TECHNICAL ISO/TR
REPORT 19601

First edition
2017-07

Nanotechnologies — Aerosol

generation for air exposure studilss of
nano-objects and their aggregates and
agglomerates (NOAA)
Nanotechnologies — Générdation d’aérosols pour réaliser def

études d’exposition a l'aip des nano-objets et de leurs aggrégats et
agglomérats (NOAA)

Reference number
ISO/TR 19601:2017(E)

©1S0 2017


https://standardsiso.com/api/?name=ce3f57cd8095cf0ea6194cd662e9cc21

ISO/TR 19601:2017(E)

COPYRIGHT PROTECTED DOCUMENT

© IS0 2017, Published in Switzerland

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized otherwise in any form
or by any means, electronic or mechanical, including photocopying, or posting on the internet or an intranet, without prior
written permission. Permission can be requested from either ISO at the address below or ISO’s member body in the country of
the requester.

ISO copyright office

Ch. de Blandonnet 8 « CP 401
CH-1214 Vernier, Geneva, Switzerland
Tel. +41 22 749 01 11

Fax +41 22 749 09 47
copyright@iso.org

www.iso.org

ii © ISO 2017 - All rights reserved


https://standardsiso.com/api/?name=ce3f57cd8095cf0ea6194cd662e9cc21

ISO/TR 19601:2017(E)

Contents Page
FOT@WOT .........oocccc e85 55858555555855 8 5555 \%
IIMETOUICEION. ..ot vi
1 S0P ... 1
2 Normative references
3 Terms and definitions
4 Abbreviated terms
5 Study design cONSIAErations ...y e,
5.1 T3 1<) - OSSN PR
5.2 Workplace exposure scenario
5.3 Existing inhalation toxicity testing guidelines
5.4 Globally harmonized system of classification and labelling of chemicals (GHS)....|......c....... 9
6 Considerations in selection of proper generators........
6.1 Basic SCheme ...
6.1.1  Flow chart
6.1.2  Selection Of STUAY ...
6.1.3  Characterization of physicochemical properties of nanomaterials............f.ccccccce.. 11
6.1.4  Exposure information on possible use©rhandling and manufacturing..|............. 11
6.1.5  EXpoSUre CharacCteriStiCs. ... Mmoo IS 11
6.1.6  Types of inhalation exposure MethOds ... s 12
6.1.7  Particle characterization method ™ ... o 12
7 NOAA 2€r0SO0] GENETALOT'S. ... A et e 12
7.1 General
7.2 DIy diSSEMINATION ..coccvir Ao
7.2.1  Wright dust feeder (Se€ FIGUI€ 2) ...
7.2.2  Brush type aerosel generator (see Figure 3).......cs
7.2.3  Small scale powder disperser (SSPD; see Figure 4) ...
7.2.4  Fluidized bed aerosol generator (FBG; see Figure 5).........ccccccoc.
7.2.5  Acousticidry aerosol generator elutriator (ADAGE; see Figure 6)
7.2.6  Vilnius-aerosol generator (VAG; see Figure 7) ...,
7.2.7  Rotating drum generator (see Figure 8) ...
7.3 Wt AiSS@IIUIATION ..ooeeeee e
7.3.1 . CAtomizer/nebulizer (see Figure 9 to Figure 11) ...
7.3.2-7)" Electro-static assist axial atomizer (see Figure 12)........cccnen
7.4 PRASE CRANZE ..o
/4.1  Evaporation/condensation generator (see Figure 13)
74.2  SPATK GENETALOT ...oooiioeeee e
7.4.3  Condensation NAN0-a€rOSOIS ...
75 CREMUICAL TEACTION ..ot
7.5.1  COMBDUSTION c.oooococoeeeeeeee et
7.6 Liquid phase filtration/dispersion — Critical point drying (tertiary butyl alcohol
sublimation) and direct injection system for whole-body inhalation studies..........c...... 32
7.6.1  Principle of operation
7.6.2  Advantages
7.6.3  Limitations
8 ExXperimental INTeGIation ...t
8.1 LT3 1<) - PSS
8.2 Exposure characterization
8.3 Particle properties ...
8.4 Considerations for in vivo exposure systems
9 Considerations in use of nano-aerosol generator for in vitro study ... 38

© 1S0 2017 - All rights reserved iii


https://standardsiso.com/api/?name=ce3f57cd8095cf0ea6194cd662e9cc21

ISO/TR 19601:2017(E)

Annex A (informative) NOAA generators, their particle size distribution and

measuremMent METNMOMS ... 39
Annex B (informative) Aerosol dilution SYSTEIM.................cooiiriiiisissssssssssssssssssssesssssssssssssssssnes 44
BIBLIOGIAPIY ... 47

iv © ISO 2017 - All rights reserved


https://standardsiso.com/api/?name=ce3f57cd8095cf0ea6194cd662e9cc21

ISO/TR 19601:2017(E)

Foreword

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

depcribed in the ISO/IEC Directives, Part 1. In particular the different approval criterianeeded for the
diffferent types of ISO documents should be noted. This document was drafted in accordance with the
ed|torial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Ti:t procedures used to develop this document and those intended for its further mainitepnance are

Atfention is drawn to the possibility that some of the elements of this document'may be the|subject of
pagent rights. ISO shall not be held responsible for identifying any or all such patent rights.|Details of
any patent rights identified during the development of the document will’be'in the Introduction and/or
onfthe ISO list of patent declarations received (see www.iso.org/patents))

Anly trade name used in this document is information given for the convenience of users and does not
copstitute an endorsement.

For an explanation on the voluntary nature of standards, the meaning of ISO specific terms and
expressions related to conformity assessment, as wellias information about I1SO’s adherence to the
World Trade Organization (WTO) principles in the Techiical Barriers to Trade (TBT) see the|following
URL: www.iso.org/iso/foreword.html.

Thlis document was prepared by Technical Committee [SO/TC 229, Nanotechnologies.
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Introduction

Inhalation is a primary route of exposure to aerosolized nano-objects and their aggregates and
agglomerates (NOAA). The NOAAs include nano-objects with one, two or three external dimensions
in the nanoscale from approximately 1 nm to 100 nm, which might be spheres, fibres, tubes and
others as primary structures. NOAAs can consist of individual primary structures in the nanoscale
and aggregated or agglomerated structures, including those sizes larger than 100 nm. To evaluate the
inhalation toxicity of NOAA, it is important to consider certain parameters that make the toxicity testing
relevant to human exposure. The three critical aspects to consider when designing and conducting

nanomat
a) unifo
b) thoro
and g
C) useo
existi

Thereford, to conduct in vitro and in vivo NOAA, it is important to choose ancappropriate NOAA aero
generatorjand use online and off-line techniques for nano-object characterization.

Aerosol generation techniques are well established and have been useddn laboratory studies, inhalat

therapy a

other maferials that can be adapted for nano-object inhalation:toxicity studies. In principle, aero

generatio
small par

This docu
the advartages and limitations of the respective nané-object generators, which can aid in choos
the apprqgpriate generator when conducting the, nano-object inhalation toxicity study. No mat
what gengration system is used for toxicity study, the generated atmospheres should be thoroug
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riatmhatation toxtcity btud_y are
'm and reproducible nano-object aerosol generation that is relevant to realistic exposures,

pgh characterization of nanomaterials throughout the duration of testing including start
bnerated materials, and

Loccupational exposure limits (OEL) and reference concentrations (Rf€) (as derived fr
g studies and/or real-time exposure monitoring data) for dosimetry.

hd industry for many years. A number of aerosol generatiohtechniques are routinely used

W involves application of some form of energy to thé-material to reduce its size or to fo
icles that are dispersed in a gas stream.

Iment provides the status of nano-object aerosel generators. This document further discus

ssment/occupational exposure (limit (OEL) can be developed. Therefore, this docum

broper nano-object characterization methods. This document complements the work of {
ion for Economic Cooperation and Development (OECD) Working Party on Manufactuy
rial (WPMN) and other.related framework documents. Recommendations and guidelineg
bstigators in making-appropriate choices of an aerosol generator for their target NOAAs to
presented in this-document.
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Nanotechnologies — Aerosol generation for air exposure
studies of nano-objects and their aggregates and
agglomerates (NOAA)

1

Scope

T
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linpitations. This document does not provide guidance for aerosolization of specific nano-obje
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3.1
ae
dia
p

Q

is document describes methods for producing aerosols of nano-objects and their aggr

Normative references

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

/TS 80004-1, Nanotechnologies — Vocabulary — Part 1 Core terms
/TS 80004-2, Nanotechnologies — Vocabulary — Rart 2: Nano-objects

/TS 80004-4, Nanotechnologies — Vocabularys— Part 4: Nanostructured materials

Terms and definitions

" the purposes of this document, theterms and definitions given in ISO/TS 80004-1, ISO/T{
1 [SO/TS 80004-4 and the following apply.

IEC Electropedia: available at http://www.electropedia.org/

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

rodynamic¢diameter
meter of\@/spherical particle with a density of 1 000 kg/m3 that has the same settling velo
rticles:3:29) under consideration

No

ates and

blomerates (NOAA) for in vivo and in vitro air exposure studies. The purpose of this document is
aid in selecting an appropriate aerosol generator to fulfil a proposed toxicology'study degsign. This
rument describes characteristics of aerosol generation methods, including ®heir advanfages and

cts.

ir content
plies. For
5) applies.

80004-2,

and [EC maintain terminelegical databases for use in standardization at the following addlresses:

City as the

Le-Dto entry: Aerodynamic diameter is related to the inertial properties of aerosol particles and i

5 generally

used to describe particles larger than approximately 100 nm.

[SOURCE: ISO/TR 27628:2007, 2.2]

3.2
aerosol
metastable suspension of solid or liquid particles (3.29) in a gas

[SOURCE: ISO/TR 27628:2007, 2.3]
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3.3

agglomerate
collection of weakly bound particles (3.29) or aggregates (3.4) or mixtures (3.17) of the two where
the resulting external surface area is similar to the sum of the surface areas (3.32) of the individual
components

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

Note 2 to entry: Agglomerates are also termed secondary particles (3.31) and the original source particles are

termed pri

mary particles (3.30).

[SOURCE:

3.4

aggregat
particle (]
area may
componey

Noteltoe
resulting fi

Note 2 to
termed pri

[SOURCE:
3.5

coagulation

formation
[SOURCE:

3.6
different
DEMC
classifier
its exit

Note 1 to

aerodynanpic drag force in ameléctrical field. Classified particles are in a narrow range of electrical mobi

determine
difference

[SOURCE:

3.7
different

ISO/TS 80004-4:2011, 2.8]

2}

B.29) comprising strongly bonded or fused particles where the resulting €xternal surfj
be significantly smaller than the sum of calculated surface areas (3.32) of the individ
ts

htry: The forces holding an aggregate together are strong forces, for example; covalent bonds, or th
‘om sintering or complex physical entanglement.

entry: Aggregates are also termed secondary particles (3.31) and the original source particles
mary particles (3.30).

ISO/TS 80004-4:2011, 2.7]

of larger particles (3.29) through the collisipn*and subsequent adhesion of smaller particle

ISO/TR 27628:2007, 2.6]

al electrical mobility classifier

Lhat is able to select aerosalparticles according to their electrical mobility and pass them

entry: A DEMC classifies/aerosol particles by balancing the electrical force on each particle with

1 by the operating’conditions and physical dimensions of the DEMC, while they can have sizes due
n the numbeyrofeharges that they have.

ISO 1590032009, 2.7]

hce
1al

pse

are

wn

to

its
ity

al'mobility analysing system

DMAS

system to measure the size distribution of submicrometre aerosol particles consisting of a DEMC (3.6),

flow mete
[SOURCE:
3.8

rs, a particle detector, interconnecting plumbing, a computer and suitable software

ISO 15900:2009, 2.8]

dustiness
propensity of a material to generate airborne dust during its handling

[SOURCE:

EN 1540:2011]
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3.9
engineered nanomaterial
nanomaterial (3.21) that is rationally designed manufactured

[SOURCE: ISO/TS 80004-1:2015, 2.8, modified]

3.10

hazard category
division of criteria within each hazard class (3.11) as used in Globally Harmonized System of
Classification and Labelling of Chemicals (GHS)

3.11
hafard class

na
Cld

[S(

3.1
ge

fure of the physical, health or environmental hazard as used in Globally Harménized
ssification and Labelling of Chemicals (GHS)

URCE: GHS, 2015]

2
pmetric mean diameter

GMD

mg

No
are

wh

[S

3.1
ge

asure of central tendency of particle size distribution using the logarithm of particle diam

a (3.32) or particle volume with appropriate weighting, as:

Zf:mANi In(d;)

N

In(GMD) =

ere

d; isthe midpoint diameter for the size channel, i;
N s the total concentration;

AN; is the concentration within the size channel, i;
m is the first channel;

n isthe last chamnnel.
URCE: ISO 10808:2010, 3.5, modified]

3
pbmetricstandard deviation

GSD

Le 1 to entry: The GMD is normally computed from particle counts and when noted may be based

System of

eters

on surface

mqg

asure of width or spread of particle sizes, computed for the DMAS (3.7) by

In(GSD) = \/z :=m N [h;:i;ln(GMD)]Z

[SOURCE: ISO 10808:2010, 3.6]

3.14

count median diameter

CMD

diameter equal to GMD (3.12) for particle counts assuming a logarithmic normal distribution

[SOURCE: ISO 10808:2010, 3.7, modified]
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3.15

mass median aerodynamic diameter

MMAD

calculated aerodynamic diameter (3.1) which divides the particles (3.29) of an aerosol (3.2) in half based
on mass of the particles

Note 1 to entry: 50 % of the particles by mass will be larger than the median diameter and 50 % of the particles
will be smaller than the median.

[SOURCE: EPA IRIS Glossary]

3.16
manufacfured nanomaterial
nanomatefial (3.21) intentionally produced to have specific properties or composition

[SOURCE:|ISO/TS 80004-1:2015, 2.9, modified]

3.17
mixture
solution cpmposed of two or more substances (3.33) in which they do not react

Note 1 to eptry: A solution is also a mixture.
[SOURCE:|GHS, 2015]

3.18

mobility
<aerosolsp propensity for an aerosol particle to move in response to an external influence, such as|an
electrostdtic field, thermal field or by diffusion

[SOURCE:|ISO/TR 27628:2007, 2.9]

3.19
nano-aerpsol
fluid nanqdispersion with gaseous matrix ahd-at least one or more liquid or solid nanophase (including
nano-objefts (3.22))

[SOURCE:|ISO/TS 80004-4:2015, 3.5.4}

3.20
nanofibre
nano-objeft (3.22) with twe similar external dimensions in the nanoscale (3.25) and the third dimensjon
significanfly larger

Note 1 to eptry: The Jargest external dimension is not necessarily in the nanoscale.
Note 2 to eptry: The terms nanofibril and nanofilament can also be used.

[SOURCE:|ISB/TS 80004-2:2015, 4.5, modified]

3.21

nanomaterial

material with any external dimension in the nanoscale (3.25) or having internal or surface structure in
the nanoscale

Note 1 to entry: Generic term covering both nano-object (3.22) and nanostructured material (3.27).

EXAMPLE Nanocrystalline materials, nanoparticle powder, materials with nanoscale precipitates, nanoscale
films, nano-porous material, nanoscale emulsions and materials with nanoscale textures on the surface.
End products containing nanomaterials (e.g. tires, electronic equipment, coated DVDs) are not themselves
nanomaterials.

[SOURCE: ISO/TS 80004-1:2015, 2.4, modified]
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3.22
nano-object
discrete piece of material with one, two or three external dimensions in the nanoscale (3.25)

Note 1 to entry: The second and third external dimensions are orthogonal to the first dimension and to each other.
[SOURCE: ISO/TS 80004-1:2015, 2.5]

3.23

nanoparticle
nano-object (3.22) with all external dimensions in the nanoscale (3.25) where the lengths of the longest
anfl the shortest axes of the nano-object do not differ significantly

Notfe 1 to entry: If the dimensions differ significantly (typically by more than 3 times), terms-such af nanofibre
(3.R0) or nanoplate (3.24) may be preferred to the term nanoparticle.

[SOURCE: ISO/TS 80004-2:2015, 4.4]

3.24

nanoplate
naho-object (3.22) with one external dimension in the nanoscale (3.25) and the other tw¢ external
dimensions significantly larger

Nofe 1 to entry: The larger external dimensions are not necessarily ifiythe nanoscale.
[SOURCE: ISO/TS 80004-2, 4.6, modified]
3.25

napnoscale
siZe range from approximately 1 nm to 100 nm

Note 1 to entry: Properties that are not extrapolations from a larger size will typically, but not exclusively, be
exlpibited in this size range. For such properties, the size limits are considered approximate.

Nofe 2 to entry: The lower limit in this definition (approximately 1 nm) is introduced to avoid singl¢ and small
grqups of atoms from being designated as nano-objects (3.22) or elements of nanostructures (3.26), wihich might
be implied by the absence of a lower linrit.

[SQURCE: ISO/TS 80004-1:2015, 2.1, modified]

3.26

napostructure
intlerrelation of thé-constituent parts of a material in which one or more of those constityent parts
belong to the nai#escale (3.25)

—

SQURCE: ISO/TS 80004-1:2015, 2.6, modified]
.27

a:[:ostructured material

Note 1 to entry: If external dimension(s) are in the nanoscale, the term nano-object (3.22) is recommended.

= W

3

[SOURCE: ISO/TS 80004-1:2015, 2.7, modified]

3.28
nanotube
hollow nanofibre

[SOURCE: ISO/TS 80004-2:2015, 4.8]
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3.29
particle

minute piece of matter with defined physical boundaries

Note 1 to entry: A physical boundary can also be described as an interface.

Note 2 to entry: A particle can move as a unit.

Note 3 to entry: This general definition applies to particle nano-objects (3.22).

[SOURCE:

ISO/TS 26824:2013, 1.1]

3.30
primary
original s

Note 1 to §
particles, H

Note 2to e
[SOURCE:

3.31
secondar
particle (3

[SOURCE:

3.32
surface a
area of ex

Note1toe
[SOURCE:

3.33
substanc
chemical
including
from the y
of the sub

[SOURCE:

3.34
ultrafine
particle (3

particle
burce particle of agglomerates (3.3) or aggregates (3.4) or mixtures (3.17) of the two

bntry: Constituent particles of agglomerates or aggregates at a certain actual stateiay be prim
ut often the constituents are aggregates.

ntry: Agglomerates and aggregates are also termed secondary particles (3.31).

ISO 26824:2013, 1.4]

y particle
.29) formed through chemical reactions in the gas phase’[gds to particle conversion)

ISO/TR 27628:2007, 2.17]

rea
fernal surface plus the internal surface of it$caccessible macro- and mesopore

htry: Includes mass-specific surface area orwolume-specific surface area.

ISO/TR 13014:2012, 2.28]

p
blements and their compounds in the natural state or obtained by any production procg
any additive necessary €o preserve the stability of the product and any impurities deriv

stance or changing'its composition

GHS, 2015]

particle
.29)*with a nominal diameter (such as geometric, aerodynamic, mobility (3.18), project

hry

Ss,
ng

rocess used, but exeliiding any solvent which may be separated without affecting the stabiliity

bd-

ieal af 100 s o lacc

area or ot

Ay
TCT VW ISCJ OT TOU T UT 1TSS

Note 1 to entry: The term is often used in the context of particles produced as a by-product of a process (incidental
particles), such as welding fume and combustion fume.

[SOURCE:
3.35

ISO/TR 27628:2007, 2.21]

reference concentration
benchmark estimates of the quantitative dose-response assessment of chronic non-cancer toxicity for
individual inhaled chemicals

[SOURCE:

EPA, 1994]
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ADS aerosol dilution system

ADAGE acoustic dry aerosol generator elutriator
AERCON aerosol control unit

ALI air-liquid interface

APS aerodynamicparticte-sizet

CMD count median diameter

CNT carbon nanotube

DHHS diethylhexyl sebacate

DEMC differential electrical mobility classifier
DI deionized

DMAS differential mobility analysing system
DQP dioctyl phthalate

EDX energy dispersive X-ray analyser

ELPI electrical low pressure impactor

EM electron microscopy

EPA Environmental Protection Agency

EU European Union

FB fluidized bed aerosdl.generator

G guidance documernt

GHS Globally Hasmonized System of Classification and Labelling of Chemicals
GL gooddaboratory practice

GMD geometric mean diameter

GS geometric standard deviation

MAD mutual acceptance of data

MFC mass flow controller

MMAD mass median aerodynamic diameter
MOUDI micro-orifice uniform deposit impactor
MWCNT  multi-walled carbon nanotube

NOAA nano-objects and their aggregates and agglomerates
NM nanomaterial

© IS0 2017 - All rights reserved


https://standardsiso.com/api/?name=ce3f57cd8095cf0ea6194cd662e9cc21

ISO/TR 19601:2017(E)

OECD
OEL
OpPC
OPPTS
PSL

RfC

Organization for Economic Cooperation and Development
occupational exposure limit

optical particle counter

office of pollution prevention and toxic substances

polystyrene latex

reference-concentration

RPM
SEM
SNPS
SPSF
SSPD
SWCNT
TEM
TEOM
TG
TGA
VAG
WPMN

revolutions per minutes

scanning electron microscope
scanning nanoparticle sizer
standard project submission form
small scale powder disperser
single-walled carbon nanotube
transmission electron microscope
tapered element oscillating microbalance
test guideline

thermogravimetric analysis
vilnius aerosol generator

working party on manufacturedsnahomaterials

5 Study design consideratipns

5.1 Ger

Inhalation
populatio
the prope
inhalation

5.2 Wo

jeral

toxicity studjes’are important for evaluating the health risk of workers and the gene
h exposed teyaerosolized NOAA. In designing an inhalation study for NOAA and select
r generatofyyit is important to consider possible workplace exposure scenarios and exist
toxicitytesting guidelines.

rkplace exposure scenario

ral
ng
ng

When designing an inhalation toxicity study for NOAA exposure, the actual workplace exposure
scenario should be considered. Generation of NOAA aerosol should simulate actual workplace NOAA
emissions and exposure in terms of concentration (mass or number based if known), shape, size and
distribution size of NOAA, frequency of exposure, and handling and manufacturing conditions. For
inhalation experiments, the starting NOAA could be in powder form, well or poorly suspended in
liquid media or solid-state material as generated by condensation/evaporation or spark generation.
Various methods of NOAA generation could be adopted to generate NOAA aerosols to simulate an actual

exposure

situation.
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5.3 Existing inhalation toxicity testing guidelines

Generation of aerosols should be adapted to the needs described in existing inhalatio

2017(E)

n testing

guidelines, such as OECD Test Guideline (TG) 412, 413, 436 or Guidance Document (GD) 39[6l[Z][8][14][15]

or equivalent or relevant national or international guidelines. The OECD is currently (2016)
the inhalation toxicity TGs to nanomaterials, adding investigations of effects in the lung after

adapting
exposure

to nanoparticles. The particle sizes described also for nanoparticles have an unchanged mass median

aerodynamic diameter (MMAD) of up to 2 pm with a geometric standard deviation (GSD) up t

5.4 Globally harmonized system of classification and labelling of chemicals (GH

Thle outcomes of the inhalation toxicity study may be used for hazard evaluation, classifid
labelling according to GHS. In GHS, concentration ranges are used to describe the severity

o 3.

S)

ation and
f toxicity,

anf this include ranges for inhalation toxicity, also valid for NOAA in a GHS context)The con¢entration

unjts used are milligram per litre (mg/1) per time unit, which can be hour, 4 h gr.day, and {

he values

triggering classification are from 0,05 to 5. See Table 1 to Table 3. For furtheeh informatiop on GHS,
consult the United Nations website at https://www.unece.org/fileadminADAM/trans/danger/publi/

ghp/ghs rev04/English/ST-SG-AC10-30-Rev4e.pdf.

Table 1 — Inhalation toxicity hazard category

Exposure route Category 1 Category 2 Category 3 Catd

gory 4

Dyst and mist (mg/1) 0,05 055 1,0

Table 2 — Guidance values for specific target organ toxicity (single exposure)

Route of exposure Units Category 1 Category 2
Inhalation (rat) dust/mist/fume mg/1/4h C=<1,0 50=2Cz%1,0

Table 3 — Guidance values for'specific target organ toxicity (repeated exposure)

Route of exposure Units Category 1 Category 2
Inhalation (rat) dust/mist/fume mg/1/6 h/day C<0,02 0,02<Ck0,2

6 | Considerations in(selection of proper generators

6.1 Basic scheme

6.1.1 Flowcchart

Thie basie;seleme is described in Figure 1.
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— Guideline-based study: strictly recommended to follow:
— OECD Test Guidelines
— EPA OPPTS Guidelines

Selection of study — EU Test Methods

— Hazard identification research

' — Driven by research hypothesis

— Useful information

Characterization of — Size and size distribution

physi . . — Aggregation/Agglomeration
NO §|; considered for study — Surface characteristics: area and charge

— Crystalline structure and electrical properties

— Dustiness, composition and purity

Ex re information on — Desirable inhalation study

l_: osure iniorma 0 o — To simulate actual exposure situation in workplace
possible use or handling and
manufacturing — To design inhalation study and NOAA genération
I — Additional useful information
— Frequency and duration of workers’ exposure

Exposure characteristics — NOAA generating operation

— NOAA release procedure and handling information

— Temperature and humidity of workplace

l — Whole-body chamber

— Less stress on.animals
— Nose-only chamber
— Less via oral or skin exposure

Typd of inhalation exposure

method — Secured safety of chamber
— Leak test, safety cabinet
— Proper ventilation and waste treatment
— Real-time monitoring
— DMAS, ELPI: size distribution and number concentration

— Off-line monitoring

— Filter sampling: mass concentration of NOAA in exposure chamber
Paiticle characterization — Filter or EM grid: TEM (size and morphology)/EDX (composition)
— MOUDI: determining exposure concentration of fibrous material

methods

— Stability determination
— Stability of NOAA aerosol concentration in exposure chamber during

‘ exposure period

—B i £ P d -
— Dry or wet aerosol generation
Selection of generator — Ensuring maintenance of the generator
— Considering risk management system

— Malfunctioning of generator

Figure 1 — Basic scheme in selection of proper generators
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6.1.2 Selection of study

Studies should be conducted based on the standardized testing guidelines such as the ones put forth
by OECD (TG 403, 412, 413 and 436)[6l[Z][8][14], EPA OPPTS (870.1300, 870.3465 and 870.4100[16][17]
[18]) or the EU. It is recommended to strictly follow relevant test guidelines to determine the number of
animals in the study, duration of exposure and the observation period and test material characterization
(including concentration and particle size measurement and frequency of measurements). A study can
be conducted according to good laboratory practice (GLP), which is regulatory requirement for new
studies in some regions, (preferred) or non-GLP.

Als
st
arg
ac

for

o—studiesfrom-seientific research-sources—can-beusedfor hazardidentificationof NOAA and the
dy design is usually more flexible than a test guideline based study. Of note here is that’sufrh studies
e usually performed to prove a research hypothesis and are not recognized by the\OE(D mutual
eptance of data (MAD) principle. The study results can be published in a scientific journal of retained
in-house use.

6.1.3 Characterization of physicochemical properties of nanomaterials

Thie physicochemical characterization of the nanomaterial (NM) as manufactured is important before
geheration of a NOAA aerosol or in situ generation. NMs are manufaetured using diverse[synthesis
procedures that impart those unique properties designed for specific applications. As a tesult, the
mdterials might have a complex structure, include impurities afd have different surface properties
(cqatings or other modifications). Such physicochemical propertiés dictate the toxicological outputof NMs
anfl should therefore be thoroughly characterized. Usefuldnformation on physicochemical properties
inqludes, but is not limited to, particle size, size distribution, shape, aggregation/agglomeratidn, surface
characteristics such as area and charge, crystalline strueture, dustiness, composition and purity. Trace
impurities such as presence of endotoxin, metal catdlyst residue or impurities from the raw|materials
ht affect the toxicity outcomel12][19]to[25], Therefore, characterization of NM is critical to|ascertain
that the NM properties match the claims made by the manufacturer before any study initiatign. Several

inlernational standards are currently available to characterize NMs. For instance, for charac
of [single-wall carbon nanotubes (SWCNT), there are standards for using transmission
mifcroscopy (TEM)[26], scanning electronmicroscopes with energy dispersive X-ray spectrosc
EDX)[2Z], near infrared (NIR)[28], thermogravimetric analysis (TGA)[29], characterization

components in SWCNT samples using evolved gas analysis/gas chromatograph-mass spectrd
anfl characterization of multi-wall carbon nanotubes (MWCNT) — mesoscopic factors[31]. S
mdthods, such as Raman spectroscopy, that are not internationally standardized can be

terization
electron
ppy (SEM-
bf volatile
metry[30]
bme other
found in

ISQ/TR 13014. However, experimentation with the test NOAA is required before any study injitiation to
as¢ertain that the particle'size distribution is representative of the size distribution observ

ed during
Kposures.

formation
ersed or
Hing upon

6.1.5 Exposure characteristics

Prmined.

In addition to the exposure information described above, information on exposure characteristics
such as frequency and duration of workers’ exposure, worker activities, NOAA manufacturing
operation, NOAA source release scenarios and handling information would be very useful in designing
an inhalation study. Additional information on workplace temperature and humidity is also useful
information.
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6.1.6 Types of inhalation exposure methods

Two types of exposure chambers are currently widely used for in vivo inhalation studies: whole-body
chamber and nose-only chamber. The preferred method is whole-body exposure as it is more relevant
to human exposure and causes the least pain, suffering and distress to animals. Nose-only exposure
reduces oral and skin exposure potential and requires lesser quantity of test materials as compared
with whole-body exposure. The choice of the exposure chamber should be based on the study design.
The chambers should be secured with safety measures, such as leak-proof construction and leak
testing, use of a safety cabinet, proper ventilation with exhaust emissions control and waste treatment.

6.1.7 Particle characterization method

6.1.7.1

Use of rea
including
will give
From thes

6.1.7.2

Off-line fi
chamber.

time-reso
In additio
morpholo
Furtherm

6.1.7.3

Nanomatg
stability d
be monitd
exposure

6.1.7.4

The seled

Real-time monitoring

l-time particle size and number monitoring devices are desirable. Such real<time monitd
differential mobility analysing system (DMAZ) and electrical low pressure itmpactor (EL
particle size distribution information, as well as particle number concentration in real-tir
e instruments, the concentration stability of test atmospheres can be monitored in real tin

Off-line monitoring

ter sampling can also be used to determine mass concentration of NOAA in the inhalat
For instance, the micro-orifice uniform deposit impactor (MOUDI) could be used to determ
ved aerosol particle size exposure concentration by<mass including fibrous materig
n, off-line filter or EM grid sampling can be processed for TEM observation for size a
by of NOAA and analysed further for composition by energy dispersive X-ray analyser (ED
pre, filter samples can be analysed for chemical:¢composition.

Stability determination

rial concentration should be determined according to test guidelines or test protocols. T
f NOAA aerosol concentration in th&jinhalation chamber during the exposure period shoi
red regularly, desirably in realétime. If the concentration deviates more than 20 % dur
period, stability needs to be inprovedI(8l.

Selection of generator:

tion of an aerosol’generator should consider the following 5.1 to 5.4, electrical chat

neutralizd
dilution o

tion and production of undesirable by-products during the generating process requir
removal. After)selecting the generator for NOAA, the maintenance of the generator shoi

be ensurgd. In prevention of situations of unacceptable risk, such as malfunctioning of the generat
dust explpsions and‘fire, a risk management approach should be considered and risky situatig
avoided. The description of the types and characteristics of the generators in Clause 6 should be us

to select dn appropriate generator for the study. It is important to assess the generator’s performa
for the prpposed study and NOAA to be generated with regard to time of generation required, eas

on
ne
i1s.
nd
X).

he
h1d

ng

oe
ng
hld
or,
ns
ed

ce
ql of

maintenance and refilling.

7 NOAA aerosol generators

7.1 General

Advantages and limitations of generation techniques are listed in Table 4.

12
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Table 4 — Advantages and limitations of generation techniques

aerospkgenerator

Mode of Generation T
. . Advantage Limitation
generation techniques
— small amount of material |— unstable concentration
required for generation — feeder also cannot be used for
— small, simple and every kind of dust
Wright dust feeder |compact structure
— manufactured
nanomaterials can he
dispersed
— small, simple and — possible triboelectric
compact structure charging may occurfrom [riction
— possible to use the test while brushing.off materipls from
Brush type aerosol . e a pellet
enerator material as it is
& manufactured
— less test material is
required
— possible to use the test = unstable concentratiof, which is
material as it is affected by shape or cohegiveness
manufactured of the particle when vacufiming the
— small and compact particle loaded groove
D1y Small scale powder |structure — intertwined and tangled
difsemination disperser carbon nanotubes may n¢t be
vacuumed evenly or partjcles may
stick together
— applies relatively weal forces
for dispersing an agglomdrate
) small, simple and — variable aerosol conceptration
compact structure and alteration of the test gubstance
— possible to use the test — ambient humidity, shape and/or
o material itself cohesiveness of the partidles may
Fluidizedibed cause unstable concentration

— relatively weak mechahnism for
dispersing an agglomeratp

— fibrous test substancef may
exhibit breaking of indiviglual fibres

Acoustic dry
aerosol generator
elutriator

— generates a stable aerosol

— suitable for less cohesive
powder such as silica (Si03)

— possible to use the test
material itself

— affected by the ambient humidity

Vilnius aerosol
generator

— possible to use the test
material as it is
manufactured

— suitable to generate an
aerosol for small volumes of
powder

— simple structure

— possible to generate
large amount (1 mg/m3 to

2 500 mg/m3) of test aerosol
for a long time (0,5 h to 6 h)

— unstable concentration

— weak mechanisms for
dispersing an agglomerate

— test particles may adhere to the
vanes, which will hinder the aerosol
generation process

— unsuitable for generating
aerosols from fibrous material

© IS0 2017 - All rights reserved
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Table 4 (continued)
Mode (.)f Gener_a tion Advantage Limitation
generation techniques
— possible to use the test — concentration of the generated
material itself aerosol is unstable and affected
by shape or cohesiveness of the
— small, compact and easy .
particles
to use
Rotating drum — relatively weak mechanisms for
generator dispersing an agglomerate
— unsuitable for generating
aerosols from fibrous material
— differences in concentration of
aerosol generated overtime
— particles suspended or — particles may form' from
dispersed in liquid can be impurities in a solvént such as
generated as aerosols deionized (DIjwater
— small, compact and easy |— possibteto change the
to use propertiesof nano-objects such ap
Atomizer/ CNTs by contact with a liquid
nebulizer # concentration of aerosol can
Wet also increase over time as the liqyid
dissemination evaporates
— difficult to generate particles
when the particles are not well or
uniformly dispersed
Electrostatic — effectlye dlslpersmg of — possibility of dalmage of the
assist axial CNT by usingltrasonic test substance by ultrasonic and
. energy introduction impurities such as
atomizer . .
biological agents from the DI wat¢r
—-Simple and stable method | — difficult to generate materials
of generating metal with high melting temperature anjd
nanoparticles low evaporation rate
. — pr nan rticl
Evaporation,/ produced nanoparticles
. can be completely
condensation A
contamination free
generatar
— can obtain high
concentrated and
non-aggregated
Phase chahge nanoparticles
— can generate — few commercially available
nanoparticle aerosols in the |electrodes for aerosol generation
entire range (1 nm to 100 nm . . .
ge( )| — differences in the properties
nraoduced nanaonarticlec with the actial NOAA avnaced ta
P P I
Spark generator can be completely workers in workplace air
contamination free and
composed of one or more
materials depending on
requirements and the
system used
14 © IS0 2017 - All rights reserved
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Table 4 (continued)
Mode (.)f Gener_a tion Advantage Limitation
generation techniques
— might be the only way to |— limited to materials with
make a controlled source of |appropriate vapour pressure-
aerosol of appropriate temperature characteristics and
] particle sizes and stable under the applied
Condensation concentration temperatures
nano-aerosols ) ] .
— coagulation with resulting
particte size growtirwitintime may
limit the ability to genérate high
concentrations
— simple to use, effective — by-productsjate’generpted
. ] ) ] method for generating £ f
CHemical reaction Chemical reaction |panomaterials — use ofingrigas may affect
inhalation tests, dilution 4nd other
gas conditioning may be nequired
g o Critical point — highly dispersed — suxface residue and
Liquid phase drvi : : : . e .
B . . rying and direct |particles without changing |modification needs to be donsidered
filfration/dispersion |, - "¢ . a2
injection size and length distribution

7.2 Dry dissemination
7.2.1 Wright dust feeder (see Figure 2)

7.2.1.1 Principle of operation

Thie dry powder is packed into the cylinder during preparation. During usage, the cylindpr rotates
while descending, which allows the compacted powder to be scraped by a knife and transpofted along
the blade into a central tube. Compressed-ir introduced at A1 suspends the powder forming gn aerosol.
Thie aerosol exits at A2. The A2 is connécted to the remaining system for introduction into thg exposure
ar¢a. The concentration of aerosol generated is determined by the rotational speed. For exajmple, size
diqtribution results; see Annex A[32}33],

7.2.1.2 Advantages

Advantages include suitability for small amounts of material required for generation. The|structure
anfl size of generator are small, simple and compact. Manufactured nanomaterials can be gdlispersed.
e particle sizesdistributions of CNTs measured by cascade impactor are MMAD 2,2 um~2|9 um and
GSp 1,7~2,6 and“or APS are MMAD 1,9 pm~2,0 pm and GSD 1,6~1,7[32].

itations include unstable concentration. Uniformity of feed is dependent upon the way the dust is

cdinthe-dt atp—Fhefeeder-ecannotbeusedforal-types-of-dust—especially-softmaterials with
high cohesive forces (e.g. coal dust). The degree of agglomeration is subject to the concentration of
water vapour in the air[34].
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Figure 2 —'Schematic diagram of wright dust feeder
7.2.2 Brush type aerosgl generator (see Figure 3)
7.2.2.1 [Principle ofloperation
The kinetjc energy from the metal bristles on a rotating circular wire brush dislodges and disperses
the particlesACampressed air is used to suspend and transport the material. Adjustments of the amoynt
of dust geperated is made by altering the rotational speed of the brush per minute and powder supply
ratel33][35]T35],

7.2.2.2 Advantages

Advantages include simple structure, compact and small size. It is possible to use the test material
as it is manufactured. Sufficient energy can be applied to disperse the particles. Less test material is
required than nebulization and it is more appropriate for dry powders[3Z].

7.2.2.3

Limitations

Possible triboelectric charging may occur from friction while brushing off materials from a pellet. The
charging may influence the generated particle sizel3Z].

16
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Key
A1l| clean air
A2| aerosol

B | brush
P | powder
Pi | piston

Figure 3 — Schematic diagram of brush type generator

7.2.3 Small scale powder disperser (SSPD; see Figure 4)

7.2.3.1 Principle of operation

Thie generator consists(of a gas ejector and a turntable that has a spiral groove filled with powder to
provide a steady source’of particles as the turntable rotates. Reduced pressure, generated by g source of
compressed air ipn-an’ejector constructed from a tube located in a Venturi nozzle, vacuums the powder
frdm the grovedfollowed by mixing with air in the nozzle to form an aerosol. The output is controlled by
rotational spéed of the turntable and the pressure of the compressed air supply[32][40],

7.2.3.2 \>Advantages

Thle—advantages-include that it is possible to use the test material as it is manufactured!the SSPD
is compact and it is small in size. The SSPD is also suitable for generating aerosols from fibrous
materials[38].

7.2.3.3 Limitations

Limitations include unstable concentration, which is affected by shape or cohesiveness of the particle
when vacuuming the particle loaded groove. Particles such as intertwined and tangled CNTs may not be
vacuumed evenly or particles may stick together. The SSPD applies relatively weak forces for dispersing
an agglomerate. The test substance may adhere to the turntable by particle to surface adhesion or
electrostatic forces. The differences in amount of aerosol generated may depend on the cohesiveness of
various powders. The SSPD is also sensitive to back pressure limiting the use of cyclones or impactors
downstream to reduce the large particle fraction.
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Figure 4 — Schematic diagram of small scale powder disperser
7.2.4 Fluidizedbedaerosol gemrerator (FBG; see Figure5)

7.2.4.1 Principle of operation

Particles are dispersed by fluidizing small beads (about 0,1 mm in diameter) by using high-pressure air.
The substance tested clings to the surface of the bronze or silica beads (see Figure 5). The motion of the
beads assists in dispersing the powder. The impact between beads breaks up test powder agglomerates
into fine particles. The amount of aerosol generated can be adjusted by altering the revolutions per
minutes (RPM) of the drive to the powder transport chain and supply flow ratel[41].
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7.2.4.2 Advantages

Advantages include simple structure, compactness and small size. It is possible to use the test
material itself.

7.2.4.3 Limitations

Limitations include a variable aerosol concentration and alteration of the test substance. Ambient
humidity, as well as the shape or cohesiveness of the particles may cause unstable concentration. For
materials such as CNT, the change in concentration is largely dependent on time[41]. The relatively weak
mechantsm for diSpersing am aggiomerate 13 atso an 153ue. FIbrous test substances may exnipif breaking
of Individual fibres.

F -
S Sidiasisaainiansaanini
Al—
p
Key
A1l] clean air F  fluidized beads
A2| aerosol P  powder
C | chain to transport powder S porous plate

Figure 5 — Schematic diagram of fluidized bed aerosol generator

7.2.5.1 Principle of operation

This generator disperses the test material by acoustic energy. Aggregates/agglomerates can be
deaggregated/deagglomerated depending on the frequency and amplitude of energy applied. The
amount of aerosol generated is adjusted by altering the frequency of the acoustic waves, quantity of test
material and air supply flow rate[33][42][43][44].
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7.2.5.2 Advantages

The ADAGE generates a rather stable aerosol and functions best as a dry aerosol generator. The ADAGE
is, in particular, more suitable for less cohesive powder such as silica (SiO2)[41l. It is also possible to use
the test material itself.

7.2.5.3 Limitations

Limitations include that ADAGE is affected by the ambient humidity. The concentration of other
materials may be time-dependent[4l] compared with the generation stability of ADAGE and SSPD using
TiO2, SiOfand SWCNT- It was found that St0; concentration generated by ADAGE Used I the stydy
fluctuated only about 4 % from the average concentration over a period of approximately 30 min.'Ithe
generator]is large and the structure is complex. The generation by ADAGE may be affected by the shdpe
or cohesiyfeness of the particle.

Key

Al clean gir L  latex sheet

A2 aerosql G amplifier and frequency generator
Sp speaker P powder

Figure 6 — Schematic diagram of acoustic dry aerosol generator elutriator

7.2.6 Vilnius aerosol generator (VAG; see Figure 7)

7.2.6.1 Principle of operation

The generator consists of a small compartment with free rotating vanes and a vibrating bottom. The
apparatus disperses a powder and generates a dry powder aerosol. The VAG consists of a controller and
a disperser. The disperser uses a combination of inlet air jets, a vibrating membrane and an air-driven
stirring turbine to break up and aerosolize the powderl[45]. The aerosol is generated by four jets, which
swirl and lift air-containing powder. Adjustments of the amount of aerosol are done through the flow
rate of the jets.
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7.2.6.2 Advantages

Advantages include that it is possible to use the test material as it is manufactured. Another advantage
of the VAG is that it is suitable to generate an aerosol using small volumes of powder. The structure of
VAG apparatus is simple. It is also possible to generate large amounts (1 mg/m3 to 2 500 mg/m3) of test
aerosol for a long time (0,5 h to 6 h). It has been used for in vitro air exposure study[4Z] as well as a lunar
dust inhalation exposure study[4Z1.

7.2.6.3 Limitations
ATIons INciude unstabie concentration tha affected by Sape or cCOnesiveness of g particle.
ere are relatively weak mechanisms for dispersing an agglomerate. Test particles mayradhere to the

vahes, which will hinder the aerosol generation process. The VAG is unsuitable for generating aerosols
frdm fibrous material. The differences in amount of aerosol generated also depends ou the coljesiveness

of the powder.

A2
L

Key
A1| clean air

A2| aerosel

C1| dudst’chamber

T | retating vibrating turbine

M membrane

Figure 7 — Schematic diagram of vilnius aerosol generator

7.2.7 Rotating drum generator (see Figure 8)

7.2.7.1 Principle of operation

The generator aerosolizes the test material by the falling motion of powder within a rotating drum. The
test material is carried up the side of the drum then dropped, simulating the pouring of a powder. The
purpose is to generate dust representative with quantities and characteristics of industrial operations.
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The flow of compressed air and RPM can be used to adjust the output[48][49][50], The technique is used
for standardized dustiness testing of powdersl3l.

7.2.7.2 Advantages
Advantages include that is it possible to use the test material itself and the rotating drum generator is

small in size. It is also compact and simple to use. It might be desirable to relate an inhalation study to a
standard dustiness test method.

7.2.7.3 Limitations

Limitations include that the concentration of the generated aerosol is unstable and affected by the'shdpe
or cohesiyeness of the particles. The rotating drum has relatively weak mechanisms for dispersing|an
agglomerdate. It is unsuitable for generating aerosols from fibrous material. There are also differenceg in
concentraftion of aerosol generated over time.
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A2 aerosd
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Figure 8 — Schematic diagram of rotating drum generator
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7.3 Wetdissemination

7.3.1 Atomizer/nebulizer (see Figure 9 to Figure 11)

7.3.1.1 General

2017(E)

The atomizer/nebulizer is suitable for generating aerosols from soluble material in solution (e.g. NaCl
and KCl) and non-soluble particle suspensions [e.g. polystyrene latex (PSL) and CNT]. Atomizers
and nebulizers are classified according to the method by which they generate droplets depending

on
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mizer/nebulizer can generate aerosols of different particle concentrations by altering’th
nozzles and the airflow rate. Conventional atomizers require a source of compressed aif
m either in-house facilities or a portable compressor. The size of the resulting dry part
iporation depends on the concentration of suspended particles and dissolved solids and {
 droplet generated by the nebulizer[51]to[56]. The size distribution of generatéd droplets
te disperse with a geometric standard deviation of about 2[57]. If only dissolved solids are
I residue particles after evaporation of the liquid will have a similar geometric standard de
 original droplets and sizes depending on the volume of the droplet lost\by evaporation. T
insoluble particles are more complex. The large droplet fraction of-the droplet size distrib|
ult in aggregates formed from the original particles after drying.because several particl
itained in the original droplet. The small droplet fraction of thecdroplet size distribution m
y dissolved solids and result in much smaller particles after drying. Usually, the concer
usted for particle suspensions so that the majority of the\dry residue particles contain o
b original particles[38].

other type of nebulizer is the ultrasonic nebulizer. The ultrasonic nebulizer has an
fillator to generate a high frequency signal, which causes the mechanical ultrasonic viby
zoelectric crystal. This vibrating element is in‘contact with a liquid reservoir and its high
ration is sufficient to produce a mist[58].

.1.2 Advantages

vantages of the atomizer/nebulizer include that particles suspended or dispersed in liqy
herated as aerosols. The atomizer/nebulizer is also small in size, compact in shape and e
mpared with dry disperser.

comparison, ultrasonic'nebulizers generate aerosols by ultrasonic vibration. They are li
nerators. Another advantage is that the ultrasonic vibration is almost silent.

.1.3 Limitations

e limitations include the possibility of particles formed from impurities in a solvent such a
this casey’biological impurities). It might be possible to change the properties of nano-ob
CNTs\by contact with a liquid. The concentration of aerosol can also increase over time as
hporates. Atomizers/nebulizers have difficulties to generate particles when the particles aj
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Key

A1l clean gir

A2 aerosql

L  liquid suspension/solution
multi-|et nozzles

Figure 9 — Schematic.diagram of multi-jet nozzle atomizer
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Figure 10 — Schematic diagraim of atomizer nozzle cross-section
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Figure 11— Schematic diagram of ultrasonic nebulizer

7.3.2 Electro-static@ssist axial atomizer (see Figure 12)

7.3.2.1 [Principle‘of operation

The genefator disperses the test material by ultrasonic energy and applied electric fields. The

tratich-is-a dmctad by slbaxin ot o colibi o S o oot oy oo £ o o [00]
Concen r CIVIT 1O uujua\.\.u U] AILC T Alls CIIU OUITULIVIT CUTILULTIUI AUIVIT dIITU 1T1IUVV 1T Aadllt R

7.3.2.2 Advantages

Advantages include effective dispersing of CNT by using ultrasonic energy. The clogging of capillary
tubes is prevented by using a relatively large diameter tube.

7.3.2.3 Limitations

The limitations include the possibility of damage of the test substance by ultrasonic and the introduction
of impurities such as biological agents from the DI water.
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Key
Al| clean air H_“high voltage connector
A2| aerosolized MWCNT MS MWCNT suspension
B | ultrasonic and heating bath N neutralizer
CT| capillary tube P high voltage power supply

Figure 12 — Schematic-diagram of CNT and MWCNT aerosol generator

7.4 Phase change
7.4.1 Evaporation/condensation generator (see Figure 13)

7.4.1.1 Principle’of operation

Thie generatorsuses a contact-heater. It generates particles of pure material by thermal energy (Ag, Au,

etq.) The coéncentration is adjusted by altering the temperature of the heater and the flow gatel60][61]
[62f[63],

7.4.12 Advantngpc

This is a simple and stable method of generating metal nanoparticles. The produced nanoparticles
can be completely contamination free. With air as the carrier gas under atmospheric pressure,
metal nanoparticles such as silver and gold can be easily generated. This simple method can obtain
high concentrations and non-aggregated nanoparticles. The size distribution of nanoparticles can
be precisely controlled by changing the surface temperature of the heaterlé3]. The geometric mean

diameter and the total number of concentration of nanoparticles remaining can stay stable for about
24 hleo],
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7.4.1.3 Limitations

Limitations include difficulty in generating materials with a high melting temperature and low
evaporation rate.

A2
—-—

Key
Al

A2 aerosq
heater

metal

7.4.2 Spark generator

7.4.2.1

The gener
material (|
operated
flow ratel

7.4.2.2
The spar}

produced
dependin

7.4.2.3

Limitations include few commercially available electrodes for aerosol generation and differences in {

propertie

clean &i

pellet

Figure 13 — Schematic diagram of hot plate generator

Principle of operation (see Figure 14)

ator creates sparks by supplying a high veltage into an electrode bar, which is made of by
cee Figure 14). Nano-objects are emittedfrom the surface of the electrode bar (bulk materi

by stepping motor. The concentration i$ adjusted by altering the frequency of the spark a
b5](66],

Advantages

L generator can generate,manoparticle aerosols in the entire range (1 nm to 100 nm). T
nanoparticles can becompletely contamination free and composed of one or more materi
y on the requiremefts and the system used[66].

Limitations

5 with.the actual NOAA exposed to workers in workplace air.
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MEFC

A2
Key
Al| carrier gas M stepping motor
A2| aerosol MFC mass flow controller
C1| spark generator chamber P power supply

E | electrode

Figurew4-— Schematic diagram of spark generator

7.4.3 Condensation nano-aerosols

7.4.3.1 Principle-of operation

Thie other clduses of this document have covered NOAA formed from solid phase particleg with low
volatility. This'subclause, included for completeness, covers nanoscale aerosols composed of serhi-volatile
pafticles, The principle of operation is a classic aerosol generation method described in Referjence [67].
Fixfst,’solid nanoparticles (called nuclei) are generated with diameters of a few nanometres. The nuclei
ar¢ _then mixed with an atmosphere of vapour produced by heating a semi-volatile material. Nearly
monodisperse aerosol is formed by cooling the vapour and nuclei under controlled laminar flow
conditions. By manipulating the generation conditions and materials, aerosols ranging from 30 nm to
greater than 2 000 nm have been generated with a geometric deviation of 1,2 to 1,3 for concentrations
as high as 1013 particles per m3 [68]. A commercial version is available to generate aerosols with particle
diameters greater than 100 nm using materials such diethylhexyl sebacate (DEHS), dioctyl phthalate
(DOP), Emery 3004 or paraffin or carnauba waxes[©9].

7.4.3.2 Advantages

The generation of condensation nano-aerosols may be required to achieve a specific study aim. The
Sinclair LaMar technique might be the only way to make a controlled source of aerosol of appropriate
particle sizes and concentration.
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7.4.3.3

Limitations

Application of the method to materials not found in the related supporting literature might need a
developmental effort. The technique is generally limited to materials with appropriate vapour pressure-
temperature characteristics and with stability under the applied temperatures. Potentially, generating
a novel material might require developing custom equipment. In health studies, consideration needs to
be given to the material selected to generate the nuclei particles in addition to the condensed material.
Since the aerosol generator involves thermal processes, the resulting aerosol needs to be cooled to
temperatures suitable for toxicology studies. Coagulation with resulting particle size growth with time
might limit the ability to generate high concentrations.

7.5 Che

mical reaction

7.5.1 Co¢mbustion

7.5.1.1

Figure 15
chemical

generatin
schematic
done by a

7.5.1.2

Principle of operation

shows the schematic diagram of the furnace type generator. The particle generation u
reactions and thermal energy in the furnace. Using various preeursors, it is capable
b particles with controlled composition and physical propertieS. Figure 16 shows f{

tering the temperature, flow rate and precursors[Z0][Z1][72][%3],

Advantages

The advantages include its effectiveness in generating nanomaterial. It is also simple to use compaf

with othe

7.5.1.3

- generation methods.

Limitations

Limitatiofs include differences in the properties of the laboratory-generated nanomaterial with {

manufact

ired nanomaterial of interest. In-the' combustion process, by-products are generated due

reaction iptermediates from precursors. The'use of inert gas might affect the inhalation test. Dilution 3

other gas
the nano-

conditioning might be needed.prior to exposure. Possibly, an approach might be to synthes
bbjects and capture on a filter and then use a dispersion technique for the toxicity study.

diagram of particle generation in the flame type generator. The concentration adjustment
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Key
A2| aerosol G3  reactive gas 3
F | furnace G4  reactive gas 4
GO[ clean air MFC mass flow controller
G1] reactive gas 1 p precursor

G2| reactive gas 2

Figure 15 — Schematic diagram of furnace generator
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Key
A2 aerosql
B carrief gas + precursor
C  working gas

F  flame

Figure 16 — Schematic diagram of flame type generator

7.6 Liqpid phase filtration/dispersion — Critical point drying (tertiary butyl alcohol
sublimation) and direct injection system for whole-body inhalation studies

7.6.1 Principle of operation

This techipique consists of two steps:diquid phase filtration/dispersion followed by critical point drylng
and direct injection of dispersed dty)sample to inhalation chamber. MWCNTs in tertiary butyl alcohol
suspension that was in liquid phase were filtered by fine mesh (25 mm mesh for Mitsui MWNT-7) to
remove aggregates/agglomerdtes from the sample and to generate highly dispersed particles withgut
changing [the size and length~distribution (see Figure 17). Subsequently, sublimation of MWCNTSs| in
tertiary butyl alcohol suspension allows samples to dry and to be loaded into the cartridge withgut
re-aggregption by surface tension during the drying process (see Figure 18). The sample loaded in the
cartridge [was injected into the subchamber connected upstream of the main whole-body inhalatjon
chamber (see Figine'19 and Figure 20)[74].

7.6.2 Aflvantages

Using solvent recovery vacuum pump, the samples are easily prepared and are loaded into the direct
injection cartridge, which can be used to introduce MWCNT aerosol into the inhalation exposure system.
It is capable of generating target concentration of aerosol similar in size distribution to the primary
particles in the bulk samples. Since the sample is in liquid phase until sublimation and confined to the
vacuum chamber, it minimizes exposure to researchers. A minimum quantity of sample is required for
the inhalation system tests because of insignificant losses during preparation.

7.6.3 Limitations

Limitations include possibility of adsorption of tertiary butyl alcohol to the dried sample. Depending
on the purpose of the study, surface residue and surface modification needs to be considered. Heating
during or after sublimation may be performed to minimize the residuelZ4]. Samples soluble to tertiary
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— Mixture of dispersed particles and

Bulk sample aggregates/agglomerates
— Suspend bulk sample to 60 °C tertiary butyl
Suspend to TB alcohol (TB)

.

Liquid phase dispersion

— Cool down to ice slurry TB suspension
— Heat suspension up to 60,°C
— Mild sonication

4

Liquid phase filtration

— Freeze and thaw

— Heat suspension up to 60 °C

— Micrometer metal mesh with vibrator

4

Snap-freeze

— ForMWCNT-7, 25 um metal mesh was used

— Snap-freeze the filtrate by liquid nitrogen

immediately after filtration

3

Drying (sublimation)

— Remove TB by a vacuum pump at room

temperature

\ 4

Treated sample

— Dry dispersed particles without

aggregates/agglomerates

butyl alcohol will change particle size and shape during snap-freeze and sublimation process (in case of
fullerene, very small nanofibre will form, depending on the concentration of the initial solution).

Figure 17 — Illustrated procedure of liquid phase filtering/dispersion — Critical point drying
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Bl—-’/'"-

Cartridges

@ 22 mm x H 65 mm

Capacity 23,5 mL

d) Cartridge for direct injection b) Sample loadingto.cartridges
Key
Al slide vialve B1 vacuum desiccator
A2 dried ¢lispersed samples B2 cartridge (without cap)
A3 outlet B3 frozen sample'suspension of tertiary butyl alcoho
A4 compifessed clean air intake B4 connectiento vacuum pump
A5 aerosql generation
Figure 1B — Dispersion of filtrate (resuspended treated sample) containing measured amount
of thd sample to cartridges for applying to direct injection whole body inhalation system
(Taquann directinjection system)
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Figure 19 — Schematic diagram of direct injection whole body inhalation syste
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Cartridge
Key
FIC flpw indicator/controller C  main flow inlet shut off during injection
PIC pressure indicator/controller D air pressure dumper duct
A+B+D ajr pressure relief dumper E  subchamber
A flexible plastic film for insulation F  cartridge loader/injector
B UILPA filter unit G inhalation chamber (with animal cages) cartrigige

containing aliquot of dry dispersed sample

NOTE Advanced modelshown as E and F.

Figure 20 — Cross-section diagram of the direct injection system

8 Exps rimental infpgrafinn

8.1 General

Guidance in the previous clauses include the selection of a NOAA aerosol generator with respect to
material characteristics and study design. However, the NOAA aerosol generator needs to be integrated
into the rest of the experimental program. In particular, the atmosphere generated should be compatible
with the exposure method, either in vivo or in vitro, with respect to NOAA aerosol concentration and
particle properties, electrostatic charge, flow rate, gas concentrations, temperature and relative
humidity. The gas stream from the aerosol generator may need to be conditioned before and monitored
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before introduction to the exposure system. An example dilution system described in Annex B might be
useful. Consideration should be given to

— exposure characterization,
— particle properties, and

— exposure systems.

8.2 Exposure characterization

Precise characterization of the NOAA is essential for an air exposure study. The objective ofan NOAA air
exposure study is to establish a quantitative relationship between the observed toxicological outcome
anfl the causative NM characteristics (e.g. dose and dose metrics used in terms of test.substance and
physical and chemical properties). Therefore, a precise characterization of the NOAA‘s essential for an
inhalation exposure study.

Particle properties

NQAA should be thoroughly characterized to obtain informationregarding their physicpchemical
properties such as composition, number and mass concentrations;median and mean siz¢ and size
didtribution, surface properties (e.g. area), electrical charge, sufface properties, hygroscopicity and
shape. The relevant chemical and physical properties of the nafioparticle should be determihed to the
extent possible; however, because these might not be knewn’a priori as described in 6.1.2, as many
pafameters as practical should be determined. Nanoparticle and nano-object composition, number
anfl mass concentrations, median and mean size and $§ize distribution, surface area, electridal charge,
sufface properties, hygroscopicity and shape might/be important parameters for dosimejtry. Some
of the minimal characterization parameters items-have been recommended in ISO/TR 13329 and in
Reference [76]. (Essential parameters include-gomposition, number and mass concentrations, shape,
mgdian and mean size and size distribution."\Recommended parameters are surface area,|electrical
charge, surface properties and hygroscopicity.)

Considerations for in vivo-exposure systems

8.4.1 During development of:the NOAA generating system and prior to interfacing with thg exposure
chamber(s), measurements-should be performed to verify aerosol particle composition, size distribution
anfl purity and to establish stability over the exposure time period required.

During exposure tests;analysis should be conducted continuously and/or intermittently depending on
the method of analysis to determine the consistency of particle size distribution without disryipting the
inhalation expésure.

NOTE 1 _ Nanoparticle generating system for silver and other metals is described in ISO 10801.

NOTE-2, ¥ General guidance for aerosol generation in given in ISO/TS 12025.

8.4.2 Inhalation chambers and supporting equipment should be prepared in accordance with OECD
GD 39, OECD TG 403, OECD TG 412 and OECD TG 413 or other recommended guidelines[e](Z][8][16],

8.4.3 Inhalation chambers and supporting equipment should be prepared for nanoparticle
exposure studies

NOTE1  Aerosolized nanoparticles can be deposited on chamber walls by Brownian diffusion and particle size
can change due to aggregation/agglomeration. This deposition process depends on the particle size, electrostatic
charge, particle number concentration and residence time. See standard texts on aerosol sciencelZ92](80][81],

NOTE 2  Charge neutralization of the NOAA might be required depending on the purpose of the study.

© IS0 2017 - All rights reserved 37


https://standardsiso.com/api/?name=ce3f57cd8095cf0ea6194cd662e9cc21

ISO/TR 19601:2017(E)

If charge distribution is considered a characterization requirement, this should be specified and
measured in the study.

NOTE3  Toreduce deposition losses, conductive tubing of the minimum length practical to use with the tubing
diameter is selected to interface with instrumentation.

NOTE4 In cases where water is introduced by the generation method, a diffusion dryer might be needed. In
some cases, a bubbler might be needed to increase humidity.

Manifolds should be characterized to ensure compliance with OECD GD 39, OECD TG 403, OECD TG 412
and OECD TG 413 for determining any sampling bias.

NOTES5 [Sampling manifold consists of tubing, solenoid valves and/or other elements required for routjng
samples frpm each chamber to online monitoring equipment.

8.4.4 The DMAS should be routinely calibrated and the results documented. The initial ealibration may
be performed in the factory.

9 Congiderations in use of nano-aerosol generator for in vitro-study

As discussed in the 2007 US National Research Council report titled ¢TeXicity Testing in the 2jst
Century: A Vision and a Strategy” and due to the substantive time, cost anid animal numbers required to
conduct tfaditional in vivo toxicity tests, there is a need for further development and use of human cell-
based methods[821[83]. For in vitro assays to be predictive of humameffects, they should include certain
parametef's into the assay design including a) the choice of rélevant cell types in a physiologicqlly
relevant ¢onfiguration, b) characterization of the test-matekial throughout the assay, including life
cycle trarjsformations, c) the choice of realistic test-material concentration and form relevant to real
exposure§, d) the use of context-specific dispersants ande) the use of appropriate exposure route and
duration. Specifically to assess inhalation toxicity of NOAA, an air-liquid interface (ALI) cell exposure
system (rather than submerged cell exposure systems) is preferred as it more closely resembles in vjvo
condition$ in the lungs and allows for physiologically relevant delivery of aerosolized nanoparticleq to
the cellsl§4]. For such a model to accurately reflect human-relevant in vivo exposure, it is criticall to
choose appropriate techniques for generating;-€xposing and studying aerosolized NOAA in cell cultufes
at the ALI

=

Some of the aerosol generators deseribed in this document have been used for generating NOAA foi in
vitro studjes, where the aerosolized'NOAA is administered to the cells, housed in an exposure chamler,
at ALI[85][86][87][88][89], A number of aerosol exposure systems [e.g. Cultex, Vitrocell, nano-aerofol
chamber [n vitro toxicity (NAGIVT), etc.] are available that allow assessment of inhalation toxicity of
NOAA an(d differ from each-other primarily in the way the nanomaterials are deposited onto the cglls
(gravitatipnal versus electrostatic)[86][87][89][90]. These in vitro inhalation exposure systems inclyde
engineeripg controls-stch as controlled temperature, humidity and gas exchange to provide a suitaple
environment for leng-term culturing of cells. These exposure systems, in conjunction with the aerogol
generatorf, enable*the characterization of NOAA throughout the assay duration in terms of NOAA
delivery, yptake’and impacts on the lung cells during NOAA exposure.

—
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NOAA generators, their particle size distribution and
measurement methods

Thiis annex contains information assembled from previously reported literature sources, |mportant
defails related to starting material characteristics, instrumentation parameters~and| material
processing are included in those literature sources but are omitted from the table for, brevlity. These
details are critical to understand in relation to the tabulated particle size distributions as the particle
siZe distributions can be highly dependent upon initial material characteristics and processing
conditions.
Subject Particle size . X
nhnomaterials Type Generators distribution Measuring method | References
Acoustic dry Cascade impactor,
Carbon _ DI.'y _ aerosol ~4um DMAS, [40]
nanotubes dissemination generator
elutriator APS
Cascade\impactor
MMAD: 1,5 um
GSD: 1,65~1,70 pm
. Electrical low pressure | Cascade impactor,
Carbon Dry ACZ::EISCO?FY impactor filter sampling,
i 43
nanotubes dissemination generdtor CMD: 0,45 pm electrlt;al low [43]
olutriator pressure impactor,
GSD: 2,09 DMAS
DMAS
CMD: 0,36 pm
GSD: 1,7
MMAD: 1,9~3,3 pm Cyclone, cascade
n:r?gijlfgles disser?;zation Bin feeder impactor, filter [91]
GSD: 2,0~3,1 sampling
Cascade impactor
MMAD: 2,2~2,9 pm
Cafben Dry Wright dust GSD: 1,7~2,6 Filteg s:f\mpling, 32]
. g cascade impactor, 32
nanetubes dissemination feeder APS APSp
MMAD: 1,9~2,0 um
GSD:1,6~1,7
Carbon Wet . .
59
nanotubes dissemination |CNT generator N/A Filter sampling [59]
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Subject Particle size .
nanomaterials Type Generators distribution Measuring method | References
Cascade impactor
MMAD: 0,5~1,3 pm
GSD: 3,1~5,4
DMAS Cascade impactor,
n;:r?gg?l?es disser]?lriiation ]221;1533&6 . DMAS, OPC, filter =
CMD: 58~64 nm sampling
GSD:1,7~1.8
OPC
CMD: 0,6 pm
Cascade impactor
MMAD: 1,1~2,0 um
Carb¢n GSD: 3,0~3,7
nanotupes, Dry Brush type DMAS Cascade impactor, [93]
carbon Qlack, dissemination generator DMAS, OPC
graph¢ne CMD: 96~145 nm
OPC
CMD: 494~533 nm
Acoustic dry
Carb¢n Dry aerosol MMAD: 1,5 pin .
. o Cascade impactor [92]
nanotybes dissemination generator GSD: 1,7
elutriator
Rotating
MWCNT _ Dry brush Countynean length SEM [94]
dissemination 44/m to 6 pm
generator
Atomizer/ _|Geometric mean length:
Carb¢n Wet nebulizer 0,7 um (SD 1,7) . .
. N . . TEM image analysis [54]
nanotybes dissemination | (dispersion® | Geometric mean width:
agent) 0,2 um (SD 1,7)
Cascade impactor
Atomizer/ MMAD: 2,7~3,4 pm
Carb¢n Wet -neblrllhzerl GSD: 1,98~2,14 Cascade impactor, [95]
nanotybes dissemination (in ethano ) APS, DMAS
wright dust APS ’
feeder CMD: 1,7~2,2 um
GSD: 1,67~1,76
25 nm~2 840 nm
Carbgn et Atomizer/ CMD: 209 nm TEM [52]
nanotybes dissemination nebulizer
GSD: 1,98
. Mass mode
Carbon . DI.‘y . Wright dust aerodynamic diameter: | Cascade impactor [33]
nanotubes dissemination feeder
4,2 pm
SWCNT Phase change | Electrospray 35 nm, 80 nm TEM [96]
MWCNT Phase change | Electrospray 20 nné-to >00 nm in SMPS [97]
iameter
300 nm modal diameter
MWCNT Dry Fluidized bed SMPS [98]
dissemination | with cyclone | 1Hm to2pmmodal LPI

diameter

40
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Subject Particle size .
nanomaterials Type Generators distribution Measuring method | References
Spark CMD: 90 nm~105 nm
Carbon black Phase change DMAS [99]
generator GSD: 1,53~1,55
CMD: 3,66 um
Dry Small scale (GSD: 1,11)
Carbon fibres di ati powder Image analysis (100]
issemination disperser CML: 14,83 um
(GSD: 4,00)
MMAD:
Titanium dioxide| . Dry Brush type 1,29 pm~1,44 pm OPC, cascade [36]
issemination generator impactor
GSD: 2,60~3,65
Titanium dioxide| .. W?t . Atoml_zer/ MMAD: 0,7 um~1,1 um | Zeta potential meter [56]
dissemination nebulizer
; CMD: 128 nm
Tifanium dioxide| ., W?t . Atoml_zer/ DMAS [101]
dissemination nebulizer GSD: 1,7
Cascade impactor
MMAD: 0,7 um ~1,1-am
GSD: 2,3>3/4 dei
do. L Dry Brush type Cascade impactor,
Tifanium dioxide di o DMAS DMAS, OPC, filter [92]
issemination generator samplin
CMD: 0220/im~0,25 pm piing
OPC
CMD: 0,45 um
Titanium i CMD: 139 nm (NiO
dioxide, disse‘r/nvier‘:ation ﬁi%m;'zer/ (. ) DMAS (102]
nickel oxide U CMD: 51 nm (TiOz)
Smal scale Cascade impactor )
Tifanium dioxide Dry owder Cascade impactor, [103]
dissemination P MMAD: BET
disperser 0,29 pm~0,44 pm
Spark CMD: 20 nm~25 nm
Tifanium dioxide| Phase cHange DMAS [65]
generator GSD: 1,6
Titanium
'd10x1'de, : Dr'y ' Rotating drum APS, DMAS [49]
Y}zirconia, talc,-[\dissemination generator
etc.
- NG Chemical Furnace
Silicon dioxide . CMD: 37 nm~83 nm DMAS [Z1]
reaction generator
Dr Small scale Cascade impactor,
Silicen dioxide | . Y powder ~3 um ©imp ’ [39]
UISSTIIIIAatIUIl . Uur U
disperser
Silver et Atomizer/ CMD: 33 nm oOPC [89]
nanoparticle dissemination nebulizer
i CMD: 16 nm
Sllver_ Phase change Hot plate DMAS [104]
nanoparticle generator GSD: 1,4
i i CMD: 6 nm
Sllver_ Chemllcal Furnace TEM image analysis [70]
nanoparticle reaction generator GSD: 2,0
i CMD: 18 nm
Sllver. Phase change Hot plate DMAS [105]
nanoparticle generator GSD: 1,45
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0OPC 0,42; SMPS 0,15

Subject Particle size .
nanomaterials Type Generators distribution Measuring method | References
i CMD: 17 nm
Sllver. Phase change Spark DMAS [106]
nanoparticle generator GSD: 1,38
i CMD: 25 nm
Platmurp Phase change Spark DMAS [107]
nanoparticle generator GSD: 1,5
i CMD: 60 nm
COppeI: . Wf:t . Atoml.zer/ DMAS [108]
nanoparticle | dissemination nebulizer GSD: 1,8
DMAS
GMD: 5 nm
Gold Phase change Hot plate TEM image analysis DMAS, TEM image [62]
nanopafticle generator analysis
GMD: 2,47 nm
GSD: 1,42
Gol . . W_et . Atomlger/ CMD: 76 nm ~ 79 nm DMAS, elec_trlcal low [109]
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nanopowder dissemination
generator
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