly, the EC definition clearly 

considers nanomaterials as particulate materials with a particle size distribution.
54 

Referring back to the ISO definition(s) of particle one could ask what defined physical boundaries (or 

interfaces) actually are. In physics and chemistry a region of space throughout which all physico-

chemical properties of a material are essentially uniform or at least do not change abruptly, is called 

a "phase". Different phases are separated by phase boundaries. A phase boundary can hence be 

defined as an interface where one or more physico-chemical properties change abruptly. In other 

words, at a phase boundary the chemical potential 

 � = �������,
 (here expressed for constant temperature T and pressure p)  

'jumps', or, when going spatially from one phase to the neighbouring one,  ∆µ ≠ 0. The basic physical 

boundary is therefore a phase boundary. Such a phase boundary is well defined but need not to be 

rigid. Phase boundaries can also change or disappear with time. Hence, from a physico-chemical 

viewpoint a defined physical boundary is a phase boundary, and therefore a particle with defined 

physical boundaries need not consist of solid material; it could be a liquid droplet or consisting of soft 

matter. 

The term "unbound state" may also be specified more precisely. A particle (according to 

ISO 26824:2013
62

 a particle can move as a unit), which is in a region of a potential without minimum, 

or has enough kinetic energy to escape from such a potential minimum could be regarded as 

unbound. If an unbound particle is in translational movement, its vector of momentum and the 

vector of translational movement of any part of that particle point at the same direction.  

4.3.3 Agglomerate and aggregates 

The terms "unbound state" and "physical boundaries" are employed above to contrast with the 

"aggregate" and "agglomerate" states, which are held together by weak or strong interactions 

between smaller particles. Unfortunately, both terms are often used incorrectly or not in accordance 

with the ISO definition or with the interpretation of the EC Recommendation. 

Agglomerate is understood by the EC Recommendation (paragraph 4b)
1
 as a collection of weakly 

bound particles or aggregates where the resulting external surface area is similar to the sum of the 

surface areas of the individual components. In the source definition, provided by ISO,
3 

a note is also 

added to specify that 'the forces holding agglomerates together are weak forces, for example van der 

Waals forces or simple physical entanglement'. A second note to the ISO definition specifies that 

agglomerates are also termed secondary particles and the original source particles are termed 

primary particles.  

Aggregates are defined as particles comprising of strongly bound or fused particles 

(Recommendation paragraph 4c).
1
 The ISO terminology

62
 describes aggregate as 'particle comprising 

strongly bonded or fused particles where the resulting external surface area is significantly smaller 

than the sum of surface areas of the individual components'. A note to the ISO definition explains 

that 'the forces holding an aggregate together are strong forces, for example covalent bonds, or 

those resulting from sintering or complex physical entanglement'.
62

 A second note was provided by 

ISO which explains that aggregates are also termed secondary particles and the original source 

particles are termed primary particles.
62

 On the one hand, the additional precision provided in the 

notes of ISO may help to clarify the EC definition. On the other hand, in a regulatory context they 

could also be a source of unclarity as it is not obvious how to make the difference between simple 

(agglomerate) and complex (aggregate) physical entanglement.  

With respect to the distinction between "agglomerates" and "aggregates", the EC Recommendation 

is more succinct than the ISO definition
62

 and can be ambiguously interpreted. However, the Q&A 

document
56

 provided by the EC specifies that agglomerated and aggregated particles may exhibit the 
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same properties as unbound particles and adds that there can be cases during the life-cycle of a 

nanomaterial where the particles are released from weakly bound agglomerates or under certain 

conditions (e.g., strong shear forces) also from more strongly bound aggregates. Therefore, as long 

as both aggregates and agglomerates are included in the definition, it is not necessary to distinguish 

between these two types of particle ensembles for the purposes of the definition.  

Survey respondents (especially industrial associations or individual companies) pointed out that 

considering aggregates as well as agglomerates as nanomaterials includes too many materials. 

Considering the challenges that come with the inclusion of aggregates in the scope of the definition 

of nanomaterials, and which have been already pointed out in the JRC reports EUR 26567
2
 and 

EUR 25404
53

, a discussion on whether aggregates or certain types of aggregates should be included 

in the definition, seems useful. If this discussion would lead to a revision of the definition introducing 

a distinction based on the terms aggregate and agglomerate, then it would be necessary to develop 

precise criteria for agglomerates and aggregates to distinguish them from each other.  

Another point to consider is the difference between an aggregate and a microparticle that is built as 

an assembly of nanoparticles in a bottom up approach. The term aggregate is usually reserved for 

the assemblies of particles of the same nature originating from a single production process, and not 

for the bottom up assembly of multiple particles of different nature and with different functions, or, 

e.g., the production of multi-layered core-shell particles. It could be helpful to clarify this point by 

explicitly indicating, for example, whether or not these 'aggregates' are considered as nanomaterials, 

also if they cannot be separated into nanoparticles, or if they do not release nanoparticles.  

One way to tackle the above two issues may be to define criteria that help to determine whether 

parts of the 'aggregates' are bound so strong that the energy required to separate them into their 

constituent particles (for counting and measuring their external dimensions) would likely change the 

constituent particles themselves. These very strongly bound constituents of aggregates, for example 

fused primary particles, or intentionally and strongly bonded core-shell assemblies of different 

substances, could be called "smallest dispersable units" and the definition could be based on their 

size distribution. To follow this 'smallest dispersable unit' approach option would make the definition 

more complex. For example, when defining protocols to determine smallest dispersable units specific 

conditions for specific materials would need to be considered. Furthermore, as the smallest 

dispersable unit might have an irregular shape, considerations on how the external size of such a unit 

is defined remain necessary, as for the constituent particles (see section 4.3.5). However, it may 

relieve some of the analytical challenges discussed later (see section 5.3). 

4.3.4 Primary particles and constituent particles 

Certain terms were pointed out as confusing by the survey respondents, even if the terms were not 

used in the EC definition, for example the term "primary particle". This term was not employed in EC 

Recommendation, but it is used in ISO terminology where it is defined as "original source particle of 

agglomerates or aggregates or mixtures of the two".
62

 Despite having undergone a growth process, 

fusion, covalent binding or coalescence with other particles, sometimes primary particles can still be 

inferred from the shape and structure of a larger particle. However, these inferred primary particles 

have often lost their individual existence.  

Instead of "primary particles", the EC Recommendation uses the term "constituent particles", in the 

following way: "…definition of the term "nanomaterial" in Union legislation should be based solely on 

the size of the constituent particles of a material" (recital 4), but no definition of that term was 

provided.  The term “constituent particles” is also used in Recital 12 of the EC Recommendation: “… 

the definition in this Recommendation should therefore also include particles in agglomerates or 

aggregates whenever the constituent particles are in the size range 1 nm-100 nm …”
1
 

It would be useful to have a clear definition of the term constituent particle for the purposes of the 

EC definition. The term "constituent particle" is already used in the ISO definition of the term 

'primary particle', but is not defined yet as a separate term. A draft proposal by ISO defines the term 
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as an 'identifiable, integral component of a larger particle'.
63

 This is why primary particles are often 

not constituent particles.  

4.3.5 Size and external dimension 

The definition clearly states that a decisive criterion for a nanomaterial is the size of the constituent 

particles, regardless of the size of the aggregates or agglomerates. Some survey respondents were 

very concerned that it would be not possible to characterise primary particles. In the terms of the 

definition, they were probably referring to constituent particles. It is indeed not easy to identify 

constituent particles within an aggregate. This measurement issue is discussed in section 5.3. 

Moreover, if a particle has an irregular shape, it is not straightforward to decide which size should be 

measured.
53

 There are a number of more specific external particle dimensions defined in the field of 

image analysis, that are related to the size used in the EC definition, such as the minimum Feret 

diameter or the diameter of the largest circle that can be drawn inside the contour of a 2D image of 

the particle. Unfortunately, these more specific dimensions are not generally applicable across the 

diversity of nanomaterial shapes.  

In any case, a clarification of the terms size and external dimension may be necessary. For example, it 

is not clear to all stakeholders that the average constituent particle sizes measured for aggregated 

pigments, metal oxides, silicas etc, that are reported on the corresponding technical datasheets 

supplied to customers, are usually not of direct use for the assessment of the EC definition, since 

they do not correspond to the median value of a particle number based particle size distribution. 

Nevertheless, such data give an insight into what is considered as the size of constituent particles by 

commercial operators. 

4.3.6 Conclusion 

A number of issues and terms could be clarified to reduce the risk of misinterpreting the definition: 

- the terms "particle", "physical boundary", "unbound state",  "constituent particle", "external size" 

and "aggregate" in the context of the EC definition can be clarified. 

- the use of the verb "contain" in the EC definition can be reconsidered.  

4.4 Clarification on how to implement the definition 

4.4.1 Current implementation support and guidance 

Implementation support and guidance to the people and organisations that have to work with the 

definition can take different forms.  

In a previous section (Section 4.2.3) of this report, the existing Q&A document, available from the 

website of DG Environment,
56

 was already mentioned and discussed. This document, answering 

general questions from stakeholders and the public at large, can continue to be refined and updated, 

based on the feedback received by the EC services. This feedback will also be used in the review and 

possible revision of the definition itself. 

A different type of support is related to the practical implementation of the definition through 

measurements. Since the majority of the guidance documents collected in Section 6 of JRC Report 1 

(EUR 26567)
2
 are measurement-related, this measurement aspect will be the focus of this chapter. 

Some of the guidance documents listed in JRC Report 1
2
 were written in preparation of a 

nanomaterial definition (e.g. ref. 7). Other documents provide guidance on what to do with 

nanomaterials in a specific regulatory context (e.g. refs 39, 
64

). A third category of documents are 

standard methods describing how to determine (nano-)material properties, in particular particle size, 

which is of obvious relevance for the EC definition (e.g. CEN or ISO standards or OECD test 

guidelines). It is noted that only one of the documents listed in ref. 2 is written explicitly about how 
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to determine, in the sense of the EC definition, whether a material is a nanomaterial or not. This is is 

the JRC Reference Report EUR 25404
53

 and it highlights the generic requirements on measurements 

for use in the implementation of the EC definition. Acknowledging these generic requirements is the 

first step in the development of more specific guidance, if needed.  

4.4.2 Guidance on the required measurement system 

It takes time before reliable measurement results are obtained in a new measurement area. The 

reliability of a measurement result strongly depends on the reliability of the measurement system in 

which the measurements were made. In general terms, a measurement system consists of: 

1) validated methods,  

2) laboratories with the required expertise to implement the methods, and  

3) materials for quality assurance, to calibrate and verify the performance of methods and 

laboratories. 

As with any measurement problem, expertise is required to select the most appropriate 

measurement system. Non-experts need to team up with measurement experts to identify the 

relevant methods and tools to solve their specific problem. This collaboration is usually a part of the 

contract review to be performed by the laboratory selected to perform a measurement. An 

experienced analyst should be aware of the available parts of a reliable measurement system and 

can use tools and databases not suitable for laypersons. With this respect, the situation in 

nanotechnology does not differ from any other measurement area. Bearing this in mind, the 

following presents the picture emerging for the three main elements of a measurement system. 

4.4.2.1 Validated methods 

Available standard methods for particle size analysis 

When searching for an existing validated method, it is useful to start the search among the standard 

measurement methods. A set of standard measurement methods that is highly relevant for the 

implementation of the EC definition has been developed in ISO/TC 24/SC 4 'Particle 

characterisation'.
A

 These standards address a number of generic particle size analysis issues 

(presentation of measurement data, the issue of sampling, the dispersion of powders, image 

analysis) and a number of specific instrumental techniques. However, these methods are not written 

with the specific purpose for implementing one or another nanomaterial definition.  

The value of standard measurement methods is that they are broadly accepted consensus methods. 

Typically they have been in use for some time, and during this time they have been validated for use 

with specific types of materials. This however does not imply that they are suitable or valid for use 

with any kind of potential nanomaterial when assessing it against the EC definition.  

Several documents like the JRC Reference Report EUR 25404
53

 or the OECD 'Review of the 

applicability of the OECD test guidelines to manufactured nanomaterials'
65

 contain a snapshot of the 

status of standardisation at the time of publication. Similarly, ISO is developing a Technical Report 

entitled 'Measurement method matrix for manufactured nano-objects'. However, because of the 

wide variety of nanomaterials, and because of the large number of relevant measurement methods 
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(see also Section 4 of ref. 2), and because all ISO documents undergo a permanent process of 

periodic revision and improvement, such review publications are rapidly outdated.  

Therefore, the on-line searchable databases containing lists of and links to documents are more 

interesting sources for guidance on which methods to choose and use. Well-known are the 

databases provided by the standard development organisations themselves, such as ISO and ASTM, 

which have search engines that make identification of standardised methods straightforward, even if 

the limitations and scope of the standard method are not always clearly indicated in the database. 

Another, more horizontal, example is the American National Standards Institute's Nanotechnology 

Standards Panel (ANSI-NSP) Nanotechnology Standards Database, launched in 2013.
B
 The purpose of 

this database is '… to capture information about standards and associated documents (standards, 

best practices, guidelines) that directly relate to nanomaterials and nanotechnology-related 

processes, applications and products'. It does not contain the guidance documents themselves, but 

provides a short scope or description of the documents and a link to the relevant website.  

Validation of measurement methods for use with the EC definition 

It is a mere fact that the resources of international standardisation bodies, in particular the time 

available to their experts, are insufficient to develop and maintain an ever expanding range of 

standard measurement methods applicable for answering very specific questions.
66

 For example, the 

range of nanomaterials is too broad to have a prescriptive standard document to establish for each 

kind of material whether it is a nanomaterial or not, according to the EC definition.  

This implies that individual laboratories (or groups of laboratories) will have to perform in-house 

validation studies, to check whether their method of choice can be used to reliably assess whether 

the materials they are investigating are nanomaterials or not. Such validation efforts are required for 

newly developed methods, but also for most (if not all) of the methods already standardised, as the 

standard documents are typically not sufficiently detailed to judge whether they are applicable to a 

specific or new type of nanomaterial. The validation may require more or less effort depending on 

how specific the method is designed for, and dedicated to, a specific measurement challenge. 

An important element of every validation study is its experimental design, which has to match the 

customer expectations about the accuracy of the results to be produced. Therefore, validation 

studies start with making a choice of method-performance criteria. In a regulatory context, it is not 

unusual that such criteria are defined in the legislation itself. Currently, the EC definition does not 

specify quantitative method performance criteria (for example, a requirement that the expanded 

measurement uncertainty of the results produced by a method shall be smaller than 10 %).  

4.4.2.2 Proficient laboratories  

Proficient laboratories are laboratories that have a documented expertise with a specific 

measurement method or measurement challenge. During the preparation of this report, it has been 

suggested that it would be useful to have a list of proficient laboratories. This is currently not 

available. However, one must bear in mind that the publication of such a list would strongly 

discriminate against all laboratories not included in this list. Given the fact that the field is still in flux, 

it is not likely that any list could ever depict the current situation without distorting the market.  

On the other hand, several laboratories are already accredited according to ISO/IEC 17025
67

 for one 

or several specific measurement on nanomaterials. The contact data and their scope of accreditation 

can be retrieved from the databases of the various accreditation bodies, thus allowing speedy 
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identification of laboratories. While of course accreditation alone does not guarantee correct results, 

the fact that a laboratory has undergone accreditation is a good sign. Furthermore, any laboratory is 

free to undergo accreditation, so relying on databases on accredited laboratories generates a level 

playing field for a common European market. 

A typical way to prove one's proficiency is through successful participation in an interlaboratory 

proficiency test. There are no published proficiency studies yet with the specific aim of checking 

whether a laboratory can reliably assess whether a material is a nanomaterial according to the EC 

definition or not. This specific type of interlaboratory study may need to be organised in future. 

4.4.2.3 Materials for quality assurance 

The best known analytical quality assurance tools are the so-called reference materials, which 

basically consist of a material for which one or more properties of interest are known with a suitable 

accuracy and degree of confidence for a specific intended use in a measurement process.  

Several publications and documents have provided an overview or summary of available reference 

materials relevant for nanotechnology (see section 4.2.4 of ref. 2). However, no continuously 

updated guidance document exists that allows identification of the available reference materials. As 

with proficient laboratories or standardised methods, the lack of such document is not a problem: 

several databases exist that allow searching for suitable reference materials. Furthermore, a whole 

industry of small service providers has developed that identify and re-sell reference materials. 

Laboratories therefore have the possibility to identify and obtain the necessary reference materials, 

if available. 

One example of a relevant database is the BAM Nanoscale Reference Materials Database.
C
 It was 

established to also cover the non-certified reference materials; non-certified reference materials do 

not come with a fully traceable and accurate assigned property value, as certified reference materials 

(CRMs) do. The latter are indeed not yet available in great abundance. The existing relevant CRMs 

are often highly monodisperse suspensions of spherical nanoparticles, mainly designed for 

calibration of the size-scale of a particle size analysis instrument. With these materials one cannot 

assess whether a method or laboratory is capable of tackling a more complex measurement 

challenge, such as the assessment of whether a polydisperse, possibly heterogeneous particulate 

material matches the EC definition or not. 

4.4.3 Integrated testing strategies and tiered approaches 

One could also envisage developing a generic, high-level 'integrated testing strategy', as for example 

proposed by ECHA (for the specific case of dealing with nanomaterials in REACH),
39

 or by ETUC (to 

deal with materials of different morphology, spherical or not),
26

 or by SCENIHR (to deal with 

materials with an average particle size near to or above the 100 nm limit value).
7
 Making use of 

measurement standards such as the ones developed in ISO/TC 24/SC4, the ISO/TC 229 

'Nanotechnologies' has also started studying the possibility of developing a document describing a 

tiered approach to determine whether or not a material is a nanomaterial, relying on a combination 

of screening and confirmatory measurement methods. However, the link between this future ISO 

document and the EC definition is unclear, at this moment. Of more direct relevance is NanoDefine, 

the FP7 project
D
 developing a tiered measurement approach for the EC definition. Possibly this 
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approach will find its way to CEN/TC 352 with the aim of turning it into a standard document. Also, it 

will be used in the NANoREG project on regulatory testing of nanomaterials.
E
 

Two caveats to the tiered approach or integrated testing strategy can be made here: 

- A proposed testing strategy should not be interpreted in a restrictive way, as this would stifle 

innovation into more efficient methods. 

- It is difficult to finalise and standardise a testing strategy now, during the review of the EC 

nanomaterial definition. It is expected that at least a number of issues with the current EC 

nanomaterial definition will be clarified by the EC. Until then, the researchers working on guidance 

documents have to make a number of assumptions which not necessarily will be in line with the 

outcome of the revision process.  

4.4.4 Conclusions and major gaps 

The above paragraphs indicate that guidance on the required measurement system that specifically 

deals with the implementation of the EC definition is not available. At the same time, it is observed 

that the available measurement infrastructure (searchable databases for standards, accredited 

laboratories and reference materials) eliminates the need for dedicated guidance documents in this 

area, as called for by some stakeholders. This is especially true as any specific and prescriptive 

guidance document will most likely be outdated already on the day of its release.  

Nevertheless, a number of relevant gaps have been identified, in terms of available validated 

methods and method performance criteria, proficiency tests and reference materials. This situation 

cannot be improved by writing additional guidance documents, but requires organising and 

performing analytical work and analysing data obtained within and between laboratories, with the 

help and support of interested stakeholders.  
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5 THE MAIN, ANALYTICAL IMPLEMENTATION CHALLENGES  

5.1 Introduction 

In the survey carried out by the JRC in 2013 in support to the review for the EC definition, the 

participants were asked whether their organisation had been 'facing issues in implementing the 

definition's specification on size distribution' (see section 7.2.4 of ref. 2). Several respondents 

mentioned the ambiguity of some parts of the definition, which indeed is an issue to be solved if one 

aims at a harmonised implementation of the definition. This issue was already addressed in Chapter 

4 of this report. Other respondents referred to the difficulty of measuring particles inside products. 

This is an interesting subject as well (and specifically addressed in section 17 of ref. 2), but the 

question is not of immediate relevance for the implementation of the EC definition as such, as this 

definition is about nanomaterials themselves, and not about the products in which nanomaterials 

are used as ingredients. 

Most of the remaining relevant survey answers are related to analytical challenges. An overview and 

summary of these challenges is described in the following section 5.1.1. A few important analytical 

challenges are discussed in more detail in sections 5.2 and 5.3. In addition, and this was especially a 

point of discussion in the March 2014 Technical Workshop
F
 discussing a draft version of ref. 2, the 

industrial stakeholders raised the issue of the economic costs associated with the analytical work 

required to implement the EC definition. After investigating a number of alternative, less expensive, 

or faster, or more convenient, analytical routes in section 5.4, the financial implications of the 

analytical challenges are discussed in section 5.5. 

5.1.1 Overview of analytical challenges brought up in the JRC survey 

5.1.1.1 Relevant analytical challenges mentioned in the responses to the JRC survey 

Among others, the following measurement-related implementation issues were mentioned or 

claimed by the survey respondents, mainly by trade and industry associations and private companies: 

- As regards the VSSA criterion, the pore structure of some materials is not considered adequately. 

- Companies have no experience/instruments for measuring number based PSDs.  

- Representativeness of the sampling and of the measurement is an issue. Sample preparation in 

itself is seen as a problem, because it can change the size distribution of a material. 

- Aggregates (and their constituent particles) are regarded as an issue; e.g. iron oxide pigments are 

obtained as agglomerated and cannot be measured as such. How to ensure that the degree of 

dispersion was sufficient? 

- Measurements are difficult for polydisperse materials or non-spherical particles. 

- Most of the methods that are readily available to companies produce mass based PSDs. However, 

conversion from mass- or volume-based to number-based PSD is problematic and error-prone.  
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- Specific measurement methods are applicable only for a narrow size range. This creates a problem 

if the material has a broad size distribution. 

- Product manufacturers must often rely on the certificates of analysis provided by raw material 

vendors. Because no number-based PSA methods are currently validated, contradictory information 

is often obtained. As a result, in borderline cases, the same raw material may be considered a 

nanomaterial or not depending upon the test method and assumptions selected by a vendor. 

- It is often impossible to recognise the constituent particles in an aggregate particle (e.g. in partly 

amorphous materials). 

- Provided with sufficient energy, materials that would not normally be considered as nanomaterials 

could be broken apart into smaller particles of nanoscale dimensions, thus leading to a false 

classification of the material as a nanomaterial.  

5.1.1.2 Discussion of the analytical challenges mentioned in the responses to the JRC survey 

The received comments are rather diverse, but the lack of standardised, validated analytical methods 

is probably seen as the major drawback as regards the implementation of the definition. The 

respondents mentioned several times that any definition for regulatory purposes must be 

accompanied by validated analytical methods. The added value of a validated method is the 

quantitative understanding of the main contributions to the measurement uncertainty of the results 

it produces. (Section 5.2 explains the relevance of measurement uncertainty.) As long as no method 

(including sample preparation) is defined, discrepancies between the methods may lead to different 

results and finally to a non-uniform classification of one and the same material. 

In Report 1,
2
 JRC already tried to sort and identify within the received comments what precisely are 

the relevant analytical challenges brought up by the survey respondents and via other feedback 

routes. From the list of generic and specific measurement issues presented in section 4 of ref. 2, JRC 

considers the following as the most relevant challenges in the implementation of the definition: 

- The EC definition is based on the minimum external dimension. The vast majority of non-microscopy 

based techniques for particle size measurement measure equivalent spherical diameters, which are 

average particle dimensions, and not a minimum dimension. This is an important obstacle for the 

assessment of materials for which the particle's shapes deviate from spherical. 

- The definition requires the counting of constituent particles in aggregates or agglomerates as 

individual particles. The majority of the materials to be tested and classified as nanomaterial or not, 

will consist of mixed aggregates and agglomerates and most analytical techniques for particle size 

determination measure aggregates and agglomerates as if they were individual particles without 

internal structure. Many aggregates also cannot be disaggregated or dispersed into their constituent 

particles without damaging these constituent particles. In this frame, best practices for dispersion 

(here understood as 'breaking up into constituent particles)
G
 and sample preparation should be 

developed. The lack of standardised/harmonised dispersion protocols generates doubts as regards 

the achievement of complete dispersion, and legal insecurity as regards the classification of the 

material as being a nanomaterial or not. This issue is discussed in detail in section 5.3. 
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 The term 'to disperse' also has a second meaning: that of 'to bring into dispersion'. For example: one can 

disperse a powder in a liquid medium, or one can re-disperse particles settled from a liquid, at the bottom of 

a recipient, by shaking the recipient. Ultrasonication of a liquid containing aggregated and agglomerated 

particles, may result in both: dispersion in the sense of breaking up agglomerates and some of the aggregates 
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- The definition specifies a 50 % threshold value for the fraction of particles in a particle-number 

based PSD. The analytical techniques for particle counting in the nano-range are limited and may be 

not capable of accurately identifying materials as being nanomaterial based on the particle number 

based PSD requirement. Indeed, most common commercial PSA instruments determine the PSD of 

materials based on mass or volume fractions from which a number distribution is mathematically 

generated. The accuracy of converting a mass- or volume-based measurement distribution to a 

number distribution is questionable,
68

 and discussed in more detail in section 5.4.2. 

5.1.1.3 Summary of the analytical challenges mentioned in the responses to JRC survey 

The combination of the three analytical challenges mentioned above presents an obstacle to the 

implementation of the EC definition except for those materials that are clearly a nanomaterial or 

clearly not a nanomaterial. Indeed, at the moment there is no single reliable method able to fulfil all 

requirements of the definition, i.e. determine the minimum external dimension number distribution 

of an otherwise unknown material and count at the same time particles within aggregates or 

agglomerates as individual particles. In addition there are no particle count reference materials in 

the nano-range, making it difficult to develop, cross-correlate and validate new methods. While this 

situation is unfortunately not uncommon for new or even established regulatory areas, it is 

important that this observation is taken into account when revising the EC definition. 

5.2 Conformity assessment and measurement uncertainty 

5.2.1 The role of measurement uncertainty in conformity assessment 

Measurement uncertainty has been briefly presented in Section 3.4.2 of JRC Reference Report 

EUR 25404,
53

 which concludes as follows: '…measurement uncertainty values are the quantitative 

expression of the reliability of the results of a validated measurement method...'.  

It is important to understand why one should even worry about measurement uncertainty. The 

interested reader is referred to ISO/IEC Guide 98-1,
69

 which gives an extensive introduction to the 

concept of measurement uncertainty; but essentially, reporting a measurement result without its 

measurement uncertainty is like telling half the story. Indeed, assessing and reporting the 

measurement uncertainty is a matter of:  

- honesty (one should not hide one's uncertainty about a measurement result),  

- transparency (one cannot compare the equivalence of two reported measurement results without 

knowing their respective measurement uncertainty),  

- accountability (those who take decisions based on measurement results must be able to take into 

account the measurement uncertainties in the assessment of the risk of taking a wrong decision). 

In the regulatory context of the EC definition, the latter argument of accountability is crucial. The 

specific role of measurement uncertainty in conformity assessment is acknowledged in several EC 

policy areas, as documented for example in the 'Report on the relationship between analytical 

results, measurement uncertainty, recovery factors and the provisions of EU food and feed 

legislation'.
70

 To summarise these documents: one cannot compare a measured value with a legally 

defined threshold or limit, unless one takes into account the uncertainty of the measurement result. 

A basic example is shown in Section 3.4.3 of ref. 53. 

5.2.2 Generic components of measurement uncertainty 

To make meaningful estimates of measurement uncertainty, one must acknowledge that 

measurement uncertainty is made up of different main components.  

A first component stems from the measurement method, and this includes both instrumental and 

sample preparation aspects of the method. Both (within-laboratory) repeatability and (between-

laboratory) reproducibility of most measurement results depend on inherent aspects of the 
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measurement method. These elements of measurement uncertainty are assessed in in-house and in 

interlaboratory studies, and are, ideally, reported in documents describing the (standardised) 

measurement method. 

The second aspect is the human factor, varying between operators and laboratories, depending on 

their expertise and proficiency. This aspect is the reason why the correct application of previously 

validated or even standard methods should also be validated in every laboratory wishing to use the 

method, at least to a certain extent. Such method validation studies typically assess a number of 

elements in a quantitative manner, for example by performing series of tests in controlled conditions 

to assess precision, and by testing a reference material, to assess trueness. 

The third main aspect is that of the test material. The application of a certain method to a new, 

previously untested material may create additional measurement uncertainty. This can be minimised 

by including multiple materials in the method validation studies, and by clearly indicating and 

respecting the working range over which a method is validated. Furthermore, most materials are 

inevitably heterogeneous to some extent. This implies that the test sample is not necessarily 

representative for the material to be evaluated. This sampling and representativity issue can at least 

partly be dealt with in statistical terms and by using intelligent sampling designs.
71

 While increasing 

the number of samples and tests will typically reduce this part of measurement uncertainty, a 

compromise will always have to be found between the number of tests that can reasonably be 

performed (given the associated cost), and the resulting reduction of the measurement uncertainty. 

The reader will notice that the majority of uncertainty estimates presented in the following sections 

are derived from interlaboratory studies. The variance of results between qualified laboratories 

using an appropriate method for a defined measurement purpose is often a more reliable estimator 

of the measurement uncertainty of a particular method, than the uncertainty estimates produced by 

individual laboratories. Of the three main uncertainty components listed above, the interlaboratory 

studies can help to asses the components intrinsic to the method, and the human factor. Most often, 

the interlaboratory studies are performed on well-defined, homogeneous materials, and the 

material-specific uncertainty component is small. The interlaboratory reproducibility shall therefore 

be considered as a lower limit of the uncertainty values that will occur in daily practice. 

5.2.3 Measurement uncertainty in particle size analysis: the current status 

In this section relevant examples are given, representative for the current status of the 

understanding of measurement uncertainty in PSA. Where possible, measurement uncertainty 

values will be quoted at the 95 % confidence level. This means that with 95 % confidence the 

difference between the measured and the true value is smaller than the quoted measurement 

uncertainty.
H
  

5.2.3.1 Measuring size distributions of particles larger than 100 nm 

The EC definition does not require the measurement of the size of a single, individual particle; it 

requires an assessment of the distribution of particle sizes of a large number of particles. Establishing 

the required PSD is a measurement with 2 aspects: size of particles and number of particles. The 

measurement uncertainty of a point on the PSD curve therefore is a combination of the 
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 Often variability in measurement results is reported at the standard uncertainty level, 

corresponding with a confidence level of about 65 %, but this is an insufficient confidence level for 

most regulatory applications. In many cases the 'expanded' uncertainty at 95 % confidence level can 

be approximated as 2x the value of the standard uncertainty. 
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measurement uncertainty associated with the measurement of the size of a particle (the x-axis of a 

PSD), and the measurement uncertainty associated with the counting of particles in the different 

'size bins' (the y-axis of a PSD).  

Yoshida et al. have systematically investigated these uncertainty components via numerical 

simulations and experimental studies, also for the case of bimodal and polydisperse powders of 

spherical silica particles (e.g. ref. 72). They have also reported results for electron microscopy based 

PSA on very large numbers of perfectly spherical but polydisperse glass spheres in the range between 

1 micrometre and 100 micrometre. Variations within and between number-based particle sizing 

methods (electron microscopy, electrical sensing zone method and sedimentation balance method) 

indicate an expanded uncertainty of the order of 5 %.
73

  

PSDs are often assessed only very partially, for example by establishing a mean, or modal or median 

value. Most of the publications addressing measurement uncertainty of PSDs focus on the 

uncertainty of these average values. For example, Kuchenbecker et al. recently published the results 

of an interlaboratory study of the volume-based median particle diameter of commercially 

manufactured ceramic powders as measured by laser diffraction, which, as opposed to the methods 

used by Yoshida et al., is an example of an ensemble method.
74

 The between-lab reproducibility of 

the measurement of the median value of the equivalent diameter of a polydisperse SiC powder of 

about 1 micrometre was about 15 %. This reproducibility is only one contribution to the 

measurement uncertainty of results produced with this technique, but it is an important (large) one: 

other uncertainty contributions are often smaller. The corresponding expanded uncertainty value of 

30 % (= 2 x 15 %) can be retained as a realistic uncertainty estimate for median (d50) values of PSDs of 

a polydisperse but otherwise homogeneous ceramic powder with an average size of about 

1 micrometre, measured with laser diffraction. 

5.2.3.2 Measuring particle size distributions in the nanorange 

The term measurement uncertainty is mentioned in several of the Chapters of JRC Report 1 (EUR 

26567).
2
 Most often the term was used in a qualitative way, as it is difficult to find quantitative 

evaluations or estimates of measurement uncertainty in reports on the size analysis of nanoparticles.  

There are a few publications which employ a so-called 'bottom-up approach' to assess the 

uncertainty of measurements of the PSD of nanoparticles. In such 'bottom-up approach', individual, 

technique-specific contributions to the total measurement uncertainty are individually assessed and 

then combined to obtain an estimate of the total measurement uncertainty. The alternative 'top-

down approach' to estimate measurement uncertainty relies on a more holistic attitude, combining 

the experimentally observed variation between different measurement results (within or between 

laboratories) with an assessment of the trueness of the measurement result by comparing the 

obtained average value with the certified value of a reference material (see e.g. ref. 75), or the 

outcome of an interlaboratory study. These 'top-down' uncertainty estimates are reported in or can 

be deduced from a few recently published results of method validation studies, and from recent RM 

certification studies. In the following paragraphs a number of recent publications are briefly 

mentioned, highlighting their main findings and the type of uncertainty contributions taken into 

account by the respective authors. 

5.2.3.3 Measurement of average nanoparticle sizes 

For a number of highly monodisperse colloidal materials, it is possible to determine an average, 

method-defined particle size with great accuracy. For example, NIST has produced certified reference 

materials consisting of polystyrene spheres with average sizes around 60 nm and 100 nm, with 

expanded uncertainty values of about 1 %.
76

 When the particles become smaller, the typical 

(relative) measurement uncertainties increase. Nevertheless, a low measurement uncertainty and 

between-method reproducibility can be maintained (Meli et al.
77

), at least for a number of methods 

that produce number-based PSDs, such as TEM (3 % for silica particles between 20 nm and 40 nm, De 

Temmerman et al.
78

). 
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When measuring less monodisperse materials with ensemble methods, or even with fractionation 

methods, the measurement uncertainties increase. Results of full validations of DLS and CLS 

methods, following the top-down approach, were reported by Braun et al.
79

 Expanded uncertainties 

of the measured average particle diameters varied between 5 % (DLS) and 16 % (CLS). Later, these 

method validation studies were repeated, using newly available reference materials to better assess 

the trueness of the method. At the same time, the measurement uncertainties of the DLS method 

were reported in an original and more specific way, relating measurement uncertainty both with 

average size and with the polydispersity index of the tested material. The measurement uncertainty 

was reported to vary from only 2 % for highly monodisperse materials to 4 % for slightly less 

monodisperse materials (PI < 0.15).
80

   

The lower measurement uncertainty values of the DLS method compared with the CLS method shall 

not be mistaken as an argument to prefer DLS over CLS for the implementation of the EC definition. 

It is indeed known that the DLS results are rather reproducible, but they do not provide reliable PSDs 

in many cases. The CLS method has a higher baseline uncertainty, as it is highly dependent on the 

accurate knowledge of the density and size of the calibrants,
81

 but it is more robust for work on more 

polydisperse industrial materials.  

An increasing number of relevant interlaboratory studies have been performed. Hackley et al. have 

compared the interlaboratory reproducibility of the mean size of nominally 30 nm Au nanoparticle 

(spherical, monodisperse) reference materials and estimated expanded measurement uncertainties 

from 10 % (AFM and TEM) to 25 % or 30 % (SEM and DLS).
66

 In the collaborative work of Motzkus et 

al., performed under VAMAS, slightly larger but comparable values were established, for the 

measurement of silica nanoparticles deposited from an aerosol.
82

 From the same VAMAS study, 

Hodoroaba et al. report the measurement uncertainty of particle size values measured by 

transmission-mode SEM.
83

 The authors combine uncertainty contributions from the image 

magnification calibration, from the choice of threshold levels in the image analysis, and from the 

coating applied to the nanoparticle, to obtain an expanded uncertainty of about 10 nm, for the 

individual modes of a particle-number based PSD of spherical silica nanoparticles with average values 

between 35 nm and 100 nm. 

Rice et al. report the results of an interlaboratory study that evaluated a protocol for measuring and 

analysing the PSD of discrete (non-agglomerated), metallic (Au), spheroidal nanoparticles using 

TEM.
84

 For these particles, the authors observe an acceptable reproducibility of the average diameter 

if at least 500 particles are counted (expanded uncertainty of about 5 %), but the uncertainty of the 

parameters describing the width of the PSD were considerably larger. Hole et al. report results from 

a series of interlaboratory studies performed in order to gradually improve the reproducibility of the 

modal diameter of monomodal suspensions of spherical reference materials as measured with 

particle tracking analysis (PTA).
85

 For these idealised samples, and after several rounds of preliminary 

comparisons, the reproducibility of the PTA results corresponds with an expanded uncertainty of 

about 10 % of the measured modal diameters. 

Interlaboratory studies have also been used to characterise candidate reference materials, and to 

obtain their certified size values. Lamberty et al. organised a preliminary interlaboratory study, in 

order to identify expert laboratories for later use in certification studies.
86

 The expanded between-

laboratory reproducibilities of the measured average diameters for the monomodal silica material, 

were around 10 %, for DLS, CLS, as well as EM methods. The preliminary evaluation allowed the CRM 

producer (IRMM) to educate the laboratories on a number of analytical quality assurance aspects, 

resulting in slightly improved but generally comparable between-laboratory reproducibility in the 

following certification studies.
87,88

 

5.2.3.4 Measurement of particle number concentrations in number-based particle size distributions 

Laborda et al. estimated the measurement uncertainty of particle size and number concentrations by 

single particle ICP-MS.
89

 Extrapolating the values they report to the 95 % confidence level, the 

uncertainty on the measured size varies from 5 % to 20 % in the range of 100 nm to 40 nm, while the 
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expanded uncertainty of the number concentrations is about 10 %. These values are comparable to 

the results of a more profound sp-ICP-MS uncertainty investigation reported by Olesik and Gray, who 

performed their experiments on silica particles with sizes between 100 nm and 2000 nm,
90

 but much 

lower than the reproducibility-dominated uncertainties deduced from the sp-ICP-MS interlaboratory 

study reported by Linsinger et al., obtained on Ag nanoparticle suspensions, which vary around 

15 nm for particles ranging from 20 nm to 100 nm.
91

 

The BAM-N001 certified reference material, consisting of a colloidal suspension of Ag particles, 

comes with values for d10,
I
 d50 and d90.

92 
The certified particle number-weighted d50 value, as 

determined with SAXS, is about 13 nm and its expanded uncertainty 2 nm (or about 17 %). The 

relative uncertainty of the d10 value is larger (about 40 %). 

Wohlleben has reported results for centrifugation methods for the determination of number-based 

PSDs.
93

 He observed a difference of less than 5 % between the measured number based PSD and the 

theoretical values deduced from the mixing ratio of the monomodal polystyrene model materials 

(with sizes between 50 nm and 1000 nm), at least for relative fractions larger than about 15 %. 

5.2.4 Specific uncertainty contributions from elements of the nanomaterial definition 

The previous section has shown some estimates of uncertainties for the measurement of particle 

sizes in relatively 'simple' particle populations. The EC definition presents a more specific and bigger 

measurement challenge. With a number of these specificities one can associate additional 

uncertainty contributions, which will inevitably lead to larger total measurement uncertainty values 

than the values reported in the previous paragraph. In this section, the possible significance of a 

number of these elements from the EC definition is discussed.  

5.2.4.1 Minimum external dimension 

The expression 'minimum external dimension' can be interpreted in different ways. Two 

straightforward interpretations are that of the 'minimum Feret diameter' (see EUR 25404
53

) or of the 

'maximum inscribed circle diameter' (the diameter of the largest circle that can be drawn inside the 

contour of the 2D-image of the particle). Both concepts stem from the theory of image analysis, and 

they can only be applied for methods that produce images. Report EUR 25404
53

 also explains that the 

majority of particle size analysis results are reported as equivalent spherical diameters: the raw 

signals captured by the instruments are interpreted as if they were produced by perfect spheres. The 

obtained values are necessarily overestimations of the minimum external dimensions of the 

measured particles. Using equivalent diameter data to estimate the minimum external dimensions of 

particles inherently creates an important, but difficult to quantify, additional contribution to 

measurement uncertainty.  

The only way to deal with this additional measurement uncertainty is to interpret the equivalent 

diameter results with the aid of additional information obtained on the shape of the investigated 

particles, as obtained with imaging methods. However, also for the usual 2D-imaging methods, there 

is one major uncertainty contribution related to the assessment of the minimum external dimension. 

This is the uncertainty associated with the external dimensions of the particle in the 3
rd

 dimension, 

perpendicular to the plane of the image. This uncertainty component does not interfere too much 

with particles having an 'equiaxial' shape (approximately spherical), or even for fibre-like particles. 

However, for plate-like particles, the minimum dimension is typically the dimension perpendicular to 

the grid or substrate onto which the particles are deposited to enable image acquisition. Of all PSA 
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methods, AFM (or SPM) techniques are most suited to tackle this issue: AFM/SPM techniques 

perform best in this third, out-of-plane direction, and most easily measure the height of particles 

with respect to the surrounding substrate surface. Of relevance here is the possible use of VSSA for 

average platelet thickness determination, as discussed in Section 5.4.1. 

5.2.4.2 Agglomerates and aggregates 

In this report a separate section (5.3) is devoted to the measurement of the size of constituent 

particles inside aggregates and agglomerates. That section concludes that for this type of materials, 

the fundamental question is whether the measurement is possible at all. The assessment of the 

uncertainty of these measurements is only possible when this fundamental question is answered. 

One way to deal with the issue is to require that samples are fully dispersed into their constituent 

particles prior to performing the PSA. Under this assumption, the corresponding additional specific 

uncertainty contribution is determined by the reproducibility of the (to-be-agreed) dispersion 

method. This reproducibility will certainly depend strongly on the type of nanomaterial. For a 

number of materials, such as the carbon black materials relevant for the tyre industry, a standard 

dispersion method has already been agreed.
94

 Other protocols have been developed and used, giving 

within-laboratory precision of the results which is acceptable to good, also for materials that are 

clear mixtures of agglomerates and aggregates.
95

 It should be noted that these protocols do not 

usually achieve full dispersion into constituent particles, since aggregates, and in some cases strongly 

bound agglomerates, do not break up into their constituent particles when using known dispersion 

methods based on ultrasonic energy input and chemical dispersants. Nickel et al. studied the role of 

dispersion protocols on the between-laboratory reproducibility of the average hydrodynamic 

diameter of P25 titanium dioxide powders, as measured by DLS.
96

 Their interlaboratory study 

indicates that aggregated and agglomerated powders can be brought into a reproducible dispersion 

state, if a well-defined dispersion protocol and similar dispersion tools are imposed and respected, 

resulting in an expanded uncertainty between 10 % and 20 % of the average diameter (around 

200 nm) measured by DLS. The constituent particle size of P25 varies around 19 nm (for the anatase 

particles) and 37 nm (for the rutile particles),
97

 illustrating that full dispersion was not achieved for 

this material. In the absence of a rigorous protocol, dispersion procedures are a source of additional 

measurement uncertainty.
98

 

5.2.4.3 Width of the size range 

In its purest form, the EC definition requires that for each particle in a representative sample one 

decides whether its minimum external dimension is bigger than 100 nm or its maximum external 

dimension is smaller than 1 nm. If this is the case, then the particle is binned as 'non-nano', the other 

particles are counted as 'nano'.  

In practice, the lower threshold of 1 nm is less important, and the focus of the development of new 

dedicated measurement methods is on the 100 nm threshold: one assumes that all particles 

detected with a physical dimension smaller than 100 nm have at least one dimension between 1 nm 

and 100 nm. Whether this assumption is always justified or not, it is of practical use since the 

detection limit of most methods is larger than 1 nm.  

Also of concern is the counting of the particles that are much bigger than 100 nm. They often do not 

contribute significantly to the particle-number based PSD, but they do interfere significantly with the 

measurement, as they literally can hide smaller particles (in imaging methods) or less directly (as 

they produce strong signals that make the signals from the smaller particles undetectable).  

There are few methods that can make this assessment for individual particles from the 1 nm level to 

well above the 100 nm threshold in a single measurement step. Either their upper measurement 

limit is too low, or their lower measurement limit is too high, or their dynamic range (the ratio of 

upper and lower measurement limit in a single measurement) is too small. As a consequence, to 

assess whether a material is a nanomaterial or not, necessitates the combination of multiple 

measurement results, obtained in different size ranges, coming from the same method or even from 
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different methods. This so-called stitching of partial PSDs is a well-known PSA challenge, not only for 

the nanoparticle size range but also for larger particle sizes. 

It has been pointed out in previous JRC reports,
2,53

 and also shown in many publications, that the 

comparison and direct combination of the results of different PSA methods is limited by the method-

defined nature of the values they produce. Anderson et al. show that the difference between 

methods can be up to 10 % even for the more straightforward measurements of the average 

diameters of monomodal materials.
99

 Nevertheless, there is a lot of knowledge to gain from the 

combination of results of different methods,
68,100,101,102

 and the number of 'tiered approaches' for the 

assessment of the EC definition is increasing. It may be an open question as to how this combined 

wisdom can be expressed in the format of a measurement uncertainty, but in theory the 

combination of the information from the different methods should result in a reduced uncertainty in 

comparison with the measurement uncertainties of the results of the individual methods. 

5.2.5 Volume-specific surface area 

The proposal to use VSSA as a complementary definition of nanomaterial was made by Kreyling et 

al.
103

 and has been retained, with some caveats, in the EC definition. For a full discussion on the 

theoretical use of VSSA as a proxy technique for implementation of the EC definition the reader is 

referred to Section 5.4.1. This section focuses on the associated measurement uncertainty. 

Surface area is an industrially very relevant measurand for fine powders, and values are measured 

for many materials. Usually, the Brunauer-Emmet-Teller (BET) specific surface area is determined, 

and this can be done with different adsorption gasses following different experimental procedures 

and data analysis methods. For a particular method, the accuracy of surface area measurements is 

typically much better than the accuracy of particle size measurements, especially for agglomerated 

and aggregated materials. NIST, for example, reports a measurement uncertainty of about 1.2 % on 

the specific surface area of the reference material SRM 1898, a commercial and heavily 

aggregated/agglomerated titanium dioxide powder with a specific surface area of about 55 m
2
/g.

97
 

This material was also used in an interlaboratory comparison to reveal that the between-laboratory 

reproducibility (95 % confidence level) is about 2.5 %.  

To use a BET value in the implementation of the EC definition, it first has to be transformed from a 

mass-specific surface area to a volume-specific surface area. This is done by multiplying the BET 

value with the density of the particles. This density value is not always known exactly, and therefore 

the calculation will result in an increase of the measurement uncertainty, e.g. by about 5 % as 

mentioned also earlier, when comparing DLS and CLS uncertainty budgets.
81

  

Other methods to measure surface area exist, and are based on e.g. diffusion charging or mobility 

measurements, or on electron tomography.
95,104

  However, there is to the authors' knowledge no 

reliable information available about the measurement uncertainty of these methods in the nanoscale 

regime. And it must be noted that the differences between surface areas measured via different 

methods are considerable.
105

  

5.2.6 Outlook 

5.2.6.1 Acceptable measurement uncertainty 

Method validation studies need to be designed for a purpose. The main aim of a method is to 

produce values with a measurement uncertainty that is compatible with the intended use of the 

measurement result. This judgement, and therefore the design of a method validation study, cannot 

be made unless the acceptable measurement uncertainty is defined. It is possible that acceptable 

measurement uncertainties will be defined for specific regulatory applications of the EC 

nanomaterial definition. If not, then the customer needing PSA data will have to decide on which 

measurement uncertainty he is willing to accept. If he has to prove that a material is a nanomaterial 

(or that it is not a nanomaterial) the measured value shall be higher (or lower) than the 50 % 

criterion by an amount equal to the measurement uncertainty.  De facto, measurement uncertainty 
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makes the 50 % threshold higher (or lower) if you need to prove that a material is a nanomaterial (or 

the opposite). 

5.2.6.2 CRM production 

The assessment of measurement uncertainty via the top-down method validation approach relies 

ultimately on the availability of suitable certified reference materials, to determine the trueness 

component of the total measurement uncertainty. On the other hand, the production of certified 

reference materials critically depends on the availability of validated methods and qualified 

laboratories.
106

 CRM producers are used to struggling with this hen-and-egg dilemma, which can only 

be solved in a stepwise, sustained effort, gradually increasing the complexity of the measurement 

challenge. This has already resulted in the development of a series of CRMs of increasing relevance 

for the EC definition, and will ultimately result in CRMs that are representative also for polydisperse 

industrial materials. In this process, collaboration between different expert laboratories is shown to 

be the only viable and reliable route.
107

 Collaborative projects, e.g., the work in FP7 projects such as 

NanoDefine, will certainly contribute to this development. 

5.2.6.3 Interlaboratory comparison studies 

In the absence of specific and suitable certified reference materials, the most prominent source of 

realistic estimates of the measurement uncertainty associated with specific methods to assess a 

material against the EC definition, are interlaboratory comparison studies.  It is noted that ILCs 

provide information about the method reproducibility, but do not automatically produce information 

about the trueness of the method. To achieve this information, the ILCs should be carried out with 

materials that have at least been appropriately characterised with TEM, or that have been 

specifically created from mixtures of well characterised particulate samples. 

Several ILCs have already taken place, but often on simpler (monomodal, well-dispersed, equiaxial) 

particles, and none with a method specifically designed for the implementation of the EC definition. 

It is foreseen, e.g. in the FP7 project NanoDefine, to organise such ILCs, and to compare across 

laboratories the results of particle size measurements on industrially relevant particulate materials.  

5.2.6.4 Material-specific in-house method validation studies 

As explained above, measurement uncertainty has a method-component, but also a laboratory- or 

operator-specific component, as well as a (test) material specific component. The in-house method 

validation studies will have to assess aspects such as linearity, working range, limit of detection, limit 

of quantification, trueness, selectivity, precision (repeatability, intermediate), and robustness. The 

generic method validation concepts are not specific for the methods that are needed to implement 

the EC definition. But it is likely that more specific guidance on which uncertainty contributions to 

take into account and how to combine them will be given in specific contexts, such as that of 

collaborative research projects. This could lead to more formalised guidance documents such as, for 

example, ISO 11352, which provides a set of procedures to enable laboratories working on the 

assessment of water quality to estimate the measurement uncertainty of their results.
108

  

5.3 Measuring the size of constituent particles in aggregates 

The current EC definition requires measurement of the size of individual, constituent particles, also if 

they are aggregated or agglomerated into bigger particles. This section assesses the availability of 

analytical means to realize these measurements, today and in the foreseeable future, and addresses 

the measurement uncertainty associated with them. 

5.3.1 Aggregates, agglomerates and their dispersion into constituent particles 

Most PSA methods measure sizes correlated with external dimensions of 'bits of material', that are 

'moving' as one entity or that appear on an image as one entity. These may be single particles, but it 

may also be a group of constituent particles that are aggregated or agglomerated. To measure the 
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size of the aggregated or agglomerated particles with these methods, one needs to disperse (here 

used in the sense of 'break up') the aggregated or agglomerated particles before the size 

measurement. 

Aggregates and agglomerates are differentiated by the strength of the forces keeping their 

constituent particles together, with the aggregates consisting of strongly bonded particles and 

agglomerates of weakly bonded particles. In this context, agglomerates do not pose particular 

problems: as they are bound weakly, they can be dispersed relatively easily into their constituent 

particles using an appropriate dispersion protocol. It may be necessary to try several dispersion 

protocols to confirm that the results are robust against different conditions, and one should be 

aware that re-agglomeration of the dispersed agglomerates can occur; otherwise their dispersion is 

usually rather straightforward.  

The latter conclusion does not hold for the stronger bound assemblies ("aggregates"), which will 

therefore be the main focus of this section.  (Also ISO 26824 recognises this by stating that the 

constituent particles of aggregates and agglomerates are often aggregates.
62

)  Therefore, it could be 

useful to develop new test approaches for the sizing of the constituent particles specifically for 

aggregated materials. The definition of "aggregate" as "a particle comprising of strongly bound or 

fused particles" is less than helpful in this context for two reasons:  

a) There is no commonly accepted definition of "strong". Breaking up bound particles requires 

energy input, where higher energies will break up stronger bound agglomerates, but not (all) 

aggregates. Increasing the energy input will eventually break the constituent particles themselves. It 

is therefore possible to create nanoparticles from aggregates consisting of constituent particles 

larger than 100 nm, thus potentially creating nanoparticles, leading to a wrong classification. 

b) Fusion of metallic or ionic particles (one example of an aggregation process leading to strong 

bonds) creates chemical bonds that differ in no way from the bonds within a particle. The same is 

true for covalent bonds, or for the coalescence of particles via Ostwald ripening. This means that the 

internal bonds inside aggregated particles do not differ from those inside the original primary 

particles. The main distinction between the aggregates and the primary particles is the history of the 

new entity. If the fusion or coalescence is not complete, this history may sometimes still be inferred 

from the shape of the particle, but strong fusion can eventually erase any hint of the original 

particles, leading eventually to a single, dense body. This means that there is a continuous variety of 

binding strengths, with easily dispersible agglomerates on the one side, leading via physically 

entangled particles, hardly dispersible agglomerates, sintered particles with still an intermediate 

phase between the original particles to dense bodies with no indication of any individual particle. 

The strength that sintering can achieve is demonstrated by the fact that many industries rely on 

sintering of metal powders to produce sturdy, load-bearing products.   

5.3.2 Constituent particles and primary particles  

In the responses to the JRC survey
2
 and in the discussions around the review of the definition, it is 

noted that the term "constituent particle" is sometimes incorrectly used as a synonym for "primary 

particle". As explained in section 4.3.4, a "primary particle" is an original source particle, which, 

despite having undergone a growth process, fusion, covalent binding or coalescence with other 

particles, sometimes still can be inferred from the shape and structure of a larger particle. However, 

these inferred primary particles have often lost their individual existence and the larger particle 

cannot be disintegrated into the original, primary particles. The understanding, and the definition 

currently proposed in ISO, for the term "constituent particle" is that of an 'identifiable, integral 
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component of a larger particle'. This suggests that an ensemble can still be disintegrated into the 

various constituents, and shows that primary particles are often not constituent particles.
J
  

For facilitating this discussion, the shorthand definition of aggregate as "smallest dispersible unit"  (of 

course using the dispersion protocol that results in the best dispersion) can be used.
94

 Using this 

definition means that this section can be limited to aggregates, because we assume that the 

dispersion of particles sticking together, where possible (as in agglomerates), will be common 

practice in the preparation of samples for the analytical assessment of the EC definition.  

5.3.3 Measurement of constituent particle size inside smallest dispersible units 

Distinguishing constituent particles inside aggregates means probing the bound or fused ensemble in 

order to identify the boundaries between the constituent particles. This endeavour is hampered by 

two facts: 

a) If particles are severely fused, the former boundaries between primary particles may be invisible 

or may have vanished completely, meaning that an aggregate may be interpreted as a single particle. 

Only previous knowledge can decide whether the material is an aggregate of fused or covalently 

bound particles or a single particle.  

b) Many materials, also particulate materials, are 'polycrystalline': their microstructure is built up of 

small grains each having a crystalline structure. The boundaries between these crystals (usually 

called grain boundaries) inside a single, polycrystalline particle can incorrectly be interpreted as 

boundaries between constituent particles. 

Any possibility to identify constituent particles in aggregates must avoid both sources of bias. They 

must probe the interior of aggregates to elucidate the size of constituent particles. Currently, there 

are two possibilities to do this, namely transmission electron microscopy (TEM) and x-ray diffraction 

(XRD), which were both reviewed in previous reports
2,53

 and compared in a recent paper.
109

 

5.3.3.1 Transmission electron microscopy 

Transmission electron microscopy (TEM) can, to a limited extent, reveal the internal structure of non-

dispersable aggregates.
110

 Judging whether an apparent boundary corresponds to a real boundary 

between two constituent particles is a tedious and delicate task that requires heavy involvement of 

highly qualified personnel. Even if both time and manpower are available, it is often impossible to 

judge whether the boundary seen is the remains of a grain boundary within a single polycrystalline 

particle or a still existing boundary between particles. In addition, the intrinsic image quality can 

make sizing of constituent particles impossible. Even TEM is therefore not able to decide in all cases 

whether a particle is a single particle or an aggregate of multiple constituent particles. 

5.3.3.2 X-ray diffraction 

X-ray diffraction (XRD), in its simplest form, only yields the average crystallite size of crystalline 

materials, but gives no signals that relate to particle size of amorphous materials.  

While a constituent particle can consist of several crystallites, any single crystallite can only be part 

of one constituent particle. The crystallite size therefore sets the minimum possible size for 

constituent particles. XRD therefore can, for monodisperse crystalline constituent particles of known 

                                                           

 
J
 Lego

®
 can be used to illustrate this distinction: In a building made of Lego bricks, the individual bricks would be the 

constituent particles (as the building can be disintegrated into the various bricks), but the polymerisation nuclei of the 

plastic material (which in this case are not visible any longer) would be the primary particles. 
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shape, decide that a material is not a nanomaterial (if the crystallite size is above 100 nm). However, 

XRD does not allow a positive identification of nanomaterials (unless all particles can be shown to be 

monocrystalline). For polydisperse constituent particles XRD is not generally reliable for classification 

as non-nanomaterial. 

5.3.4 Conclusion and outlook 

The above paragraphs lead to the conclusion that it is currently not possible to reliably measure the 

size of constituent particles inside aggregates for many materials. Furthermore, giving an uncertainty 

of a typical measurement result for those materials for which it is possible, is meaningless, as the 

possible outcomes range from relatively accurate to completely unreliable. 

A number of existing methods to (semi-)automatically distinguish and count constituent particles 

inside aggregates are currently being developed further for potential application on nanomaterials. 

One such method is based on the fractal properties of aggregates as captured with TEM images.
111

 

However, this has led to only few published papers with data obtained on nanomaterials. In addition, 

these approaches give the size of the original particles inferred from the image, which may have 

morphed into a single particle. The obtained results therefore give a minimum size of constituent 

particles. 

While it is of course impossible to make reliable predictions about the future, one must bear in mind 

that hardly anything distinguishes single polycrystalline particles from fused or covalently bound 

aggregates, especially those for which fusion or sintering has progressed strongly: chemical bonds 

have no "memory", which means that there is no difference between the bonds within and between 

covalently bound or fused constituent particles. As there are therefore hardly any properties that can 

be exploited to make such a distinction, it is likely that the possibilities to distinguish aggregates of 

nanoparticles (which are nanomaterials according to the current EC nanomaterial definition) from 

nanostructured single particles (which are not nanomaterials according to the EC definition) will also 

be very limited in the future, as long as no clear and unambiguous definition of "strong" (in "strongly 

bound particles") exists that allows such a distinction.  

This means that also in future it will be virtually impossible for a number of materials to decide 

whether it consists of single particles or aggregated particles. This situation will continue to exist 

unless a maximum binding strength (either as energy or via a certain protocol) can be defined which 

distinguishes aggregates and agglomerates from single particles. It is clear that adopting this practice 

would require further clarification and guidance, possibly in a revised EC Recommendation.  

5.4 Alternative analytical routes to implement the EC nanomaterial definition 

5.4.1 Use of specific surface area measurements 

5.4.1.1 The basics of specific surface area analysis 

Specific surface area (SSA) analysis of powder and/or porous materials is widely used in industry 

since SSA is related to particle and pore sizes which can fundamentally alter the characteristics and 

performance of materials. Volume specific surface area (VSSA, expressed in m
2
/cm

3
) is the SSA in 

m
2
/g multiplied by the particle density (in g/cm

3
).  

The method most often employed to measure SSA is based on the measurement of nitrogen 

adsorption according to the theory of Brunauer, Emmett and Teller (BET), and several manufacturers 

offer instruments for SSA analysis. Standards exist for the application of the BET method, including 

the general description in ISO 9277:2010
112

 and several application-specific standards. Certified 

reference materials are available for testing BET instrumentation. Sample preparation is important in 

order to avoid erroneous results, since all surface moisture and adsorbed gases must be removed by 

an appropriate procedure prior to measurement. If carried out according to correct procedures, the 

reproducibility of the technique may be better than 10 %.  
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5.4.1.2 The relation between specific surface area and particle size 

It is important to note that BET analysis is not a size measurement, and conversion of the VSSA to 

size parameters requires knowledge or assumptions regarding particle density, shape and size 

distribution. Without at least a preliminary EM examination of the material being analysed, derived 

size parameters are likely to be unreliable. The EC definition requires the determination of the size of 

particles either unbound or contained within aggregates or agglomerates. While loose agglomeration 

affects BET results in a relatively limited way, any strong particle aggregation will have a significant 

effect and in that case will render BET-derived size parameters irrelevant with respect to constituent 

particles within aggregates.  

In the following subsections, the relation between SSA and particle size will be investigated for 

different particle shapes. 

Spherical, non-porous particles 

A sample of perfectly monodisperse, solid, non-porous, non-aggregated spherical particles with a 

diameter of 100 nm will have a theoretical VSSA of 60 m
2
/cm

3
. Despite the fact that VSSA of a single 

particle increases more rapidly to the low side of 100 nm than it decreases to the high side of this 

threshold (due to the 1/D dependence of VSSA, with D the sphere diameter), symmetric broadening 

of the number-based PSD, while maintaining a median size of 100 nm, will reduce the measured 

VSSA. This is shown in Figure 1 for the example of a Gaussian (normal) distribution function. Most 

asymmetric broadening functions (e.g. lognormal) would also lead to reduced overall VSSA values for 

a median size of 100 nm. This is because the contribution of the smaller particles to the overall 

surface area and to the overall volume diminishes very rapidly with decreasing particle size. 

 

 

 

Figure 1: Variation of total VSSA with width of particle size distribution, assuming a median (and 

mean) particle size of 100 nm and a Gaussian (normal) PSD. 
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It is possible to construct theoretical PSDs for spherical particles with a VSSA higher than 60 m
2
/cm

3
 

and more than 50 % of the particles of diameter above 100 nm, but such distributions require most 

of the particles above 100 nm in diameter to be only just above this value, and the particles below 

100 nm to be well below the threshold – in fact between 60 nm and 70 nm is the most “efficient” 

sub-threshold size-range for increasing sample VSSA as illustrated in Figure 2, which shows the 

overall VSSA (z axis) calculated for pairs of particles (sizes on the x and y axes). The light blue area 

shows the region of VSSA > 60 m
2
/cm

3 
for the particle pairs. It can be deduced from this diagram that 

the only PSDs for spherical particles that would produce “false positives” for nanomaterial 

classification would be highly asymmetric and/or bimodal PSDs, where the majority of the particles 

that are above 100 nm diameter are only just above this value. This is very unlikely to be found in 

real situations. For example a bimodal distribution with 60 % of particles close to 105 nm diameter 

and 40 % close to 65 nm diameter would have a VSSA of about 62 m
2
/cm

3
. 

 

 

Figure 2: Calculated variation of combined VSSA of pairs of particles (NP1 and NP2) as a function of 

particle sizes.  

It can also be noted that the measured VSSA (assuming that it can be measured with high accuracy) 

will always be slightly less than the theoretical VSSA, even for samples with no strongly aggregated 

particle ensembles, due to the fact that in the dry state agglomeration will restrict the available 

surface area for gas adsorption to some extent. This further reduces the possibility for false positive 

VSSA results for spherical particles. In fact, ignoring measurement uncertainty will lead to a much 

higher chance of false positive results than the unlikely event of specific and unusual PSD effects. 

In contrast to the “unlikely” chances of false positives for polydisperse samples of spherical particles, 

the chances of false negatives are clearly much higher. Simple Gaussian broadening of the PSD with a 

median size just under 100 nm will lead to false negative classification (as can be deduced from 

Figure 1 above), and in the cases of lognormal (or otherwise asymmetric), bimodal or multimodal 
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PSDs, there are an infinite number of possibilities for false negatives. As an illustration, we could 

imagine a bimodal PSD with two narrow size ranges centred around 50 nm and 150 nm. If 80 % of 

the particles were of diameter 50 nm and 20 % were of diameter 150 nm then the combined VSSA 

would be about 50 m
2
/cm

3
 or a clear “false negative” with respect to the definition.  

An even more extreme case of a false negative might be the mixture of 99 % of particles with 

diameter 10 nm and just 1 % of diameter 150 nm, which has a theoretical VSSA of about 56 m
2
/cm

3
.  

But also for the theoretical case of 1 cm
3
 of very fine brittle sand (grain size about 100 µm, number 

of particles about 1 million) with 10 million nanoparticles (size 50 nm, representing just 1 billionth of 

the mass) caused by mechanical grinding or wear of the sand grains, the VSSA would be just 

0.06 m
2
/cm

3
. Such sand, that would usually not be considered a nanomaterial, meets the size 

specification of the EC definition, but would not be recognized as one based on VSSA measurement.   

It is clear from the above considerations that, for polydisperse spherical particles the chances of false 

negative classification (i.e. classification as non-nanomaterial when in reality the material should fall 

under the definition) are high, so VSSA cannot be used reliably for classification of such materials as 

non-nanomaterials. Conversely, the chances of false positives are low, even for polydisperse 

samples, so VSSA would be suitable for positive identification – but only for spherical, non-porous 

particles. On the other hand, if spherical particles can be shown to be non-porous, non-aggregated, 

and reasonably monodisperse, then VSSA may be a fairly reliable indicator of nanomaterial status, 

both as nanomaterial and as non-nanomaterial. However this is not representative of the majority of 

real situations. In real life, particles will have a range of shapes, PSDs, and states of 

aggregation/agglomeration.  

Non-spherical particles 

Deviation of the shape from approximately spherical towards most other basic shapes such as 

platelets or rods/needles, while maintaining the median minimum external dimension at 100 nm, will 

usually, but not always, reduce VSSA. There are some scenarios whereby a VSSA > 60 m
2
/cm

3
 could 

be measured for a sample with median minimum dimension ≥ 100 nm: 

Porous particles: this is one scenario that may be relatively common depending on the particle type 

and synthesis route. However, porous particles that are aggregates of smaller constituent particles 

(that can clearly be distinguished by microscopy) would not qualify themselves as the constituent 

particles with respect to the current EC definition. 

Particles with complex shapes: this may result from a synthesis route whereby smaller particles 

coalesce (e.g. at high temperature) to the point where they cannot be distinguished as individual 

particles, but not to the point where the resulting object minimises its surface area by assuming a 

more spherical shape (see figure 11.1 of ref. 2). 

Special particle shapes: monodisperse tetrahedra with a minimum dimension of 100 nm have a VSSA 

value of 120 m
2
/cm

3
, twice that of the current definition’s VSSA threshold of 60 m

2
/cm

3
. In fact the 

minimum dimension has to be increased to 200 nm to reduce the VSSA to the threshold. While this is 

not likely to be representative of most particle types, especially close to or higher than the 100 nm 

threshold, tetrahedral particle shapes have been reported. Similarly, monodisperse octohedra with 

minimum dimension = 100 nm have a VSSA of 73.5 m
2
/cm

3
, and flat triangular particles with 

thickness equal to the “height” of the triangular top and bottom surface, have a VSSA of 80 m
2
/cm

3
 

for a minimum dimension of 100 nm. In these cases to reach the threshold the minimum dimension 

needs to be increased by a smaller amount than for tetrahedra. 

Thus a VSSA > 60 m
2
/cm

3 
is not necessarily a reliable indicator that a material would be classified as a 

nanomaterial according to the dimensional criteria of the current definition. While the third case of 

special particle shapes is likely to be rare for particle sizes close to and above the 100 nm threshold, 

porous particles and complex particle shapes may be somewhat more common. The chance of “false 

positive” nanomaterial classification based solely on VSSA measurement is therefore not negligible. 

The case of approximately spherical “convex” particles may also be quite common and more suitable 
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for reliable positive classification – but this would need to be studied on a case-by-case basis, and 

complemented by EM analysis. 

In contrast to the “special particle shapes” described above that can lead to “false positives”, there 

are many non-spherical particle shapes for which the VSSA threshold at which a material would fall 

under the definition would be lower than 60 m
2
/cm

3
; these would lead to “false negative” 

classification even for relatively monodisperse samples with no aggregation/agglomeration. It is 

interesting to examine this in some more detail for two specific shapes – needle shaped particles and 

platelets. These shapes are not so uncommon, and two such materials have been examined in a joint 

study undertaken by the JRC and Eurocolour.
113

  

Needle-shaped particles 

It is a very straightforward matter to model a polydisperse sample of needle shaped particles if a few 

simplifying assumptions are made. Modelling very complex samples of (for example) faceted needle 

shaped particles with different size distributions for each dimension is also quite feasible, but would 

be of limited use if the model does not match reality. Here we present theoretical VSSA calculations 

for a few simple cases of needle shaped particles: needles with circular cross sections, and facetted 

needles with square, rectangular and triangular cross sections.  

The VSSA of circular-cross-section needles, of diameter d=2r and length l, is given by:  

VSSA (m
2
/cm

3
) = 1000 x (2πrl + 2πr

2
) / πr

2
l = 1000 (2/r + 2/l) 

where d and l are in nanometers. This equation, for l >> d and r = 50 nm (d = 100 nm) approaches the 

value of 40 m
2
/cm

3
 for very long needles.  

Square cross-section needles of length l and cross section a x a will also have a theoretical VSSA, for 

l >> a and a = 100 nm, that approaches 40 m
2
/cm

3
 for long needles.  For triangular needles the 

situation is different, in an analogous way to tetrahedral particles being a rather special 3D case. In 

fact needle-shaped particles with a triangular cross section and length much greater than the base, 

with a minimum dimension of 100 nm have a VSSA that approaches 60 m
2
/cm

3
. It can be argued that 

this particular situation is not likely to be common, since hexagonal crystal symmetry would probably 

tend to create needle shaped crystallites with a hexagonal cross section, which, like circular and 

square cross section needles, have a VSSA of 40 m
2
/cm

3
 for long crystallites with a minimum 

dimension of 100 nm. Needle shaped particles with a rectangular cross section and minimum 

dimension of 100 nm have a VSSA less than 40 m
2
/cm

3
. The general equation for the VSSA of a 

rectangular parallelepiped of sides a, b and c is 

VSSA (m
2
/cm

3
) = 2000/a +2000/b +2000/c 

where a, b and c are in nanometers. The higher the aspect ratio of the cross section, the more the 

particle resembles a platelet, with a VSSA ranging between 40 m
2
/cm

3
 and that of platelets with 

minimum dimension of 100 nm, as discussed below. In the JRC/Eurocolour study,
113

 the VSSA of 

“Pigment Yellow 42” was measured by 8 laboratories. This material consists of needle-shaped 

crystallites, as shown in the electron micrograph supplied by the manufacturer (Figure 3).  
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Figure 3: EM micrograph of Pigment Yellow 42 (Image courtesy BASF SE); the indicated red rectangle 

is representative of a needle shaped particle of circular cross section with a theoretical 

VSSA of 326 m
2
/cm

3
.  

 

The mean VSSA was determined to be 326 m
2
/cm

3
 with a standard deviation of 32 m

2
/cm

3
. The 

minimum and maximum values measured were 275 m
2
/cm

3
 and 375 m

2
/cm

3
 respectively. For 

comparison, superimposed on the micrograph, in red colour, is a “simulated” image of a particle with 

a VSSA of 326 m
2
/cm

3
, of circular cross section (diameter d = 13.1 nm) and length l = 7d (the 

approximate average aspect ratio of the particles shown in the micrograph). It seems that the 

measured VSSA in this case is a rather good indicator of average particle size.  In the dry state, it can 

be expected that agglomeration, seen also in the micrograph, will reduce the VSSA by a significant 

amount, so that the real average size of the particles would be slightly less than that used for the 

simulation.  

It should be noted that changes in the aspect ratio inserted in the simulation, affect the calculated 

VSSA less than changes to the cross-sectional diameter, so for long needle shaped particles VSSA is in 

fact rather sensitive to the appropriate particle measurement (minimum dimension) with respect to 

the current definition of nanomaterial. This is an important observation, since if a “safety factor” can 

be included for particle agglomeration and/or measurement uncertainty, then in the case of nearly-

monodisperse needle-shaped particles, VSSA might be accurate enough for both positive and 

negative classification with respect to the EC definition if a VSSA threshold of 40 m
2
/cm

3
 is used 

instead of 60 m
2
/cm

3
. Of course baseline EM studies would have to be performed in order to 

determine particle aspect ratios, and to ensure that particles are not aggregated and only loosely 

agglomerated. In any “borderline case” VSSA would have to be abandoned and replaced with careful 

EM analysis for a reliable classification. From these basic considerations and the example illustrated 

above, it can be concluded that a more extensive evaluation of VSSA for both positive and negative 

classification of needle-shaped particulates should be undertaken, including consideration of the 

effects of polydispersity on the measured VSSA, and whether agglomeration of facetted needles 

would be likely to render results unreliable. 
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Platelet or flake shaped particles 

For platelets with thickness d much less than the other two dimensions (a and b), it is a simple 

matter to show that the theoretical VSSA (m
2
/cm

3
) = 2000/d where d is in nm, thus for d = 100 nm, 

the VSSA should be close to 20 m
2
/cm

3
. 

In the JRC/Eurocolour study,
113

 the VSSA of a gold-bronze pigment was measured by 8 laboratories. 

This material consists of thin metallic flakes of irregular shape, with varying sizes with areas up to 

several hundred square micrometers. The mean VSSA was determined to be 35.5 m
2
/cm

3
 with a 

standard deviation of 10.5 m
2
/cm

3
. The minimum and maximum values measured were 23.7 m

2
/cm

3
 

and 48.2 m
2
/cm

3
 respectively.  

Whether the median minimum thickness of these flakes is below or above 100 nm or not (this 

information not provided by the manufacturer) this example is an illustration of a case where the 

VSSA lies between the theoretical value of ~ 20 m
2
/cm

3
 for large-area platelet/flake shaped particles 

with uniform thickness of 100 nm and the threshold VSSA value of 60 m
2
/cm

3
 for positive 

nanomaterial classification specified in the current recommended nanomaterial definition. 

The theoretical sensitivity of VSSA to platelet/flake thickness alone also raises the question of which 

dimension should be used for classification against the EC definition. The most obvious would be the 

thickness – but for platelets/flakes that are not perfectly flat this might not correspond to specific 

candidate particle shape parameters such as the Minimum Feret Diameter. It is entirely possible for 

such materials that a median Minimum Feret Diameter of greater than 100 nm could be determined 

even if the flakes were all much less than 100 nm in thickness, illustrating that guidance is required 

regarding choice of size parameter to be used for different particle shapes. 

Assuming for now that the appropriate dimension for the EC definition is the platelet or flake 

thickness,  independent of curvature, then it is clear that for such materials (with uniform flake 

thickness) the VSSA is actually quite a good measurement technique for material assessment with 

respect to the definition, since for d << a or b, the VSSA is only sensitive to the thickness. However, 

the appropriate VSSA threshold would be 20 m
2
/cm

3
 and not 60 m

2
/cm

3
 as in the current definition. 

As in the case of needle-shaped particles, a “safety factor” would need to be included for particle 

agglomeration and/or instrumental uncertainty, and baseline EM studies would have to be 

performed in order to ensure that particles are not aggregated and only loosely agglomerated. From 

these basic considerations and this example, it can be concluded that a more extensive evaluation of 

VSSA for both positive and negative classification of platelet or flake shaped particulates should be 

undertaken. 

5.4.1.3 Concluding remarks about VSSA determination as a proxy measurement method 

From the above sections it can be concluded that VSSA determination is not a reliable particle 

classification method for “unknown” samples – i.e. where state of aggregation/agglomeration, shape 

and/or porosity are unknown. Simple comparison of a VSSA measurement on a powder against a 

threshold value of 60 m
2
/cm

3
 would often lead to incorrect classification (false negatives are most 

likely) if the method were to be used as a proxy “alternative to straightforward implementation”. 

Nevertheless, there are specific situations where VSSA, with appropriate baseline EM studies, might 

actually be useful for this purpose. 

A first step in a tiered process would be to establish, using a suitable method, presumably EM 

(possibly in combination with other methods and/or sample dispersion protocols), whether 

aggregates of constituent particles are present. Aggregation will reduce measured VSSA to some 

extent and may render VSSA determination useless for classification of a sample as “non-

nanomaterial”. If aggregates are not present, and it can be clearly shown that particles are only 

loosely agglomerated, then the next step would be to establish what particle shape dominates, and 

whether the material is polydisperse. For platelet/flake shaped particles of approximately uniform 

thickness VSSA determination against a threshold value of 20 m
2
/cm

3
 could be a reliable method of 

classification both as nanomaterial and non-nanomaterial. This however should be verified by a more 
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in-depth study, including development of appropriate sample preparation and VSSA measurement 

protocols and an analysis of what level of “safety margin” would be necessary to avoid false 

classification. For needle-shaped particles, with two dimensions approximately equal and much less 

than the length, it is possible that classification against a threshold value of 40 m
2
/cm

3
 might be 

reliable, but in this case verification by an in-depth study, including development of appropriate 

sample preparation, VSSA measurement protocols and safety margins, would need to be 

complemented by an analysis of the effects of polydispersity (more likely for needle shaped particles 

than for platelets) on VSSA.  

Particles with all 3 dimensions in or close to the nano-range represent probably the most difficult 

case since there are many scenarios that can either increase or decrease VSSA, including porosity, 

polydispersity, aggregation, agglomeration (even if to a limited extent), and shape. For non-porous 

particles with non-complex shapes (in particular non-concave) a VSSA greater than 60 m
2
/cm

3
 is 

likely to be a reliable indicator for “positive classification” (i.e. as nanomaterial). However, even if 

samples can be clearly shown to be non-aggregated, for negative classification (i.e. as non-

nanomaterial) a large “safety margin” would have to be used to account for the many factors that 

can lead to a VSSA value less than 60 m
2
/cm

3
 for samples with median minimum dimensions less 

than 100 nm. However, this also merits further study in order to establish what baseline EM 

information and safety margin might be used in order to contribute to the development of a VSSA-

based sample screening approach for non-needle-shaped and non-platelet-shaped particles. 

5.4.2 Conversion of other size distibutions to particle number based size distributions 

The EC definition classifies a material as nanomaterial if a sufficient number of the particles have 

their minimum external dimension in a defined size range. Therefore, the definition relies on PSA 

methods that can count how many particles are within certain particle size ranges. Many of the 

commonly used methods are 'ensemble methods', which produce PSDs based on other metrics, for 

example the cumulative mass of the samples present in the defined particle size ranges. Ensemble 

methods can include both non-fractionation (e.g. DLS or LD) and fractionation methods (e.g. CLS or 

FFF/DLS). To use the results of these methods for assessment against the EC definition therefore 

requires a conversion of the data from their original metric to an equivalent particle-number based 

PSD. It is also a condition for nearly all ensemble methods that full dispersion into constituent 

particles is achieved as remaining aggregates/agglomerates are regarded as single particles.   

As discussed in the first report
2
 reliable conversion between PSDs based on different size metrics 

requires in practice that all particles have the same (regular) shape and approximately the same size, 

except for fractionation methods which can, at least in principle, deal with polydisperse samples. 

These conditions may be fulfilled for some materials which are manufactured with a very specific 

purpose. For those materials, the question whether they are nanomaterial or not is most likely trivial, 

as the material specifications require them to be either a nanomaterial or not.  

The majority of materials, which only need to have a sufficiently "small" particle size that can be 

achieved either by synthesis ('bottom-up') or grinding ('top-down'), will not have the level of 

monodispersity (for non-fractionation methods) and regular shape required for reliable data 

conversion, and will often contain aggregates and/or agglomerates that are difficult or impossible to 

disperse into their constituent particles. This can limit the usefulness of converted data, depending 

on the intended use or application of the converted data.  

Several potential applications of conversion between different types of size distribution can be 

envisaged; the most relevant applications, from the point of view of the implementation of the EC 

definition, are the following:  

- the definitive decision as to whether a material fulfills the definition or not,  

- the screening (i.e. only positive identification) of potential nanomaterials, and  

- the quality control of new production batches. 
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5.4.2.1 Decision whether a material fulfils the EC nanomaterial definition 

The inherent uncertainties connected with the conversion of data mean that number-based PSDs 

obtained via data conversion are most often not sufficiently reliable for unambiguous, definitive 

classification of a material as nanomaterial.  

An additional problem is the fact that the conversion of data from one metric to another often 

involves various equivalent diameters, which neither correspond directly to any external dimension 

of the particles, nor to the minimum external dimension used in the EC definition.  

Therefore, converted data from non-fractionation methods are usually not suitable for a confident 

decision as to whether a material falls under the EC definition or not, except for materials consisting 

of near-monodisperse populations of spherical particles. For fractionation methods that cover the 

entire size range of interest, polydisperse populations of spherical non-agglomerated/non-

aggregated particles can in principle be classified, though establishment and validation of sample 

preparation and measurement protocols would be necessary. 

5.4.2.2 Positive identification of nanomaterials using unconverted data 

The fact that many ensemble methods give results that are (compared to number based PSDs) biased 

towards higher diameters, can be exploited to allow positive identification of certain nanomaterials. 

The rationale is that if the intensity-weighted (or volume-weighted, or mass-weighted) average 

particle size is below 100 nm, the number-weighted average is certainly below 100 nm. The higher 

representation of larger particles in the intensity (e.g for DLS) or volume/mass weighted distribution 

will most likely also outweigh any differences between the effectively determined (e.g. 

hydrodynamic or Stokes’) diameter and the required minimum external dimension. Therefore, 

unconverted data can usually be considered reliable to positively identify a material as nanomaterial. 

They can, however, not prove that a material is not covered by the definition. 

5.4.2.3 Quality control of new production batches 

In the case that a lot of information on shape, PSD, densities etc. is available from the original 

classification of the material as nanomaterial or non-nanomaterial, the initial investigations offer the 

opportunity of establishing the potential links between converted data from ensemble methods and 

the number-based PSD (e.g. as determined using advanced microscopic techniques). (Converted) 

data from ensemble methods can be used for new batches to demonstrate that the production 

process is under control and that the material has the same property as the initially released batch.
K
 

This quality control can in principle also be performed on unconverted data, but conversion may help 

to highlight critical size regions. 

5.4.2.4 Conclusion 

In summary, conversion between different types of PSD has its merits, but is for the majority of 

particulate materials not suitable for definitive decisions as to nanomaterial status. Only in the case 

of fractionation methods used on spherical particles could converted data be considered reliable ‘in 

principle’, and then it would need to be complemented by microscopic assessment of constituent 

particle dispersion and shape, and verification that all particle sizes are within the operating range of 

the instrumentation. Unconverted data could be used for positive nanomaterial screening, and 

converted data might have an application in batch quality control. 

                                                           

 
K
 The same approach is widely used in other fields of industry. Fast and easily measurable parameters like colour and density are used to 

check whether a constant production process is under control. 
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5.4.3 Simplified binary binning methods 

5.4.3.1 A (deceptively) simple concept 

A priori, implementation of the EC definition does not require the measurement of a very detailed 

particle size distribution (PSD): it is sufficient to classify (or 'bin') the particles in one of three size 

classes: smaller than 1 nm, larger than 100 nm, or in between. In most practical situations, the lower 

size limit is of lesser relevance, reducing the analytical question further to assessing how many 

particles are smaller (undersize fraction) and how many are larger (oversize fraction) than 100 nm.  

In other words, it is sufficient to construct a method that separates particles with a minimum 

external dimension larger than 100 nm from particles with a minimum external dimension smaller 

than 100 nm, and to count and compare the number of particles in both fractions. With a good 

separation method, there would even be no need for size measurements at all. This concept is 

simple, and therefore deserves a minimum of attention. In the following section, we describe the 

sieving and filtration methods that in theory could be used, and check their practical value. 

5.4.3.2 Separation by sieving or filtration 

Sieving 

A well known method for determining undersize and oversize particle fractions in a polydisperse 

powder is sieving. Sieves separate the particles larger and smaller than the mesh (the 'holes' in the 

sieve bed), and the weight of the two fractions is measured to determine the relative amount of 

undersize or oversize particles. The term sieve is also used for more advanced tools, for example in 

molecular sieves, which are materials with very small holes of a uniform size, in which molecules can 

be absorbed and trapped that are smaller than the material's pore size. Whereas traditional mesh 

sieves operate at too large particle sizes to be relevant for the EC definition (the smallest have 

openings of about 5 micrometres), molecular sieves are working only for too small particles, typically 

around the 1 nm range. Therefore, simple sieving techniques do not play a role in the 

implementation of the current EC definition. 

Filtration 

Sieving is a kind of filtration, but the term filtration covers also other techniques, which separate 

particles in suspensions or aerosols at a certain cut-off value, and some of them do operate in the 

nanoscale range.  

A first and major problem for filtration is the clogging of filters, especially in 'dead-end filtration' 

methods, where the input ('feed') material is passing through the filter membrane and where the 

solids/particles that are bigger than the cut-off value are trapped in or on top of the filter. Especially 

when the PSD is broad and contains a large volume fraction of larger particles, this leads to clogging 

of the filter. This is less of a problem for an analytical technique, where small sample volumes are 

treated, then for processing applications, where the filtrate volume and its sustainability are crucial. 

For analytical tests one could also use one of the alternative filtration techniques, such as tangential 

flow or cross flow filtration, in which the feed is not passed through the filter, but repeatedly passes 

along the surface of the filter. This type of filtration avoids rapid clogging, and, importantly, it results 

in two suspensions: one containing the particles that have passed the filter, and that are smaller than 

the filter's cut-off value, and one containing the particles larger than the cut-off value. This is also an 

advantage, compared to the dead-end filtration systems, where the particles in the larger fraction 

are packed in the filter or filter cake, and have to be resuspended for the next analytical step. 

Two of the EC definition basic elements affect the potential success of filtration. First of all, filters will 

not consider aggregated and agglomerated particles as separate particles, unless the aggregates and 

agglomerates are broken up before the filtration process. Also shape plays a role, as the EC definition 

is based on the minimum external dimension. For elongated, but even more for platelet shaped 

particles, the filtration efficiency and the cut-off value of a given filter, will be shape dependent: two 
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particles with the same minimum external dimension but different shape may not pass through the 

same filter. 

5.4.3.3 Counting the particles after separation 

An important difference with traditional sieve analysis, which produces mass-based particle 

concentrations, stems from the fact that the EC definition is based on particle numbers. Therefore, 

instead of weighing the permeate (fraction of the feed material having passed the filter) and 

retentate (fraction of the feed material not having passed the filter), a particle counting technique 

will have to be applied to measure the particle concentration in both permeate (undersize) and 

retentate (oversize) fraction.  

For the analytical purposes of the current report, the relevant performance parameter of a filtration 

system is its separation quality: the filter should not allow particles larger than the cut-off value to 

pass, and should not stop particles that are smaller than the cut-off value. If this is respected, and if 

the cut-off value can be chosen to be at 100 nm, then the technique chosen to count the particles in 

the two fractions can be relatively simple: a simple particle detection, without any sizing capacity, 

will suffice to determine whether more or less than 50 % of the particles in the original material are 

in the nanoscale range. One can unfortunately not use the methods that estimate particle number or 

concentration from an ensemble signal such as light absorption, as this does not take into account 

that there is likely a distribution of particle sizes within undersize and oversize fractions (see section 

5.4.2 on conversion of PSDs). 

5.4.3.4 Conclusion 

If one assumes that the critical size limit in the EC definition is the upper one (100 nm), and if one can 

find a suitable filtration method with a sharp cut-off at this 100 nm value, then the analytical 

challenge posed by the EC definition is significantly simplified. This simplifying approach has not yet 

been studied or used extensively, but it has the potential to become an alternative implementation 

method for a limited number of materials, if at least the issues of minimum external dimension and 

aggregation can be solved. If the latter issues are not solved, then a 'simple' counting of particles in 

undersize and oversize fractions will be insufficient to really assess the EC definition.  

This brings us back to considering other, filtration-related techniques, based on a continuous 

fractionation of the particles in an infinite number of 'size classes', such as field flow filtration, as 

already mentioned in ref. 2. These techniques have developed into true analytical tools and have 

already been indicated as very valuable for the implementation of the EC definition in ref. 53, in 

particular in combination with size measurement methods that are accurate, but depend on the 

particle population to be monodisperse. 

5.4.4 Considerations of manufacturing information 

The first few pages of this sub-section present an overview of some particle production methods, 

focusing in particular on the relationship between production process parameters and size 

characteristics. Then some general conclusions are presented. 

5.4.4.1 Flame aerosol particle production methods 

The number of processes that are in industrial use for the production of nanoparticles in the range of 

kilotons per year is very limited. In 2002 more than 90 % of the world wide produced volume of 

nanomaterials was produced in flame aerosol reactors, and this is still the case, 10 years later 

(carbon black, titania, zinc oxide, fumed silica).
114,54

 With properly adjusted process parameters the 

large scale production of non-agglomerated nanoparticles of spherical shape can be achieved. In 

combination with an electrical field applied to the flame by plate or pin electrodes the particle size 

can be reduced and a narrower PSD can be obtained.
115

  

Contrary to flame aerosol processes, inert gas condensation, physical or chemical vapour synthesis 

and laser ablation are leading to typically broad and asymmetric PSDs.
115

 Flame spray nanoparticle 
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reactors have usually been designed and scaled up for the production of one specific product which 

they can produce with the desired quality after having optimised the reactor design and the process 

parameters.
114,115,116

   

While the flame aerosol process is a versatile approach to produce a large variety of different 

nanoparticle species, and in spite of a reasonable scientific understanding of the effect of process 

parameters on the quality of the products, a systematic understanding of reactor design correlations 

on the production process, which would be helpful for the scaling up of production capacity and the 

extension on the production of other nanoparticle species, has so far not been reached.
114,115,117

  

Since the realisation of a nanoparticle reactor based on a specific production process is very variable 

and optimised for specific products, it is usually not possible to draw quantitative conclusions from 

the simple knowledge of the production process on the PSD of the produced nanoparticles. However, 

as the whole effort has been made to reliably produce nanomaterials to a well-defined size in the 

range of some 10 nm and with a PSD as narrow as possible, the processes mentioned in this section 

can implicitly be considered as methods to produce materials with an overwhelming fraction of 

particles below a size of 100 nm.  

Knowledge of process parameters such as composition and concentrations of precursors, their 

feeding rate and others will not be meaningful without detailed knowledge of the reactor design. 

Moreover, such information on process control parameters will be considered by most producers as 

confidential since it is the result of a long and cumbersome optimisation process which frequently 

makes the difference to products of competitors. Additionally, in many cases after the synthesis 

process an additional processing by mechanical grinding is applied in order to break up agglomerates 

that are inherently formed in vapour and liquid phase methods.
118,119

 

Usually processes are limited in the smallest particle size they allow to obtain. On the other hand, the 

production or co-production of larger particles with typical sizes above 100 nm appears to be always 

possible if the process parameters exhibit intentional or non-intentional deviations from their 

optimised values.  Typically in such cases the precursor is converted fast at high temperatures, 

leading to a high concentration of the nanoparticle forming substance, which results in high 

nucleation and growth rates, high collision rates among the small nanoparticles, and to growth by 

coalescence. The growth limit will be reached when coalescence is stopped as surface energy cannot 

be further reduced, and when particle growth has decreased their concentration and hence their 

collision rate to sufficiently low levels to stop also further growth by coagulation.
115

  

The scale-up of a nanoparticle production process producing batches of mg to g of certain 

nanoparticles per day in the laboratory into continuously operating  processes that can be run 24/7, 

producing nanomaterials at a rate of 250 g/h to 2500 g/h, is a challenge since it is usually 

accompanied by an increase in nanoparticle size.
114,115,116

  In continuous operation such production 

rates are equivalent to production capacities of about 2-20 tons per year and reactor. However, 

plants with production capacities of up to 25 t/h are in operation that are described by Stark and 

Pratsinis as resembling the “best rockets of the space shuttles departing from Cape Kennedy".
120

    

Since the aerosol characteristics are important parameters in process control the droplet formation 

technique is important. Good control can be achieved by ultrasound where with increasing 

ultrasound frequency the droplet size is decreasing. Also electro spray methods are used by applying 

a high voltage to a liquid passing in a capillary.
115,121

  

Teoh et al. 
122

 consider FSP as especially convenient for nanoparticle synthesis as it allows the use of 

less volatile precursors for the liquid feed and exhibits higher flame temperatures (up to 2600 K or 

even 2880 K) and higher temperature gradients, which facilitates upscaling production while 

essentially preserving the product properties such as size and PSD. The high gas velocities used in FSP 

yield short residence times of the growing nanoparticles in the high-temperature field and high 

temperature gradients along the flame axis. Both effects promote the production of homogeneous, 

highly crystalline, fine nanoparticles, which are spherical with only very few exceptions (CeO2 

rhomboids, BaF2 cubes, ZnO nanorods and Fe2O3 platelets).
122,123
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The adjustable process parameters that determine the quality of the nanoparticles produced by 

flame aerosol synthesis are:
114,117,123,124,125

 

• The chemical form of the precursor,  its solubility in the solvent and its physical properties 

• The viscosity of the solvent and its enthalpies of evaporation and combustion 

• The size of the aerosol droplets,  their density in the carrier gas and the flow rate into the 

reactor  

• The physical properties of the carrier gas and their effect on temperature quenching 

• The water content in the aerosol 

• The type of combustion gas (e.g. H2, CH4) and its flow rate into the reactor 

• The type of oxidant (e.g. air, O2) and its flow rate into the reactor 

• The velocity difference between the combustion gas and the aerosol entering the reactor 

• The geometrical arrangement and size of the nozzles feeding aerosol, combustion gas and 

oxidant into the reactor, as determined by the burner design of a flame spray reactor
114,115,125

 

The combination of these parameters determines the type (e.g. whether laminar or turbulent) and 

spatial extension of the flame,
120

 the temperature and temperature gradients in the reactor, and the 

local concentration and mixing of the reactants.  This in turn determines key properties of the 

production process such as the supersaturation of the precursors that can be achieved in the 

nucleation and cluster formation phase, the reaction times in certain temperature zones, and the 

collision probability between clusters and nanoparticles and hence their further growth by 

coalescence and coagulation.
123

 Therefore, the fine tuning of the listed process parameters 

determines the mean size, the PSD, composition, crystallite properties and morphology of the 

nanoparticles.
122

 It is intuitively clear that the scaling up of a laboratory process to an industrial 

production with increased material turnover on a larger geometrical scale is a difficult project if the 

properties of the nanoparticles need to be preserved. Since the best description of the quality of the 

process is given by a comprehensive analysis of the final product, detailed information on the 

manufacturing process and the process parameters is not very illustrative. 

5.4.4.2 Wet chemistry methods 

Compared to the methods mentioned so far, wet chemistry methods such as chemical precipitation, 

sol-gel methods, microemulsion techniques, sono-chemistry and hydrothermal processes play a 

minor role in large-scale industrial manufacturing of nanoparticles.
115,121

 Nevertheless they are 

important since various nanoparticulate materials cannot be produced in the required quality by 

flame aerosol processes.
118

 Silver and gold nanoparticles are mainly produced by liquid-phase 

precipitation techniques due to the good control of particle size and the low cost of the raw 

materials.
118

 The same holds for semiconductor quantum dots, which are among the smallest 

nanoparticles that are industrially produced, where stoichiometry, crystallinity and shape of the 

phases can most suitably be controlled in liquid-phase synthesis processes.
118

 Also the scale-up of 

chemical reactors, such as confined impinging jet reactors, stirred tank or vortex mixing reactors to 

increase production capacity is demanding since essential process parameters such as mixing rates, 

concentration ratios and reaction times realized in a flowing liquid need to be preserved when 

increasing the dimensions and material throughput.
126

  

Recent efforts appear to focus on microemulsion methods, which allow the production of non-

agglomerated inorganic nanoparticles with controlled composition, shape and size. With respect to 

other wet chemistry methods the improved control is achieved by creating two microemulsions of 

reverse micelles in a continuous oil phase. The reverse micelles present nm to µm sized aqueous 

domains filled with small amounts of reactants. After mixing the microemulsions, collisions and 

coalescence of droplets containing the different reactants create a confined reaction space with 

limited amount of reactants thereby achieving excellent control over the nanoparticle 

properties.
121,127

 In this way inorganic nanoparticles below 50 nm size with narrow PSD can be 

obtained, and metallic nanoparticles in a size range of 2 nm to 5 nm can be produced.
127
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5.4.4.3 Microwave plasma process 

Very small nanoparticles with a size below 10 nm and a very narrow PSD can reliably be produced by 

the microwave plasma process,
115 ,128

 where the nanoparticles are electrically charged. By addition of 

water vapour to the carrier gas the charge of the nanoparticles can be modified and even neutralized 

due to collisions with OH
-
-ions which allows a tuning of particles size and PSD.

128
 There are various 

design options for creating a microwave plasma reactor. Therefore the design and the choice of the 

key process parameters, mainly gas pressure, frequency and field strength of the electrical field can 

be adjusted to different needs
128

 and many different nanoparticle species such as GeO, Fe2O3, Co3O4, 

TiO2, ZrO2, FePt, Ni, WS2 and microwave coated nanoparticles can be produced with tuneable size 

and PSD.
115,128

 It is probable that the microwave plasma process can be scaled up for large scale 

production of nanoparticles.
115,128

 

5.4.4.4 Mechanochemical processing 

Some nanoparticle species can also be produced in a bottom-up process from the solid phase by high 

energy dry ball milling at low temperatures.
118 Nanoparticles are formed from precursor powders 

that are mixed with a salt powder which is used as a matrix that prevents aggregation and 

agglomeration of the desired nanoparticles.
118, 129

 Mechanochemical processing leads to the 

formation of nanosized composite structures from precursor powders by repeated deformation, 

fracture and welding of the nanometer-sized grains.
118

  On the freshly created surfaces chemical 

reactions occur at temperatures that are much lower than those required in alternative production 

methods such as plasma spray methods.
118,129

 By careful selection of the chemical reaction paths, the 

stoichiometry of the precursor materials, and the ball milling conditions, nanoparticles can be 

synthesised which are dispersed in a salt matrix, in which they can even be subjected to additional 

heat treatments without risk of agglomeration or aggregation before they get separated from the 

matrix.
129

 In this way nanoparticles of nearly spherical shape, narrow PSD and low level of 

aggregation can be obtained
118

 and mean nanoparticle sizes as low as 5 nm have been reported.
129

 

The disadvantage may be that additional processes are required to separate the nanoparticles from 

by-products and matrix material, which creates additional cost and the risk of contamination.
118

 

5.4.4.5 Relating manufacturing process to the EC nanomaterial definition 

There are only a few systematic investigations concerning the effects of the manufacturing process 

on the characteristics and quality of nanoparticles. In ref. 118 the case of ZnO nanoparticles is 

reported, that were produced from the solid, liquid and vapour phase. Their characterization with 

BET, XRD and DLS agree in particle size for the nanoparticles produced by the solid phase method, 

which results in small (24 nm) monodisperse particles. The liquid phase method resulted in ZnO 

nanoparticles of the same size, however with some aggregation or agglomeration detectable by DLS. 

The vapour phase method yields also aggregated and/or agglomerated particles which exhibit 

however a two to three times larger size, and it generated nanoparticles with about four times more 

radicals (normalized to the surface area).
116,118

 In ref. 116 it is therefore emphasized that "the 

manufacturers should recognize the unique properties of their products compared to those of other 

manufacturers, based on their production techniques and process conditions". Thus, depending on 

the desired application of nanoparticles, the user needs information going beyond those related to 

size since PSD, degree of agglomeration and shape, as well as photocatalytic activity, 

photoluminescence and UV-Vis transmission may determine whether e.g.  ZnO or CeO2 nanoparticles 

of a certain manufacturer are suitable for a specific application.  

5.4.4.6 Conclusion 

The above overview gives an idea of the wide range of particle production processes that exist, and 

also the complexity of these processes and of the relationship between the various production 

parameters and the final product size characteristics. While modelling of some processes is possible, 

it is clear that careful characterisation of the products is often the most appropriate method of 

determining whether the production process is achieving the desired result. It is also clear that a lot 

of information exists regarding production methods and final product size characteristics, though it is 
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likely that the reported size parameters are in general not those required for assessment against the 

EC definition. This said, the overview illustrates that many production processes are in fact optimised 

to produce powder materials that will almost certainly fall within the recommended EC definition, 

and that a significant number of products would not need to be re-examined to determine their 

nanomaterial classification. Additionally, some but not all bottom-up processes are suitable for 

analysis of constituent (or primary) particles before aggregation/agglomeration takes place post-

production, thereby offering an opportunity for more reliable and possibly less costly classification 

against the EC definition. 

It can be argued that only “large” manufacturers of powder materials have the resources necessary 

to carry out suitable studies to determine whether their products fall under the EC definition, and 

that such studies may already have been performed as part of their production process 

development. Small manufacturers with limited resources, using production processes that are not 

optimised for the production of nanoscale particles (for example top-down milling processes) may 

face more difficulties, especially if production parameters are varied in order to modify product 

characteristics. In such cases, costs may be contained by, for example, using the concept of “product 

families” and “lead products” as outlined in the next section. Where production parameters are not 

varied, then periodic size analysis combined with process/product consistency control (e.g. VSSA for 

product consistency) may be used instead. 

5.4.5 Possibilities for read-across 

There is concern that testing of materials with respect to the current recommended EC definition will 

place a high economic burden on manufacturers, especially if TEM will be required for a reliable 

classification of individual materials. This section will take a purely conceptual look at some possible 

ways to reduce such testing and the associated costs. The section starts by presenting the “read-

across” concept as applied in REACH, and then looks at how analogous methods may be applied to 

nanomaterial testing. 

5.4.5.1 What is read-across? 

Read-across is a concept applied in REACH that can be used to eliminate unnecessary testing 

(primarily toxicological and ecotoxicological) of substances and/or to fill data gaps. The following 

extracts are taken directly from: 

http://echa.europa.eu/documents/10162/13628/read_across_introductory_note_en.pdf : 

“Substances that are structurally similar with physicochemical, toxicological, ecotoxicological and/or 

environmental fate properties that are likely to be similar or to follow a regular pattern may be 

considered as a group of substances. These similarities may be due to a number of factors: 

• Common functional group (i.e. chemical similarity within the group)  

• Common precursors and/or likely common breakdown products via physical and/or biological 

processes which result in structurally-similar degrading chemicals  

• A constant pattern in the properties across the group (i.e. of physico-chemical and/or biological 

properties)  

For registration of a substance under REACH, the information requirements have to be met. Within a 

group of substances, a data gap might be filled by read-across, as described below… 

… The application of the grouping concept described above means that REACH information 

requirements for physicochemical properties, human health effects and/or environmental effects 

may be predicted from tests conducted on reference substance(s) within the group, referred to as 

source substance(s), by interpolation to other substances in the group, referred to as target 

substance(s), and this is called read-across.  
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Thus, read-across is regarded as a technique for predicting endpoint information for one substance 

(target substance), by using data from the same endpoint from (an)other substance(s), (source 

substance(s)). Consequently, the read-across approach has to be considered on an endpoint-by-

endpoint basis due to the different complexities (e.g. key parameters, biological targets) of each 

endpoint.  

The term analogue approach is used when read-across is employed within a group of a very limited 

number of substances for which trends are not apparent: i.e. the simplest case is read-across from a 

single source substance to a target substance. Alternatively, with a higher number of substances in a 

group the term category approach is used.  

Read-across must be, in all cases, justified scientifically and documented thoroughly. There may be 

several lines of evidence used to justify the read-across, with the aim of strengthening the case.” 

5.4.5.2 What is the equivalent of read-across for “nanomaterial” classification? 

With respect to particle size measurements for classification of particulate materials against the 

currently recommended EC definition, the equivalent of “read-across” would mean that PSD 

measurement would not be required on a particular material (the “target material” using analogous 

terminology to REACH) if a measured property of that material which is directly related to the 

median value of the number-based PSD (with size meaning that particle dimension suitable for 

assessment with respect to the definition), is sufficiently similar to that of another material (the 

“source material” using analogous terminology to REACH) for which the median value of the PSD is 

known, under the premise that all other physicochemical characteristics of the two materials have 

been shown (as a function of particle size) to have identical influence on the measured property. In 

such a case the median value of the PSD of the “target material” could be inferred to be sufficiently 

close to that of the “source material” and if the uncertainty associated with this exercise is low 

enough, a classification of the material may be made.  

This is a highly unlikely scenario for particulate materials, especially for particles that are not 

chemically identical and created using identical synthesis processes. However, there are a number of 

cases where it may be possible to avoid extensive testing of many individual materials via an 

extension of the read-across concept as described in the following sub-section, and/or to classify 

materials based on groupings and well-characterised “lead products”. 

5.4.5.3 Extension of the read-across concept 

Classification of particulate materials as being a nanomaterial or not requires a reliable 

determination as to whether the median value of an appropriate size parameter is above or below 

100 nm. The appropriate size parameter is not specified in the definition. One such size parameter is 

the Minimum Feret Diameter (xF,min),
53

 which can be determined from two-dimensional TEM images. 

For spherical particles xF,min corresponds to the diameter of the circle that constitutes the 2D image 

of the particle, but for platelets or rods the smallest physical dimension may not be easy to 

determine with microscopy techniques, especially for platelets. Guidance is required as to the 

appropriate parameter to use for a variety of sample shapes (see also section 4.3.5). 

The most obvious modifications of read-across as applied to classification of particulate materials 

might be termed “read-up” and “read-down”: 

Read-up would mean that if a measured property of a “target material” that is directly related to 

particle size (only) can be shown to be characteristic of a material with a median size (size referring 

to the appropriate particle dimension regarding the EC definition) above that of a “source material”, 

the median size of which is known, then the median size of the target material can be taken to be 

above that value (minus possibly a correctly determined uncertainty). 

Read-down would mean that if a measured property of a “target material” that is directly related to 

particle size (only) can be shown to be characteristic of a material with a median size (size referring 

to the appropriate particle dimension regarding the EC definition) below that of a “source material”, 
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the median size of which is known, then the median size of the target material can be taken to be 

below that value (plus possibly a correctly determined uncertainty).  

If the theory establishing the relationship of the measured property with particle size is reliable, then 

the use of a reference (i.e. the “source material”) may be unnecessary in some cases.  

There are hypothetical (and possibly some practical) cases where read-up or read-down according to 

the above definitions might be quite accurate even for small differences in particle size. For example, 

nearly monodisperse samples of approximately spherical quantum dots would show shifts in optical 

properties that can be reliably related to increases or decreases in particle size, and monodisperse 

metallic nanoparticles would show similar shifts in the position of surface plasmon resonance peaks 

as a function of particle size. However both of these cases are of relevance to the lower end of the 

nano-range (1 nm to 100 nm) and are not of use where particles are closer to the 100 nm threshold 

of the EC definition.  

VSSA is in fact a good example where “read-down”, without a reference “source material”, may be 

quite reliable for a large number of dry powder materials. A sample of perfectly monodisperse, solid, 

non-porous, non-aggregated spherical particles with a diameter of 100 nm will have a VSSA of 

60 m
2
/cm

3
. Broadening the number-based PSD, while maintaining a median size of 100 nm, will 

reduce the measured VSSA, as will aggregation or agglomeration of the constituent particles. 

Deviation of the shape from approximately spherical towards basic shapes such as platelets or 

rods/needles, while maintaining the median minimum dimension at 100 nm, will also reduce VSSA 

(though there are unlikely exceptions to this such as tetrahedrons or octohedrons). The only obvious 

scenario whereby a VSSA greater than 60 m
2
/cm

3
 would be measured for a sample with median 

minimum dimension greater than 100 nm would be for porous samples or for samples with 

constituent particles of rather complex shape. Thus a VSSA > 60 m
2
/cm

3
 is often a reliable indication 

that the PSD of a material would also classify the material as a nanomaterial. However, a VSSA < 

60 m
2
/cm

3
 is clearly NOT a reliable indicator of “non-nanomaterial” status (see also section 5.4.1). 

“Read-down” may also be reliable for DLS, given the known issues in dealing with polydisperse or 

aggregated/agglomerated samples, and the fact that the hydrodynamic diameter of a platelet or rod-

shaped particle will usually be higher than the minimum external dimension. If a DLS determined 

light-intensity-based PSD indicates particles with a mean hydrodynamic diameter of approximately 

100 nm or less then it is highly likely that the sample should be classified as a nanomaterial. This is 

due to the fact that the presence of any significant number of particles with a diameter of greater 

than 100 nm will certainly shift the DLS peak to higher size values due to the much more intense light 

scattering from the larger particles. Using the light-intensity-based PSD eliminates the very major 

artefacts and possible errors that may be introduced in conversion to number based PSD. 

Conversely, a hydrodynamic diameter of > 100 nm is NOT a reliable indicator, except in very specific 

cases, of non-nanomaterial status. 

It is not inconceivable that “read-up” or “read-down” with the use of a reference “source-material” 

may offer an opportunity for both positive and negative classification with respect to the EC 

definition. A purely hypothetical example could be where particles are grown (bottom-up) in a liquid 

phase process using a specific synthesis technique, and immediately stabilised as monodisperse non-

agglomerated particles. Even for particles with non-spherical shapes, if a “source material” 

representing a mean minimum dimension of 100 nm can be used to establish a reference DLS size 

distribution, then “target materials” synthesized to different sizes but using a more or less identical 

process might be reliably classified against the source material. The same concept might be 

applicable to certain gas-phase synthesized particulates and VSSA determination, though 

aggregation/agglomeration in the dry state may prevent this from being reliable.  

Another example could be the use of XRD, where peak-widths are sensitive to constituent particle 

size, irrespective of the state of agglomeration/aggregation. Comparison of XRD peak widths of 

samples grown to different constituent particle sizes may offer an opportunity for rapid assessment 

of “nanomaterial-status”, even for non-spherical particles. In this case it would have to be verified 
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that the constituent particles are monocrystalline and reasonably monodisperse (especially for 

positive classification).  

It should be noted that due to the various issues associated with most size measurement techniques, 

“read-up” is unlikely to be reliable for many industrially produced particulates, and the extensive 

experimental/theoretical justification required for read-up classification in specific cases may be 

more time-consuming and expensive than straightforward PSD measurements by TEM. 

5.4.5.4 Product families and “lead products” 

A very similar idea to read-up and read-down is that of product families where logical size 

relationships can be deduced simply from the relative particulate material synthesis parameters. In 

this case, a group of products may all be classified as “nanomaterial” or “non-nanomaterial” by 

careful analysis of a “lead product”. This idea is proposed in a joint study by the JRC and 

Eurocolour.
113

 The “lead product” would represent the material with either the highest or lowest 

median particle size, determined with an appropriate method such as TEM, taking into account the 

correct size parameters for assessment with respect to the EC definition. Products that logically have 

a higher or lower median size than the “lead product” – e.g. because of shorter/longer grinding times 

or shorter/longer particle growth times or lower/higher precursor concentrations at synthesis – 

would not necessarily have to be characterised using time-consuming and expensive TEM analysis.  

5.4.5.5 Conclusion 

The “read-across” concept as used in REACH is not likely to be generally applicable to the problem of 

classifying particulate materials with respect to the EC definition. However, in well-justified cases, 

read-down and product families may represent effective methods for avoiding time-consuming and 

expensive characterisation of large numbers of materials (see e.g. Section 5.4.1 on VSSA). However, 

given the known issues with most PSD measurement methods, only in very specific and well justified 

situations would read-up be acceptable for classification as non-nanomaterial. Also, it is likely that 

full TEM analysis would be a faster and more economic solution than an extensive read-up 

justification study, unless large numbers of materials would be covered by the study.  

5.5 The financial implications of the analytical challenges 

5.5.1 Estimates from JRC report EUR 26567 

The conclusions of JRC report EUR 26567 (ref. 2) on the resources needed for the implementation of 

the EC definition pointed to the development of an effective and reproducible dispersion protocol as 

the main driver for very high cost (see Section 5 of ref. 2). Nevertheless, the estimate of the median 

time per measured sample is below what is needed for the development and execution of many 

chemical analyses. In terms of cost, and momentarily ignoring the wide range of reported 

measurement times, an average cost was estimated for the development of a dispersion protocol 

and instrument set-up (EUR 1.300) as well as for the marginal cost (EUR 350) per additional test 

sample. It has also to be considered that applying several different measurement methods will 

increase the incurred cost per material.  

5.5.2 Feedback on the estimates from JRC report EUR 26567 

Despite the caveats mentioned by JRC, several stakeholders have challenged the conclusions of the 

costs section of the JRC report. For example, there seems to be a discrepancy between the cost of 

developing a dispersion protocol and instrument set-up, and the marginal cost per additional test 

sample. The small difference between both estimates suggests that the number of measurements 

needed during the protocol development is unrealistically low.  

More generally, industry claims that the costs associated with experimentally assessing whether a 

material is a nanomaterial or not, are much higher.
130

 It was stated that the JRC report correctly 

identified the person-time required for sample preparation but underestimated the time for TEM 
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image evaluation given the diversity of particulate materials. For a particular large chemicals 

producer, considering the amount of materials to be assessed (~ 10000), estimating the time for TEM 

analysis at about 1.85 days per material, and counting 220 working days per year, the effort would 

correspond to more than 200 person-years of TEM. However, such high numbers are obtained by 

multiplication of the time needed for one material with a high number of materials – which, 

regardless of the ease or difficulty for each individual assessment will yield high numbers. It seems 

reasonable to assume that the companies that have so many different materials in their portfolio are 

also the very ones who are able to bear the burden of assessment. 

In order to decrease the costs, (at least part of) the industrial stakeholders promote the use of VSSA 

as a broad market screening method, since it achieves for many materials the same classification 

(nanomaterial or not) as the more expensive TEM method, but at only 2 % of the TEM-analysis cost. 

However, preference of some for cheaper screening methods should not influence the definition: it is 

up to the user to decide whether the risk taken by using a screening method is acceptable or not. 

5.5.3 Conclusion 

It is clear that the exact financial implications are difficult to report as a single, generic number. The 

variety of materials categorised under the name 'nanomaterial' is one obstacle, but also the 

perceived and/or real ambiguities in the current EC definition (see Chapter 4) render a robust 

assessment problematic. With these caveats in mind, and without being quantitative, it is important 

to remember from this and previous sections that, in general: 

- the cost of correctly measuring (within a given measurement uncertainty) the fraction of particles 

within the 1 nm to 100 nm range, increases when this fraction decreases; 

- the cost of reliably categorising a material as being a nanomaterial, or not, increases as the actual 

fraction of nanoparticles in the material approaches the chosen threshold value because the 

measurement uncertainty required to make a reliable decision decreases (see also Section 5.2.6.1).  
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6 MATERIALS EXPLICITLY INCLUDED IN THE DEFINITION 

In the 2011 European Commission definition of nanomaterial (2011/696/EU),
1
 three materials were 

explicitly included, on top of the materials meeting the generic size-based criterion:  

By derogation […], fullerenes, graphene flakes and single wall carbon nanotubes with one or more 

external dimensions below 1 nm should be considered as nanomaterials.  

Fullerenes are closed-cage structures consisting of an even number of three-coordinate carbon 

atoms devoid of hydrogen atoms. ISO defines a fullerene as "molecule composed solely of an even 

number of carbon atoms, which form a closed cage-like fused-ring polycyclic system with 12 five-

membered rings and the rest six-membered rings" (ISO/TS 80004-3:2010).
131

 The diameter of the 

fullerene C60 is around 1 nm.
132

  

Single Walled Carbon Nanotubes (SWCNT) are an allotrope of carbon which take the form of 

cylindrical carbon molecules.
133

  According to ISO/TS 80004-3:2010
131

 a SWCNT is a hollow nanofibre 

composed of carbon and consisting of a single cylindrical graphene layer. The diameter of a SWCNT 

can be around 1 nm and larger and their length can vary from few nms to more than 1 µm.
134  

Graphene is defined by IUPAC (International Union of Pure and Applied Chemistry) as "a single 

carbon layer of the graphite structure, describing its nature by analogy to a polycyclic aromatic 

hydrocarbon of quasi infinite size".
 135

 ISO/TS 80004-3:2010
131

 defines graphene as single layer of 

carbon atoms with each atom bound to three neighbours in a honeycomb structure. 

Fullerenes, single wall carbon nanotubes and graphene flakes are usually (e.g. in the scientific 

literature) regarded as nanomaterials. However, their smallest external dimension can be smaller 

than 1 nm meaning that they do not fall into the size range (1 nm – 100 nm) specified in the 

definition. Nevertheless they are considered as nanomaterials due to the derogation.  

6.1 Methods to detect and identify fullerenes, single-wall carbon nanotubes and graphene 

6.1.1 Fullerenes, graphene flakes and single wall carbon nanotubes in the EC definition 

According to the EC definition, fullerenes, graphene flakes and SWCNTs are considered as 

nanomaterials, even if their minimum external dimension is below 1 nm. It seems to be reasonable 

to assume that this includes also functionalized SWCNTs and fullerenes.  Hence, for these materials 

the definition replaces the size criterion by a criterion of chemical identity. However, as no material 

is 100 % pure, criteria need to be specified from when on a material is regarded as a "fullerene", CNT 

or graphene.  

The straightforward approach is to use the same criterion as for other materials: the 50 % threshold 

value in the particle number based PSD. However, this approach is not clearly imposed in the current 

Recommendation. If applied, then similar issues would need to be considered, such as the 

measurement and counting of aggregated SWCNTs, fullerenes or graphene flakes.  

An alternative approach is the one outlined in the ECHA document on  the "Identification and 

Naming of Substances under REACH and CLP"
136

, according to which materials consisting for > 80 % 

by mass of fullerenes, CNTs or graphene should be considered nanomaterials. (Note: this 80 % does 

not consider solvents or additives.) Substances of a purity of < 80 % are to be considered multi-

component systems. Therefore it seems reasonable to use the 80 % as a purity cut-off below which 

materials are no longer considered for application of the derogation criterion. Since the 80 % 

criterion is used only as a rule of the thumb for the purposes of REACH, it might be helpful to clarify 

the applicability of it for the derogation of certain substances in the EC nanomaterial definition.  
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6.1.2 Standards for the identification of fullerenes, graphene flakes and single wall carbon 

nanotubes 

Currently, there are no published standards that are explicitly designed for the identification of 

fullerenes, CNTs and graphene, neither from ISO, ASTM nor IEC. However, several documentary 

standards for the characterization of SWCNTs and measurements of their key properties have been 

published by ISO, ASTM and IEC (see e.g. section 6.5 in ref. 2). Most of these standards aim to 

characterize the purity of a CNT material, where the identity of the main component (i.e. whether it 

is a CNT or not) is already beyond doubt from the production process. Similarly, standards are in 

preparation for the characterization of graphene. Again, the main aim is the characterization of the 

graphene properties rather than identification of graphene.   

For fullerenes, the absence of standard measurement methods to identify them is not a problem: 

unlike CNTs and graphene, fullerenes are clearly defined molecules that are not different to any 

other molecule. One might therefore argue that fullerenes are not particles at all, as they do not 

fulfill one of the key properties of particles, namely continuity in size (whereas e.g. silver 

nanoparticles can have any size from sub-nm Ag clusters to several hundred nanometres, a fullerene 

molecule can only have one size specific to this molecule). Therefore, the methods of classical 

analytical chemistry are sufficient to identify fullerenes. This has been proven by several research 

papers that quantify the concentrations of fullerenes in various matrices.
137,138,139

  

Compared to fullerenes, the situation is different for graphene, which can come in various sizes. 

ISO/TC 229 'Nanotechnologies' recently accepted a new work item proposal that should lead to the 

development of a Technical Report containing a matrix of relevant graphene properties and the 

methods with the potential to assess these properties. This matrix could serve as an initial guide for 

developing the necessary international standards in graphene characterization in future. On the 

other hand, there are currently no industrial applications of graphene, which largely eliminates the 

need for a standard for the detection of graphene. However, such a method might be needed when 

products containing graphene are brought to the market. 

CNTs are currently the only group of the three explicitly mentioned additions in the definition that 

already has technical uses, which may make identification more urgent. However, the properties of 

CNTs differ so markedly from other forms of carbon, that they are clearly traded as such. There is 

therefore no uncertainty whether a container of raw material labeled as “CNTs” contains indeed 

CNTs. As the inclusion does not depend on any size, the labeling from the supplier provides sufficient 

evidence that one is dealing with a nanomaterial. Therefore, there is currently no need for 

development of standards for the identification of CNTs beyond the already existing standard 

characterization methods such as TEM
140

 and SEM (in combination with EDX),
141

 near infrared 

photoluminescence spectroscopy,
142

 ultraviolet-visible-near infrared spectroscopy,
143

 evolved gas 

chromatography-mass spectrometry,
144

 and thermogravimetry.
145

  

6.1.3 Other measurement methods to identify fullerenes, CNTs and graphene 

As fullerenes, CNTs and graphene are subject of intense research, a number of papers have been 

published that also include their identification. The situation is straightforward for fullerenes: as they 

are not particles in the common sense of the word but clearly defined molecules, they can be 

identified for example using their mass spectra. Identification of CNTs and graphene flakes is possible 

using e.g. microscopic techniques or probing their electrical properties. Raman spectroscopy has 

been proposed to be used for the identification of graphene flakes. Although a literature review on 

this subject is beyond the scope of this report, it is clear that methods exist that allow identification. 

6.1.4 Conclusion 

While there are currently no standardised methods available that are specifically developed for the 

identification of fullerenes, CNTs and graphene, a number of relevant methods that characterize 

CNTs and fullerenes are described in the scientific literature. There is no urgent need of 
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standardisation for indentification of graphene, also because it might well be that such method 

would not yet meet the requirement of market relevance.  

6.2 Expansion of the list of explicitly included materials 

In this Section, we will discuss the possible extension of the current 'positive' list (of fullerenes, 

SWCNTs and graphene flakes) to other materials. This will be done mainly by an evaluation, whether 

other particles exist which have dimensions around the lower size limit of the definition, and are 

usually regarded as nanomaterials. Particles around/above the upper size limit will not be discussed 

here, as they are are covered under nanostructured materials (Chapter 7). The following materials 

will be considered in this chapter: different shapes of graphene, nanotubes with composition other 

than carbon atoms (e.g. titania, silicon and peptides), quantum dots and nanoclay. Thereafter, some 

general considerations will follow. 

6.2.1 Graphene 

Besides nanoflakes, graphene can occur in other shapes such as nanoribbons,
146 

nanocones or 

nanodots,
147

 and can be found in different chemical forms such as graphene oxide.
148 

The most 

common graphene types are the nanoribbons and the graphene oxides. Nanoribbons are thin strips 

of graphene and are morphologically different from other forms of graphene. Graphene oxide is a 

graphene layer which was oxidised. Figure 4 shows three basic types of graphene.  

 

Figure 4: The three basic type of graphene, (a) an infinite graphene sheet or membrane, 2D graphene 

(b) a graphene nanoribbon, 1D graphene, (c) a graphene nanoflake or graphene 

nanodot, 0D graphene (© 2011 Ian Snook and Amanda Barnard. Originally published in 

I. Snook, A. Barnard, in Physics and Applications of Graphene - Theory, Dr. Sergey 

Mikhailov (Ed.), ISBN: 978-953-307-152-7, InTech, DOI: 10.5772/15541, 2011 under CC 

BY-NC-SA 3.0 license. Available from: http://dx.doi.org/10.5772/15541)
147 

The question arises, whether it was the intention to include all different graphene shapes by the 

wording "graphene flakes", and whether the derogation should be modified to provide clarity 

concerning different graphene shapes. An explicit extension to all particulate graphene forms, 

including possibly also multi-layer graphene, could simplify the characterisation, as it would not be 

necessary to determine the shape of the graphene particles, or even to know if it is oxidised or not in 

order to decide whether it is covered by the EC definition. Non-free-standing graphene could 

similarly be included, or explicitly excluded. 

6.2.2 Nanotubes 

The occurrence of carbon in the form of nanotubes is well known, but nanotubes of other chemical 

elements are also synthetized and manufactured, e.g. titanium dioxide nanotubes, silicon nanotubes 

or organic nanotubes. The diameters of these different nanotubes are not as small as those of 
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SWCNTs. Nevertheless, it could be considered to extend the definition to all sorts of nanotubes. This 

would provide clarity in case the diameter (the "outer" one since only the smallest external 

dimension is important for the EC Recommendation) is smaller than 1 nm.  

There are different definitions of the term "nanotubes". The one given by ISO is a 'hollow 

nanofibre'.
57

 But this can be ambiguous since nanotubes can also be filled. For example, some 

nanoparticles which were used during synthesis are present in carbon nanotubes.
 149 , 150

 

Furthermore, there is also some research concerning nanotubes to be filled intentionally with 

molecules,
151

 or nanoparticles.
152, 153

 It is not clear from which level of filling nanotubes are still 

considered as hollow. Therefore, nanotubes are also defined as a cylindrical nanostructured 

material.
154

 

ISO also defines "nanorod" as a 'solid nanofiber'.
57

 However, various companies and also academic 

researchers do often not refer to this definition.
155,156,157, 158

 The definition given by the company 

READE,
158

 for example, is also used: 'nanostructures shaped like long sticks or dowels with a diameter 

in the nanoscale but having a length that is very much longer; each of their dimensions ranges from 

1 nm to 100 nm; standard aspect ratios (length divided by width) are 3-5.' 

 

 

Figure 5: TEM image of the as-prepared titanium oxide nanotubes produced by alkali hydrothermal 

treatment of anatase TiO2 powder. Reprinted with permission from O. P. Ferreira, et al., 

J. Braz. Chem. Soc., Vol. 17, p. 393, 2006.
159 

Titanium dioxide nanotubes (TNTs) with diameters rangeing between 6 nm and 100 nm are studied 

because of their photocoatalytic properties.
160

 TNTs can also be used in dye-sensitized solar cells, 

electrochromic devices,
 161 

or in biomedical applications. The 3D structure is also optimal for 

embedding precursors to hydroxyapatite formation.
162

 Figure 5 shows a picture of TNTs.
159

 

Scientists and engineers have already begun to consider the possible uses of silica and silicon 

nanotubes.
163 , 164 , 165

 Some researchers are studying their use for a new lithium-ion battery 

electrode
166 , 167 

or explosives sensors due to their porous surface.
168 

Their diameters range between 

2 nm and 100 nm.
153,165, 169

 Figure 6 shows a picture of silicon nanotube.
 170
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Figure 6: TEM image of a silicon nanotube grown from silicon monoxide under supercritically 

hydrothermal conditions (Reprinted figure with permission from Y. H. Tang et al., Phys. 

Rev. Lett. 95, 116102, 2005, Copyright (2005) by the American Physical Society, 

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.95.116102.
 170 

Not only inorganic material could be manufactured in tube form. Self-assemblies of peptide 

nanotubes (PNTs) have appeared as another interesting nanostructure to be explored in the field of 

nanotechnology.
171, 172

 Patents have already been registered.
173, 174, 175 

The applications of PNTs are 

various such as tissue engineering, drug release, novel antibacterial agents, biosensors or 

nanoelectronics.
161,176

  Figure 7 displays a typical chemical structure for a cyclic peptide and 

illustrates schematically the self-assembly of such peptides into nanotubes and nanotube arrays.
177

 

 

 

Figure 7: Structure of a cyclic peptide and their schematic self-assembly of peptides into nanotubes 

(Reprinted by permission from Macmillan Publishers Ltd: C. R. Martin, P. Kohli, Nat. Rev. 

Drug. Discov., vol. 2, p. 29, 2003.
177
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6.2.3 Quantum Dots 

Quantum dots are nanocrystals, typically with a size in the range of 1 nm to 10 nm and made out of a 

hundred to a thousand atoms. These semiconductor materials can be composed of one kind of 

element, such as silicon or germanium, or a compound, such as CdS or CdSe. According to CEN 

ISO/TS 27687,
57 

a quantum dot is defined as a 'crystalline nanoparticle that exhibits size dependent 

properties due to quantum confinement effects on the electronic states'. Due to their optical and 

semiconductor properties, quantum dots can be used in many sectors: solar cells, bio imaging, LEDs, 

painting, medical devices.
178,179,180,181,182,183,184

 

 

Figure 8: (a) Quantum dots; Image courtesy of Jian-Min Zuo and University of Illinois at Urbana-

Champaign, (b) Vials of quantum dots which emit light with a wavelength depending on 

their size (from ref. 185, used under GNU Free Documentation License, Courtesy Dr. 

Antipoff) 

The synthesis of these nanocrystals is easily controllable but, due to their tiny size, it could be 

difficult to determine their size without using electronic microscopy.
167

Their external size, though 

usually in the range between 1 nm and 10 nm,  can  be close to the lower size limit of the definition. 

Therefore it might be considered whether they should be explictly mentioned in the definition along 

with fullerenes, SWCNT and graphene.  

6.2.4 Nanoclay 

Nanoclay is defined as clay from the smectite family having a unique layered morphology with layer 

spacing in the nanometre range.
55

 The most common nanoclay material is montmorillonite, which 

consists of ~ 1 nm thick aluminosilicate layers as a principal component substituted with a variety of 

other metal cations like magnesium, calcium or potassium and a varying amount of water 

molecules.
186

 

Nanoclay figures on the list of the OECD sponsorship programme for the testing of manufactured 

nanomaterials,
187

 as it is often considered as nanomaterial. However, the relevant external 

dimension can be close to the lower size limit of the definition. Therefore, it could be considered to 

mention nanoclays explicitly in the definition. 
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Figure 9: (a) Scheme of nm-thick montmorillonite clay with aluminosilicate layers. (b) TEM 

micrograph of 2% nanoclay, Nanomer® I.34TCN — Nylon 6 nanocomposite showing 

complete dispersion of clay layers into distinct plate-like nanoparticles, appearing as 

dark stripes on the brighter matrix background (from ref. 188, reprinted with 

permission, image courtesy Nanocor).
 

 

6.2.5 General considerations 

Ideally, the definition would cover all materials which should be regarded as nanomaterials without 

the need of any derogation. Any list with explicit inclusions or exclusions questions the rationale of 

the definition by including materials which do not fulfil the definition. Furthermore, a regular review 

of such lists might be needed in light of technological developments. However, inclusion (or 

exclusion) lists can be a pragmatic solution to a policy problem. 

As previously said, the smallest external dimension of graphene ribbons and graphene dots, or 

nanoclay can be smaller than 1 nanometer. To cover these materials, which are widely considered as 

nanomaterials, univocally in the definition, one has two options: either one broadens the scope of 

the definition by changing the lower limit of the considered size range (now 1 nm), or one extends 

the already created list of materials explicitly included in the definition (now consisting of fullerenes, 

graphene flakes and SWCNTs). Both options have advantages and disadvantages.  

It is difficult to choose appropriate quantitative criteria, i.e. size limits, to set the scope of the 

nanomaterial definition, as there is no unambiguous natural borderline between nanomaterials and 

non-nanomaterials. Every chosen set of criteria therefore will be chosen by compromising between 

materials that should have been covered by the general definition, but are not, and materials that 

are covered by the general definition, but should not. An extension of the scope of the basic 

definition by changing the lower size limit might result in a considerable increase in the number of 

unintentionally included materials that fit the definition.  

The other option should therefore be considered, which is to extend the inclusion list, e.g. for 

graphene ribbons and graphene dots, and nanoclay which can be smaller than 1 nm. Currently 

quantum dots and titania, silica or silicon or peptide nanotubes are usually above 1 nm. However, in 

light of the quick development in this area one could also consider to include these materials in the 

list. An extension of the inclusion list could have several advantages. Classifying borderline 

substances straight away as nanomaterials would save time and costs for the analysis for industry, 

would make the decision, whether or not a material is a nanomaterial according to the definition, 

simpler, and would provide legal clarity for industry as well as for the legislator. 
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7 NANOSTRUCTURED MATERIALS 

7.1 Regulatory relevance of nanostructured materials 

7.1.1 Introduction 

The term "nanostructured material" is frequently used in the scientific literature and in many other 

publications in the field of nanotechnology. Currently there is no specific definition recommended by 

the EC for this term. For the purposes of this report the definition by ISO
L
 is used, i.e., a 'material 

having internal or surface structure in the nanoscale'. ISO in addition proposes a scheme for a non-

exhaustive further classification of nanostructured materials,
3
 which is also referred to in Report 1:

2
  

• nanostructured powder 

• nanocomposite  

• solid nanofoam 

• nanoporous material 

• fluid nanodispersion 

In addition to these classes, nanostructured materials that do not fall under that sub-classification 

scheme such as objects with surface nanostructures and materials with layered nanostructures (layer 

thickness in the nanoscale) will also be considered here. 

The EC definition explicitly covers only particulate materials, i.e., materials consisting of unbound 

particles and their agglomerates and aggregates (Recitals 4 and 7 and Definition sentence (2)).
1
 This 

is in line with a previous JRC Reference Report
53

 suggesting that a definition of nanomaterial for 

regulatory purposes should address particulate materials. The EC definition uses the number based 

PSD of the constituent particles to assess whether a material is a nanomaterial.
1
 Aggregates and 

agglomerates of constituent particles that fall under the EC definition are nanostructured materials 

according to ISO terminology. Therefore the EC definition already covers certain types of 

nanostructured materials, including several types of nanostructured powders which consist of 

nanostructured agglomerates and nanostructured aggregates in the ISO sense. 

Consequently, if a legal provision addresses particulate materials and also refers to the EC definition, 

then particulate nanostructured materials are covered by that particular legal provision. In this 

context it also remains to be clarified whether the ISO definition of "particle" and the European 

Commission's position on the interpretation of this term are the same or whether there are certain 

differences. A discussion on that subject can be found in section 4.3.1 of this report.  

7.1.2 Regulatory relevance of nanostructured materials 

Nanostructured materials are relevant from a regularory point of view if they are covered or 

addressed by regulatory provisions. This relevance can be independent from the fact that the 

material is nanostructured, for example if a specific regulatory provision covers certain materials, 

including, but not limited to, nanomaterials.  

7.1.2.1 Nanostructured powder 

According to ISO/TS 80004-4
189

 a nanostructured powder is a powder comprising nanostructured 

agglomerates, or nanostructured aggregates, or other particles of nanostructured material. 

                                                           

 
L
 ISO terms reproduced from the ISO Online Browsing Platform (https://www.iso.org/obp/ui/). Copyright remains with ISO. 
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Nanostructured powders are relevant from a regulatory perspective in a variety of sectors, e.g., 

chemicals, cosmetic products, biocides, food additives and food contact materials, but this relevance 

does not depend on whether they are classified as nanomaterials or not. In the definition by ISO, the 

nanostructured aggregates and agglomerates are collections of individual nano-objects, and 

therefore they match the EC definition and are covered by it. Consequently, regulatory provisions 

which address nanomaterials and use the EC definition also cover nanostructured powders, unless 

not explicitly excluded. If a nanostructured powder consists of particles which have internal 

structures at the nanoscale but external dimensions larger than 100 nm it is not covered by the EC 

definition, but it may fall into one of the subclasses of nanostructured material discussed below. 

7.1.2.2 Materials with surface structures at the nanoscale 

Almost all solid materials have surface structures with nanoscale dimensions. Consequently, 

extending the definition to materials with surface structures at the nanoscale would make practically 

all solid materials and objects nanomaterials. Avoiding this and limiting the discussion to certain 

materials of potential regulatory relevance (e.g., materials with specific surface reactivities) would 

require defining additional qualifyers for such materials. Such qualifyers could address the purpose, 

the function or the composition of the surface structure. Howevever, doing this would imply that the 

term nanomaterial is no longer based only on the size of a material. 

In line with these arguments, ISO TS 80004-4 specifies that "almost all materials always have 

surfaces with morphological and chemical heterogeneities in the nanoscale. Only surfaces that have 

been intentionally modified or textured to have morphological or chemical heterogeneities in the 

nanoscale identify materials as “nanostructured”".
189

  

Materials with surface structures at the nanoscale with potential regulatory relevance are for 

example larger (non-nano-)particles with specific nanoscale features at the surface, such as 

supported catalysts (e.g. nanoscale metal particles attached to micrometre-sized oxide particles), or 

novel biocides, where also metal nanoscale particles are attached to larger oxide particles. Since such 

materials often are the result of particular synthesis routes they may already be covered by the EC 

definition, if the metal and oxide particles are considered as constituent particles of the material. 

One could indeed argue that if the nanostructured surface features are made of different materials 

than the supporting material, then those nanoscale features might be considered as constituent 

particles. Such a position would avoid the need to include these materials specifically in an extended 

definition. However, clarification might be needed, e.g. in a recital or a guidance document. 

Specific consideration in the context of the EC definition is required for materials consisting of 

particles which have deliberately engineered nanostructures at their surface. If one or more external 

dimensions of these particles are within the nanoscale, they are covered by the EC definition. 

However, if the external dimensions are above the nanoscale they are not covered. There is a 

discussion among regulators and scientists whether such materials, i.e., particles with external 

dimensions larger than the nanoscale but with deliberately engineered surface structures in the 

nanoscale, should be considered as nanomaterials. On the one hand, this would include a group of 

materials considered as true products of nanotechnology, but on the other hand it would widen the 

scope of the definition. If such materials were to be included in the definition it would also be 

necessary to define a specific limit (larger than 100 nm) for their external dimensions, up to which 

they would be covered by the definition of nanomaterial. Such materials could for example be called 

"nanostructured particulate materials". 

7.1.2.3 Nanocomposite 

A nanocomposite is a 'solid comprising a mixture of two or more phase-separated materials, one or 

more being a nanophase'. The term "nanocomposite" refers to an internal structure, and hence 

nanocomposites are not covered by the EC definition unless they consist of particles with external 

dimensions in the nanoscale. Examples of nanocomposites are matrix materials reinforced with 

carbon nanotubes, e.g., polymer matrix composites with finely dispersed nanotubes for improved 

electrical conductivity, or lightweight, high performance materials for improved strength. An 
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example for the latter is ultrahigh performance concrete, where silica nanoparticles are embedded in 

a concrete matrix for reinforcement. Other high performance nanocomposite materials are used for 

high performance machines, such as turbofans or modern jets. Those nanocomposite materials are 

usually regulated according to the purposes they are used for (construction materials, aviation) and 

under the General Product Safety Directive in case of consumer products.
190

 Usually the release of 

particulate nanomaterials from such nanocomposites is not part of their design but may occur during 

normal wear. The released material most likely consists of particles, and, if their size is in the 

nanorange, those would be covered by the EC definition, as the definition also covers incidential 

materials. 

A specific form of nanocomposites is layered materials with layer thicknesses in the nanoscale. This 

class also includes core-shell particles which may have external dimensions above the nanoscale but 

a core or a shell with a diameter or thicknes, respectively, at the nanoscale. Some of these 

nanocomposites have already been used for decades, for example in microelectronics or in 

packaging. Epitaxial layers used in micro- and nanoelectronics are designed for specific electronic 

properties and can have thicknesses down to a few atomic layers. In packaging technology the layers 

are designed for special barrier properties. Layered materials for electronics – as any other electronic 

equipment - are relevant from a regulatory perspective regarding the end of their life cycle.
191

 

Layered materials used for food packaging are also relevant from a regulatory perspective.
15

 The 

regulatory relevance of these nanostructured materials is however not dependent on their inclusion 

in the EC definition. 

7.1.2.4 Nanoporous material 

Nanoporous materials are solid materials containing a fraction of nanoscale pores. The definitions of 

solid nanofoam (where most of the volume is occupied by pores) and nanoporous material (also 

materials with a small fraction of pores) are overlapping. As such, nanoporous materials are not 

covered by the EC definition (e.g. zeolites), but if the nanoporous materials consist of particles or 

aggregates/agglomerates of particles they are covered by the EC definition (e.g. silica gels). 

Nanoporous materials can be irritant and may release nanoparticulate materials when mechanically 

agitated, but this is true for any other powder as well. 

7.1.2.5 Solid nanofoam 

Solid nanofoam is a non-particulate material and consists of nanoscale gas bubbles surrounded by 

solid struts. The defining property can be either the size of the nanopores or the scale of the strut 

material. Also, the material can contain two continuous phases, if the pore volumes are 

interconnected, in which case it is the cross-section or thickness of the solid struts that has to be in 

the nanoscale. Solid nanofoams are not covered by the EC definition unless the material consists of 

nanofoam particles with external dimensions at the nanoscale. In that case it would be a specific 

type of nanostructured powder.  

Aerogels (a gel in which the liquid component has been replaced with a gas) are a form of a solid 

nanofoam. Such a material can have extremely low densities and a very high surface area. Solid 

nanofoams can be very good thermal insulators. Carbon nanofoams are used for example in 

electronics to make very high capacity elements due to their extremely large surface area. 

Nanofoams can also be used as chemical absorbers and are being explored for use as drug delivery 

systems. Metal nanofoams have also been used as very efficient catalysts. 

Solid nanofoams are relevant from a regulatory perspective specifically for professional use and 

regarding the protection of workers handling these materials. The regulatory relevance of solid 

nanofoams does not depend on whether they are included in the definition of nanomaterial. 

7.1.2.6 Fluid nanodispersion 

A subset of fluid nanodispersions is the nanosuspensions. There the dispersed phase is a solid. 

Nanosuspensions are covered by the EC definition in the sense that the dispersed phase is a 

nanomaterial according to the EC definition. Depending on the language version of the current EC 
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definition, nanosuspensions are also covered as a whole because they are materials containing 

nanoparticles, or they are not because they do not only consist of particles. But in any case, a 

suspension of nanoparticles could be considered as nanomaterial as the liquid in which the particles 

are suspended provides only a stable storage or transport or processing means for the particles, 

similar to the air between the particles of a powder. If the liquid 'matrix' itself has a function, the 

combination of particles and matrix is a material in itself, and not just the suspension of a particulate 

nanomaterial. Whether such a material would be considered as nanomaterial, requires clarification, 

taking also into account the Commissions Q&A guidance documentation on the scope of the 

definition (Q&A No 13).
56

 

Nano-aerosols are materials which consist of a gaseous phase containing freely moving nano-objects. 

If those nano-objects have external dimensions at the nanoscale, the nano-aerosol is covered by the 

EC definition. If the nano-objects in a nano-aerosol are non-solid, then, according to the EC position 

published in the SWD,
54

 it is not covered by the EC definition. Both nanosuspensions and 

nanoaerosols are relevant from a regulatory perspective, but not necessarily within the scope of the 

definition of nanomaterial. 

7.1.2.7 Nanoemulsions – droplets, micelles, liposomes 

A nanoemulsion contains at least one liquid nanophase. The nanophase might consist of droplets, 

micelles, liposomes or natural vesicles.  Micelles and liposomes themselves are nano-objects if they 

have external dimensions at the nanoscale. At the same time they are nanostructured materials, or 

more specifically nanoscale capsules, because their shells have a thickness at the nanoscale and they 

can enclose, fix, transport or release substances. Being nanostructured materials, they can have 

external dimensions well above the nanoscale. The current position of the EC, as expressed in the 

SWD,
54

 is that such objects are not covered by the EC definition. However, these materials are 

relevant from a regulatory perspective, because they are used, or their use is being envisaged in 

applications for cosmetics, food (e.g., carriers, supplements), or for drug delivery.  

Micelles used as carriers for drug delivery or for food supplements are products of nanotechnology 

and considered as innovative nanotechnology applications. As such, their use in food and other 

consumer products is widely discussed. Furthermore, they are relevant from a regulatory 

perspective.  In view of the discussion on the nature of particles in section 4.3 and their regulatory 

relevance it is worthwhile to consider them for inclusion in the definition, if their external dimensions 

are within the nanoscale, even if they are "soft" materials.  If deemed necessary, exclusion of such 

materials would be possible by sector specific provisions in relevant regulations. 

7.2 Methods to characterise nanostructured materials 

A discussion on the inclusion of nanostructured materials in the scope of the nanomaterial definition 

must also include the possible consequences on its practical implementation. This section relates the 

defining features of nanostructured materials with possible ways to enforce a nanomaterial 

definition which includes nanostructured materials, through measurements. 

7.2.1 Extension of the particle size distribution-based nanomaterial definition 

Nanostructured materials are not necessarily particulate materials. They do not distinguish 

themselves from non-nanomaterials by their external dimensions, but by internal or surface features 

with dimensions in the nanorange. If one would want to consider including nanostructured materials 

in the EC definition, then this would necessitate complementing the PSD threshold fraction of 50 %, 

currently used in the EC definition, with a criterion suitable for materials not consisting of particles. 

For example, one could resort to mass-based concentrations, the parameter which is most often 

used in regulatory texts. However, since the density of nanostructured materials is often not well 

known, and since it is often impossible to separate the nanoscale features from the rest of the 

nanomaterial, it is difficult to use a mass-based concentration as defining parameter.  
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Instead, and as shown in section 15.3 of JRC Report EUR 26567,
2
 nanostructures are usually 

identified and characterised by imaging methods. From images one can, at least in theory, judge at 

the same time the size of the nanoscale features, and their volume fraction. One could therefore 

imagine defining a nanostructured material as a material for which X % of the volume is taken up by 

(microstructural) phases with a nanoscale dimensional feature (thickness, diameter, …). For each of 

these phases one would have to estimate both the minimal dimension (to check whether they are in 

the nanorange or not) and their volume. A practical example would be a nanocomposite consisting of 

a continuous matrix (not 'nano') reinforced by X vol-% of small nanoplates (particles with a thickness 

smaller than 100 nm). These measurements would typically be taken from 2D-images, implying that 

there are a number of assumptions to be made about the size of the phases in the 3
rd

 dimension. 

This problem is also mentioned in the discussions on the measurement of particle size from 2D 

images. Similarly, one could define a certain value for the fraction of the materials surface that has to 

be covered with nanofilm or nano-topography, for it to be a nanomaterial. 

7.2.2 Implementation of an extended nanomaterial definition 

Section 15.3 of JRC Report EUR 26567
2
 provides an overview of existing methods for the 

characterisation of nanostructured materials. It distinguishes decomposable and non-decomposable 

nanostructured materials. 

For decomposable materials, the nanoscale phase(s) can be separated from the non-nanoscale 

matrix or continuous phase. In this case, the characterization of the nanoscale fraction of the 

material can be done with the same particle characterization methods as the ones described in 

section 4 of ref. 2.  

For the non-decomposable materials, a number of imaging methods and surface characterisation 

techniques were identified in ref. 2. Some of these methods are not so new, yet very performant, for 

example in terms of spatial resolution, but usually they are far from being routinely applied (e.g 3D 

atom probe tomography
192

). And while the number of relevant techniques, and the number of 

specific methods to improve the usefulness of existing techniques, increases with every new issue of 

the relevant journals,
193,194,195,196,197

 the main issues identified,
2
 remain to be solved: preparation of 

representative and undistorted samples and calibration of the size scales. In terms of the associated 

costs, the preparation of samples for an investigation of their internal structure is more expensive 

than an assessment of the external dimensions of well-dispersed particles. 

7.3 Conclusions 

As a consequence of their regulatory relevance, the following principal types of nanostructured 

materials can be considered when deciding on an expansion of the scope of the definition:  

• Nanoporous materials/solid nanofoams, if they can easily release nanoparticles or 

disintegrate into nanoparticles; 

• "soft" materials, such as micelles, with external dimensions within the nanoscale, if they are 

products of nanotechnology; 

• deliberately engineered nanostructured particulate materials; these would include particles 

with surface nanostructures and soft nanostructured materials (if the term "particle" is used 

according to the definition by ISO). 

If other, non-particulate materials also need to be considered for inclusion in the EC definition, then 

the PSD-based threshold currently used in the EC definition, will have to be complemented with a 

separate criterion suitable for materials not consisting of particles. 
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