TECHNICAL ISO/TR
REPORT 12885

First edition
2008-10-01

Nanotechnologies — Health and safety
practices in occupational'settings
relevant to nanotechnologies

Nanotechnologies — Pratiques dé-sécurité dans les arrangements
professionnels relatifs aux nanotechnologies

-_— Reference number
— — ISO/TR 12885:2008(E)

©1S0 2008


https://standardsiso.com/api/?name=f8e2b71d606f3811d2adc7b4f188f8b3

ISO/TR 12885:2008(E)

PDF disclaimer

This PDF file may contain embedded typefaces. In accordance with Adobe's licensing policy, this file may be printed or viewed but
shall not be edited unless the typefaces which are embedded are licensed to and installed on the computer performing the editing. In
downloading this file, parties accept therein the responsibility of not infringing Adobe's licensing policy. The ISO Central Secretariat
accepts no liability in this area.

Adobe is a trademark of Adobe Systems Incorporated.

Details of the software products used to create this PDF file can be found in the General Info relative to the file; the PDF-creation
parameters were optimized for printing. Every care has been taken to ensure that the file is suitable for use by ISO member bodies. In
the unlikely event that a problem relating to it is found, please inform the Central Secretariat at the address given below.

e COPYRIGHT PROTECTED DOCUMENT

© 1SO 2008

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized in any form or by any means,
electronic or mechanical, including photocopying and microfilm, without permission in writing from either ISO at the address below or
ISO's member body in the country of the requester.

ISO copyright office

Case postale 56 ¢ CH-1211 Geneva 20

Tel. +41 22749 01 11

Fax + 4122 749 09 47

E-mail copyright@iso.org

Web www.iso.org
Published in Switzerland

ii © ISO 2008 — All rights reserved



https://standardsiso.com/api/?name=f8e2b71d606f3811d2adc7b4f188f8b3

ISO/TR 12885:2008(E)

Contents

L0 =3 T o o Vi

T 1 Lo T L0 T 1 o 1

T o o - S 2
BibliOGrapRy ... 2

anomaterials: description and manufacturing .........cccccciiiini b 3

. Engineered nanomaterials ...........cccovimiiniiminiiss s e bbb e 3
.1.1. Carbon containing nanomaterials..........c.cccccnniiiminnin e e e 3
B T © ) Lo = S0 10 S SR 4
B R R 1 11 - S S KR 5
B @ 1T T 14100 44 T o o £ S S (T 5
.1.5. Organic polymeric nanomaterials ...........cccccrmrririicsssemernernninsssssse e e thh snssssmsene e s s s ssssssssssnsssnahsssssssenenees 5
.1.6. Bio-inspired nanomaterials..........ccccccumummmemmmmennnnnn e e ss s s s s s s s sf e sssnsnnnns 6

. Production ProCeSSes........ccccciiiiiiininisnsssssisssssssssssssssssssssssssssss s s botassssssssssssssssssssssssssssssssssssssssssshosssssssssnns 6
.2.1. Typical producCtion ProCESSES .......cccccrrrrrrrrsssssssssssssssssoithanssssssssssssssssssssssssssssssssssssssssssssssshsssssssssnnss 6
.2.2. Aerosol generation methods ...........ccccinvimniniinnnn e b 7
.2.3. Vapor deposition Methods...........oo i S mmmn e 7
.2.4. Colloidal/self-assembly methods .........ccccccrnn i b 7
.2.5. Electrodeposition..........ccccooiiiiiiiiiiimminiiiicegsn i p e 7
2 T = L= o2 £ R o T 11 4T N S 7
2.7, Attrition Methods ... B s 7

(=] [0 Yo | = T o 177 EE 8
4. Hazard characterization .............. i s nnn e b e 9
Mg N o (=1L =Y i 1= o S SO 9
.1.1. Basic principles and Uncertainties..........ccccccciiiiiiiicccisecrirr s sssss s mnnabre s snnnns 10
.1.2. Potential relevance of health effects information about incidental or naturally-occurrjng
nanoparticles and NANOFIDEIS ........c.oiiiic i e s ssne e e e e e e s s s ssnennsbeesssnsnnnns 10
.1.3. Relationship‘between toxicity and surface area, surface chemistry, and particle numper-....... 1
.1.4. Inflammatory response to nanoparticles...........ccoooiiiiiiicciicsr e 1
.1.5. Animal-and cell-culture studies ... 12
.1.6. Obseryvations from epidemiological studies involving fine and nanoscale particles....|............ 15
4.2. PhySical hazards ..........cccoiiminnininiisisis s s sssss s shes s 15
.24, 'Fire (exXothermic @VeNtS)........cccccciiiiiiccccieirrirr s ccsssere e e s s s sssne s s s s s s s sssnne s e s e ssssnsssnmessssashessnnennnnns 15
(2:2. Safety considerations in manufacturing nanomaterials........cccccceriiccciceeernnnnnsccccseceeeee b 16
(=1 o7 [T Yo | = T o 1778 16
5. Exposure assessment to nanomaterials..........cccccceiiiiiiiiiiinn e ——— 23
L 0t T 1o T 1T oY 23
5.2. Scientific framework for assessing exposure to nanomaterials............ccccccmrrmriiicccssceree e 23
5.2.1. ROULES Of @XPOSUIE.......eeiiiiiiiiiire i smn e mmm e e e e s e e mmn e e e e e s sa s an e e e e s sa s nnmmnne e e s 23
5.2.2. Metric for assessing exposure to airborne nanomaterials...........cccccoiiiieriniisnn 24

© SO 2008 — Al rights reserved iii


https://standardsiso.com/api/?name=f8e2b71d606f3811d2adc7b4f188f8b3

ISO/TR 12885:2008(E)

5.3. Review of methods for characterizing exposure to nanoparticles...........cccccccmriiiicccisscrrere s s ccsneeenes 26
L2 B0 TR 7= o =1 - | 26
E I N 1 - L= 2 4 o= o -1 o o 28
5.3.3. Number conCentration ... e e s 29
5.3.4. Surface area ConCeNtration ... e 30
5.3.5. Nanoparticle size distribution measurement ............coo i ——— 31
5.3.6. Sample collection for material characterization ...............cccooii i 32
5.3.7. Measurement of high length : width aspect ratio particles of nanomaterials ............................ 33
5.3.8. SAaMPIling Strategy iSSUES ......iiciccieeiiiiiiirrcccencrrr s rr s sssre e s e s s ssssn e e e e s s s s mnn s e e e e ees s s me s e e e ennnnnnnnnns 34
5.4. Derm
5.4.1. Sampling
5.4.2. Sample characterization .............cccccciiiiiiiiicccscerrr e s s ssssne s e e e ssssssssmnnnesnessssnnnnesns keobpTanan 36
5.5. Dose [(internal exposure) asseSSMEeNt.........cccccceerrrriiiiscssssmrrerressssssssssnsessssssssssssssnssessssssssssslobusionsesssnnnnes 36
LT T 1= ' o Y 1O 37
(271 o] e T T 1 7/ S S 37
6. Risk assessment in occupational settings .........ccccevmmminiimnni S e ——— 41
6.1. Introduction and SCOPE ... Lo b mn e nmnnen 41
6.2. Risk 3ssessment for nanomaterials ... e e 41
6.2.1. Quantitative and qualitative risk assessment .............. 80 s 42
6.2.2. Hazard identification ..........ccccoorimninccii g i 42
6.2.3. EXpOSUre-reSponse asSeSSMENT .......cccuuiiiiiiriimirinre it errersssssssssssssssssssssnsssmssssssmsmesssmssssssssnssnsnnnensnnnes 43
6.2.4. EXPOSUIE @SSESSMENL .....cceeiiiiiiiiiiiiiiirirrirrrssessepesiesssssssssssssssssssssssssssnsssnssensssmsensssssnnnssnnssnensnnnnnennnnnn 45
6.2.5. Rliisk characterization ..o s 45
L TR 0o T 7' o 46
(S]] 7 [To Yo | =T ] 17/ 46
7. ControllMethodologies ........cccoue e i ————————————— 47
7400 R 1o T (1 o 47
7.2. Impligation of risk assessment in regard to control methodologies ............cceuriimmriniinninninnnnienen 48
7.2.1. Strategies for,CONtrol ... —————————— 48
7.3. Examjnation of control methodologies ..........cccciiiimiinnir e ——————— 50
0 TR T = o T =TT o o] = =Y o 14T o 50
7.3.2. CoNtrOl StrategiesS . .....ccccceceiieiiiicc s s s s r e e e s s s s s s mnnn e e e e e sa s s s nmnneeeesanssnnnmeneneenssnnnnn 51
7.3.3. Ejiminating the hazards through effective design........cccccriiiic e 51
7.3.4. Substitution of raw materials, products, processes and equipment.........cccccccercccciecererennnsscsnnes 51
7.3.5. Engineering control teChNIQUES ........cccciiiiiiiiiiiiiinii s enssssssnsnsns 52
7.3.6. Administrative means for the control of workplace eXpOSUIeS ..........cccevvmmmrrrrniisccsssmnereensesssssnns 59
7.3.7. Evaluating the work environment...........ccocciiniiii e ———————— 63
7.3.8. Personal protective equipment (PPE) ......... . 64
7.4. Health SUrVeIllanCe .......... s e 69
7.5. Product stewardship ... e e 70
[ T] o] 1T T T o 1 70

iv © I1SO 2008 — All rights reserved


https://standardsiso.com/api/?name=f8e2b71d606f3811d2adc7b4f188f8b3

ISO/TR 12885:2008(E)

Appendix 7.1. Assigned protection factors (APFs) for respirators (from USACHPPM 55-011-1 106).56
A comparison of past and PreSent APFS. ........cuiiiiiccciemiieriiisscsssscrr s sss s sssss e sssssssssssmss s e s s ssssssssnnmssesssssnnnns 76

Appendix 7.2. Advantages and disadvantages of different types of Air-Purifying Particulate
Respirators - using information from the U. S. NIOSH Respirator Selection Logic.” .........ccecovuerecurenenne. 77

Annex A. Symbols and abbreviated terms ... ——————— 77

© 1SO 2008 — All rights reserved \%


https://standardsiso.com/api/?name=f8e2b71d606f3811d2adc7b4f188f8b3

ISO/TR 12885:2008(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 1SO
technical committees. Each member body interested in a subject for which a technical committee has been
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1. Introduction

The field of nanotechnologies is advancing rapidly and is expected to impact virtually every facet of global
industry and society. International standardization on nanotechnologies should contribute to realizing the
potential of this technology for the betterment and sustainability of our world through economic development,
improving the quality of life, and for improving and protecting public health and the environment. One can
expect many new engmeered nanomatenals comlng to the market place and work place The introduction of

should be addressed as approprlate by mternatlonal standards. Whlle such standards are being.dgveloped, it
is Important, through this Technical Report, to assemble and make available to users, useful\kngwledge on
ocgupational safety and health practices in the context of nanotechnologies.

Nanotechnology involves materials at the nanoscale. As a workln% definition,' the{nanoscale” means size
rarjge from approximately 1 nm to 100 nm. A nanometer is 1 x 107 m or one millionth of a millimeter. It is
difficult to fully appreciate these remarkably small scales. To give a sense of this;seale, a human hair is of the
order of 10,000 to 100,000 nm, a single red blood cell has a diameter of around 5,000 nm, virusgs typically
haye a maximum dimension of 10 to 100 nm and a DNA molecule has a.-diameter of around 2 nm. The term
“ngnotechnology” can be misleading since it is not a single technology or/scientific discipline. Rather it is a
myltidisciplinary grouping of physical, chemical, biological, engineering; and electronic processes,| materials,
applications and concepts in which the defining characteristic is on€_ of size.

The distinctive and often unique properties which are observed<with nanomaterials offer the promige of broad
adyances for a wide range of technologies in fields as diversé-as computers, biomedicine, and enefgy. At this
eafly stage the potential applications of nanomaterials seem to be limited only by the imaginatign. Articles
appear daily in the scientific and popular press and™on a host of websites dedicated to the [field. New
companies, often spin outs from university research” departments, are being formed and are [finding no
shortage of investors willing to back their ideas,"and products. New materials are being dis¢overed or
praduced and astonishing claims are being made concerning their properties, behaviors and appli¢ations. As
of June, 2007, over 400 nano-enabled new ‘products are listed in an inventory of products alreafy utilizing
napotechnology compiled by the Woodrow Wilson Center's Project on Emerging Nanoteghnologies
(wyww.nanotechproject.org/inventories/consumer/). Another list of products can also be found|on U. S.
National Nanotechnology Initiative web-site at www.nano.gov/html/facts/appsprod.html. While much of the
cutrent “hype” is highly speculative, there is no doubt that worldwide, governments and majof industrial
companies are committing sighificant resources for research into the development of nanometer scale
prgcesses, materials and products.

Orgdinary materials such,as carbon or silicon, when reduced to the nanoscale, often exhibit [novel and
unexpected charactéristics such as extraordinary strength, chemical reactivity, electrical conductivity, or other
characteristics that the same material does not possess at the micro or macro-scale. A huge range of
napomaterials.have already been produced including nanotubes, nanowires, fullerene derivatiyes (bucky
balls).

A few engineered nanomaterials were developed already in the 19" and 20" centuries, at a timg when the
word “nanotechnology was unknown Among such nanomaterlals are zeolltes catalyst suppons such as
i i - size of these

commodlty materials is weII above the billion US dollars or m|II|on tons threshold

Nanotechnologies are gaining in new commercial application. Nanomaterials are currently being used in
electronic, magnetic and optoelectronic, biomedical, pharmaceutical, cosmetic, energy, catalytic and materials
applications. Areas producing the greatest revenue for nanomaterials are chemical-mechanical polishing,
magnetic recording tapes, sunscreens, automotive catalyst supports, electro-conductive coatings and optical
fibers.

" Please note, that definitions used throughout this Technical Report are based on draft definitions developed by ISO TC
229 WG and might become obsolete if draft definitions change.

© 1SO 2008 — All rights reserved 1
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The occupational health and safety effects of new nanomaterials are mostly unknown. This can be attributed
to the relatively recent development of the nanotechnology sector and, as a result, the lack of available
information on human exposures and working conditions. As a consequence our abilities to accurately predict
the impact of some nanomaterials exposures on worker health are limited at this time. In particular our abilities
to measure nanoparticles in the workplace (or more generally) are limited by current technologies.
Nanotechnology presents us with new challenges as the properties of nanomaterials now depend on size and
shape as much as the more conventional factors of chemical structure and composition. Measuring these
additional attributes will be necessary to accurately assess nanomaterials in the workplace. In addition, the
capability of the human body to recognize and appropriately respond to most nanomaterials is essentially
unknown at the moment. On the other hand, in the case of some nanostructured materials, such as carbon
black and g i i i i picermt f e f

There arg tial
occupatiorjal exposures in the nanotechnology context. These gaps in our knowledge will best be.addresged
at a multidisciplinary level. Occupational health practitioners and scientists and practitioners incthie toxicolpgy
field including medical scientists and environmental scientists have vital roles to play in safegliarding health in
to

This Technical Report describes health and safety practices in occupational settings relevant| to
nanotechnplogies. The initial outline was prepared using U. S. NIOSH's Approaches to Safe Nanotechnology:
An Information Exchange with NIOSH." This Technical Report focuses onythe occupational manufacture gnd
use of engineered nanomaterials. It does not address health and safety issues or practices associated with
nanomatefials generated by natural processes, hot processes-;and other standard operations which
unintentionally generate nanomaterials, or potential consumer “exposures or uses, though some of the
information in this Technical Report might be relevant to those“areas. For more general information on fhe
environment, health and safety of nanotechnologies, the reader can refer to other existing well documented
reviews.”’| Use of the information in this Technical Reporftcould help companies, researchers, workers and
other people to prevent adverse health and safety consequences during the production, handling, use gnd
disposal of manufactured nanomaterials. This advic€)is broadly applicable across a range of nanomaterials
and applicgtions.

This Techhical Report is based on current\information about nanotechnologies, including characterizatipn,
health effécts, exposure assessments, @nd control practices. The authors of the Technical Report have
attempted [to remain current with the use*of terms and their definitions. However, definitions in this field are
evolving apd some terms have not yet'undergone ISO consensus review. Therefore, the terms are intended to
be used sglely for the purpose of.this"Technical Report and not to be considered formal definitions beyond this
Technical |Report. It is expected-that this Technical Report will be revised and updated and new safety
standards [will be developed~as our knowledge increases and experience is gained in the course| of
technologital advance.
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3. Nanomaterials: description and manufacturing

3.1

. Engineered nanomaterials
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coatings, thin films and layers have at least one “nanoscale dimension. In the following st
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gineered nanomaterials are designed with specific properties in mind. Engineered \ nan
compass nhano-objects and nanostructured materials. The former are defined as_ materials

no-objects embedded in a solid matrix or nano-objects bonded together in simplé.random assen
gregates and agglomerates or ordered as in crystals of fullerenes or carbon danotubes.’ Discus
chnical Report will focus primarily on nano-objects and their simple assemblies.

atively simple nanomaterials presently in use or under active develgpment can be classified

] have complex chemical and physical structure. Any attempt 4o classify nanomaterials is high
h many materials falling into several classification categofieés. Thus, the following descrip
anizational purposes only.

antum dots and fullerenes are confined to the thrée-dimensional nanoscale domain. N
howires, nanofibers and nanofibrils have at least w0 nanoscale dimensions, while nanoscd

nomaterials are described according to the primary (or core) chemical composition of nano-obje
ntaining nanomaterials (e.g. fullerenes, carbon nanotubes); oxides nanomaterials (e.g. TiO,
tal nanomaterials (e.g. Au); semicondictor nanomaterials (e.g. quantum dots); organic
homaterials (e.g. dendrimers); and big-inspired nanomaterials (e.g. capsid nanoparticles). W
sses, different nanomaterials are listed in the order of decreasing necessary number of dim
noscale from 3D particles to fibers'to/layers.

.1. Carbon containing nanomaterials

3.1.1.1. Fullerenés

lerenes are chemical entities which can be envisioned as spherical cages built from car
emically bonded o three nearest neighbors. The best known example is a soccer-ball shaped Cgq
lerene molgeules can contain from 28 to more than 100 carbon atoms with some experimen
orting malecules containing up to 1 500 atoms with 8.2 nm diameter.” Existence of even largq
lecules’.has been postulated from theoretical considerations.> Multi-shell fullerene-like na
erred to as carbon nano-onions, can range in size between 4 and 36 nm.* Fullerenes a
estigated for a wide range of potential applications including: lithium-ion batteries, solar cells,

noplate), two (nanorod) or three external dimensions (nanoparticle) in the nanoscale (i.g.
broximately 1 and 100 nm). Examples of nanostructured materials are nanocemposites composed of

omaterials
with one
between

blies as in
sion in this

n terms of

hensionality and the primary chemical composition. However, even-Ssimple nanomaterials are often coated

ly artificial
tion is for

lanotubes,
le surface
bsections,
tts: carbon
and ZnO);
polymeric
thin these
ensions in

bon atoms
b fullerene.
tal studies
r fullerene
hoparticles
re actively
fuel cells,

oxygen and methane storage materials, additives to plastics, oil and rubber, and cancer and AIDS treatments.

3.1.1.2. Carbon black

Carbon black consists of partially amorphous material, organized into spherical or near-spherical particles
fused together to give aggregates, weakly interacting to form agglomerates, usually further organized into
macroscopic peIIets.5 Furnace black accounts for 98 % of the worldwide production and has an average
aggregate diameter of 80-500 nm and an average primary particle size of 11-95 nm. The main industrial uses
of carbon black are as a pigment and as reinforcing filler for rubber articles, in particular, tires.

© 1SO 2008 — All rights reserved
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3.1.1.3. Carbon nanofibers

Carbon nanofibers (CNFs) are cylindrical or conical structures that have diameters ranging from a few to one
hundred nanometers and lengths ranging from under micrometer to several millimeters. The internal structure
is comprised of stacked curved graphite layers (or graphene sheets, see also section 3.1.1.5) that form cones
(herringbone structure), cups (bamboo structure), rods (solid structure), or tubes (hollow structure) The main
distinguishing characteristic of nanofibers from nanotubes is the stacking of graphene sheets which make a
non-zero angle with the fiber axis. When graphene sheets are parallel to the fiber axis, they form carbon
nanotubes (see next section). Since there are “in-plane” and “interplane” components of transport and
mechanical propertles along the flber axis, as well as presence of unsaturated bonds similar to graphite,
carbon na i 5

Carbon nanofibers are produced durrng chemical vapor deposition processes from carbon rich gases such|as
hydrocarbgns over metal catalysts. A greater control over carbon nanofrber structure and composition can|be
achieved with catalytic plasma-enhanced chemical vapor deposrt|on Carbon nanofibers are produced on|an
industrial dcale and find applications as polymer additives, gas storage materials and catalyst supports

3.1.1.4. Carbon nanotubes

Carbon ngnotubes (CNTs) represent a diverse family of carbon-based materials based on a graphene sheet
rolled up in the form of a tube. CNTs can be made up of one sheet (Single-Walled) or several sheets (Mdilti-
Walled). Single-walled CNT can be open- or closed-ended depending on whether they are capped With
fullerene halves at each end. Carbon nanotubes can have a diameter as, small 0.4 nm and reach several
centimeters in Iength.m'11 Multi-walled form can reach 100 nm in diametet."?

Single-walled carbon nanotubes display metallic or semiconductive properties depending on how the
graphene $heet is rolled up, and their electronic response can be tuned using elemental subsitution.” Cart on
nanotubes| have been predicted to be as much as sixty times-stronger than steel and six times I|ghter Thtey
are considered excellent heat conductors, have a great capacity for molecular absorption and are chemically
and thermally very stable.™

Applications which are currently being investigated, dnclude; polymer composites, electromagnetic shielding,
electron fleld emitters, super capacitors, batteries, hydrogen storage and structural composites. Mgain
synthesis methods for carbon nanotubes fall _inte’two classes: those in which elemental carbon is vaporized
typically by a laser or an electric arc and those in whrch the carbon is derived at lower temperature from a
carbon solrce usually assisted by a catalyst-or plasma."®

Commercial manufacturing and supply’of carbon nanotubes at a large-scale production rate appears to|be
taking plage in a number of countries:

3.1.1.5. Graphene nanosheet

Graphene|sheet is a single layer of graphite structure which can be described as a hexagonal networl of
carbon atdms bondedto three nearest neighbors. Microscopic roughening through out-of-plane deformatigns
makes graphene sheet effective thickness of about 1 nm. Graphene was shown to possess unique electronic,
magnetlc optical and mechanic properties and might find applications in flat flexible electronic devices and
coatlngs 1 Mictoemechanical cleavage is presently the main method used to prepare this material.

3.1.2. Oxides

Metal oxide nanostructured materials in the form of agglomerated and aggregated nanoparticles are used
mostly as paint and sunscreen additives and often coated to achieve desired properties. Main production
methods are spray pyrolysis, laser ablation and solution phase synthesis.

Metal oxide nano-objects can be grown with a variety of simple shapes such as nanorod, nanotubes
nanoflakes, and more complex structures such as nanobrushes, nanosprings, and nanobelts.” These
nanostructures exhibit unique electronic properties and can find novel applications in optoelectronics, sensors,
transducers, and medicines.

4 © I1SO 2008 — All rights reserved
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Synthetic amorphous silica can be manufactured as a nanostructured material via gas-phase synthesis or wet
chemical processes, such as precipitation or sol-gel process. The nanostructured material consists of primary
particles within a range of 5-10 nm forming hard aggregates (1-40 um). Primary particles do not exist as
individual units; aggregation and agglomeration are predominant in particle formation and growth. Synthetic
amorphous silica is currently used in a wide variety of industrial applications. Most of them are related to the
reinforcement of various elastomers, the thickening of various I|qU|d systems, the free-flow of powders or as a
constituent of matting, absorbents and heat insulation material.?

3.1.3. Metals

Gdld nanoparticles are one of the most extensively studied. Gold nanoparticles are charactefized by a
praminent optical resonance in the visible range, which is sensitive to environmental changes, size; jand shape
of the particles as well as to local optical interactions in resonant systems. This unique propefty of gold
nanpoparticles is utilized in a number of applications such as optical markers and as thermal targeted cancer
treptment agent in medicine. Silver nanoparticles are produced in largest volumes ampng metal nahoparticles
angl used in numerous applications ranging from wound dressings to washing-machiné, disinfectant ffor its anti-
migrobial act|V|ty

Mgtal nanopart|cles with well-defined size and shape can be synthesized\using metal reduction from a
solution phase

Mgtal nanowires such as cobalt, gold and copper-based can be conductive or semlconductlve anfd could be
used as interconnectors for the transport of electrons in nanoeléctronic devices."® Nanowires afe typically
mcnufactured by involving a template followed by the depositionnof a vapor to fill the template and grow the
napowire.’ Deposition processes currently include Electrochemical Deposition and Chemical Vapor
Deposition. The template might be formed by various processes including etching, or the usg of other
nahomaterials such as nanotubes."®

3.1.4. Quantum dots

Spherical nanocrystals from 1 to 10 nm in. diameter composed of semiconductor materials often possess
unjque optical properties due to quantum.feffects, hence they are often called quantum dots. The |number of
atgms in quantum dots makes them ‘neither an extended solid structure nor a molecular entityl The light
enfitted can be adjusted to the desired wavelength by changing the overall dimension. ?

Quantum dots are used, among-other purposes, as fluorescent probes in diagnostic medical imaging and in
thdrapeutics; they are used forthese purposes due to their optical properties and our ability to coat hnd modify
thgir surfaces with peptides, antibodies, nucleic acids and other biologically important molecules.?
Currently, chemistry; physics and material science have provided methods for the production of quantum dots
ang are allowing tighter control on factors such as particle growth and size, solubility and emlsslon properties.
The most commaen-method to produce quantum dots is by wet chemical colloidal processes

3.1.5. Organic¢ polymeric nanomaterials

3.1.5.1. Dendrimers

Dendrimers are a new class of controlled-structure multi-branched polymers with nanoscale dimensions. They
allow precise, atomic-level control of the synthesis of nanostructures according to the desired dimensions,
shape and surface chemistry. They can display both hydrophilic and hydrophobic characteristics and can
accommodate a wide variety of functlonal groups for medical applications. They are expected to be used in
the medical and biomedical field.”® Most syntheses of dendrimers involve the repetitious alternation of a
growth reaction and an activation reaction such as the more traditional Michael reaction, or the Williamson
ether synthesis, and more modern SO|Id -phase synthesis, organo-metallic chemistry, organo-silicon chemistry,
and organo-phosphorus chem|stry
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3.1.5.2. Fibers

Nanofibers can be made of a wide variety of polymeric materials. The main manufacturing techniques are

electrospinning and gas-blowing. These techniques allow for great flexibility in controlling chemi

cal

composition and physical parameters such as fiber diameter and length. Nanofiber scaffolds can be used in a

number of applications such as sensors and ultrafiltration devices for liquid and gas phase.27 Biodegrada
polymer nanofibers can find numerous applications in medicine as scaffolds for tissue engineering,
controlled drug release, wound dressings, molecular separation, and bone restoration.?®

3.1.6. Bio-inspired nanomaterials

ble
in

Bio-inspirgd nanomaterials are generally materials in which a biological substance is trapped, encapsulateqg
adsorbed pn the surface. They include a wide range of engineered assemblies of biological building’blo
such as lipids, peptides and polysaccharides utilized as carriers for drugs, receptors, nucleie,acids a
imaging 4gents. Examples are polymeric micelles, protein cage architectures, viralderived cap
nanopartides, polyplexes, and Iiposomes29 used in transport and optimal targeting of drigs” A number
formulations are under development for drug delivery via gastrointestinal and inhalatjon* routes and ¢
applicatior}s.

Micelles are formed in solution as aggregates in which amphiphilic molecules are-arranged in a spheroi

or
cks
nd
sid
of
kin

dal

structure With hydrophobic cores shielded from the water by a mantle of hydrophilic groups. These dynamic

systems, which are usually below 50 nm in diameter, are used for the systemic delivery of water-insolu
drugs. Drugs or contrast agents might be trapped physically within the hydrophobic cores or can be link
covalently ffto component molecules of the micelle.”

Liposomeg are closed lipid bilayer vesicles that form by hydration ef.dry phospholipids. Drug molecules can
either entrppped in the aqueous space or intercalated into theclipid bilayer of liposomes, depending on

ble
ed

be
the

physicochémical characteristics of the drug. The liposome surface is amenable to modification with targeting

ligands anfl polymers.?

Polyplexeg are assemblies, which form spontaneously between nucleic acids and polycations or catig
liposomes| (or polycations conjugated to targeting”ligands or hydrophilic polymers), and are used
transfection protocols. The shape, size distribution;and transfection capability of these complexes depends
their comppsition and charge ratio of nucleic @cid to that of cationic lipid/polymer. Examples of polycations t
have bedn used in gene transfer/therapy protocols include poly-L-lysine, linear- and branch
poly(ethylgnimine), poly(amidoamine), poly-R-amino esters, and cationic cyclodextrin.29

nic

in
on
hat
bd-

Protein cqge architectures and viral*derived capsid nanoparticles are formed by self-assembly of certain

proteins.?

Building blocks of bio-inspired nanomaterials can be obtained from natural materials and using synthgtic

microbiology techniques,30 while self-assembly often takes place in a liquid phase.
3.2. Prodyction processes

3.2.1. Typjcal‘production processes

Methods t\picallvused-forthe-manufacturing-of-nanomaterials-are-
Yptcay-dsea+ohe-HahtiactdHRg-o-RahomateHasate-

Aerosol generation such as flame pyrolysis, high temperature evaporation and plasma synthesi
Vapor deposition;

Liquid phase methods: colloidal, self-assembly, sol-gel;

Electropolymerization and electrodeposition;

Electro-spinning for polymer nanofiber synthesis;

Mechanical processes including grinding, milling and alloying.

S;
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3.2.2. Aerosol generation methods

The aerosol generation method is used to produce a wide range of nanomaterials. This method is based on
homogeneous nucleation of a supersaturated vapor and subsequent particle growth by condensation,
coagulation and capture. The formation of vapor typically occurs within an aerosol reactor at elevated
temperatures where often a super saturate of a solid is cooled into a background of gas. The methods used to

produce nanomaterials are usually categorized by the heating or evaporation process and include:'®

e Flame pyrolysis

Furnace/hot wall reactors
Laser induced pvrolysis

3.2

Th

.3. Vapor deposition methods

bse methods are traditionally based on already well known and established methods)fer the man|

semiconductors. Here, vapor is formed in a reaction chamber by pyrolysis, reduction, oxidation and

Th
ag

Th
prd

3.2

Th
SO

pre

Rel
ca
the

in fhe liquid which is the main event. In:this process, high temperatures and high cooling rates acco

e first step is the deposition of a few atoms. These first atoms form islands which spread and co
ontinuous film. Later, growth continues until thicker film develops.™®

bse methods have been used to produce nanofilms including TiO,,(Zn0O and sic.”® Vapour
cesses mediated by a catalyst are used to produce carbon nanotubés commercially.

4. Colloidal/self-assembly methods

ssure which form insoluble precipitates.16

itation is used to control the process.®' Here molecular precursors undergo chemical reactions
application of ultrasound radiation. It is the creation, growth and rapid collapse of a bubble tha

b colloidal methods are also well established conventional wet chemistry precipitation processe
utions of different ions at required concentrations are mixed under controlled conditions of tempe

ufacture of
nitridation.
alesce into

deposition

s in which
rature and

cently, a rapidly expanding sub-set of colloidal methods called sonochemistry methods, where acoustic

because of
[ is formed
mpany the

collapse of the bubble and nucleation centers formed whose growth is limited by the rapid collapse. 6
Chialcogenides, metals and alloys.including gold, cobalt and nickel as well as carbon and titania |nanotubes
haYe been produced using this.method.®

3.4.5. Electrodeposition

Polymer nanofiber and metal nanowire films can be fabricated on an substrate through a controlled
eldctropolymerizafion (polymers) or electrodeposition (metals) process.***

3.2

E
to

4

.6. Electro-spinning

ctrae=spinning method is a major method in the manufacture of polymer nanofibers. It utilizes eled

broduce polymer fibers from polymer solutions or melts.*

trical force

3.2.7. Attrition methods

In attrition methods, size reduction is accor?ﬁp

as
usi

clay, coal and metals have been made.
ng these methods.

Production rates in the order of tons per hour can b
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4. Hazard characterization

4.1. Health effects

The potential health risk of a substance is generally associated with the magnitude and duration of the
exposure, the persistence of the material in the body, the inherent toxicity of the material, and the
susceptibility or health status of the person. Since nanotechnology is an emerging field, there are uncertainties
as to whether the unique properties of engineered nanomaterials also pose unique occupational health risks.
These uncertainties arise because of gaps in knowledge about the factors that are essential for evaluating
health risks (e.g., routes of exposure, translocation of materials once they enter the body, and interaction of
the materials with the body's biological systems). An important issue is whether the nanoscale version of a
particular material poses risks that are significantly different in type or intensity than the macroscale forms of
the same material.
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Results of existing studies in cell cultures (in vitroz, animals (in vivo) or humans (epidemiological) on exposure
and response to nanoscale or other respirable’™ particles, as well as available toxicity information about a
given material in macroscopic form, provide a basis for preliminary estimates of the possible health effects
from exposures to similar engineered materials on a nano-scale. However, it should be recognized that there
are significant uncertainties and variables associated with predicting human health effects based on animal
studies. Presently, in vitro cell culture methods are used mostly to delineate mechanisms of toxicity. In
general, these in vitro data can not be extrapolated to humans without additional information (e.g. in vivo
data). Initial experimental studies in animals have shown that the biological response (whether beneficial or
detrimental) to certain incidental or engineered nanoparticles can be greater than that of the same mass of
larger particles of similar chemical composition.”"'? In addition to particle number and combined surface area,
other parti e—characteristies—might-infloence—the—biolegies e3PpOense; irehadine—setabit VSRape—EhRarge and
surface chemistry, catalytic properties, adsorbed pollutants (e.g. heavy metals or endotoxins), as well|as
degree of agglomeration.'> "

Often nanpparticle surfaces are intentionally modified with coatings or functionalized in ordefJto prevent
agglomerdtion of particles and to achieve desired properties, e.g. pharmacological*(activity. Siich
modificatigns, as well as the contamination of particle surfaces with impurities can lead’to changes| in
biological fesponses. More research is underway to study the influence of particle properties on interactions
with living prganisms and the potential for adverse effects.

4.1.1. Basjc principles and uncertainties

The existing literature on particles and fibers provides a scientific basis frém which to evaluate the potential
hazards of engineered nanoparticles. While the properties of engineered’/nanoparticles can vary widely, the
basic physicochemical and toxicokinetic principles learned from\ the existing studies are relevant| to
understanxing the potential toxicity of nanoparticles. For example; itris known from studies in humans thgt a
greater proportion of inhaled nanoparticles will deposit in the alveolar region of the respiratory tract (botH at
rest and With exercise) compared to larger particles.m’17 However, it has to be realized that nanopartigles
might agglomerate and that these agglomerates can depositiin other areas of the respiratory tract or possiply
cannot be| inhaled at all. Further, animal studies indicaté that nanoparticles after initial exposure can [be
translocatgd to other organs in the body, although it.is*not well known how this might be influenced by the
chemical find physical properties of the nanopartictes.'®** Additional uncertainties are introduced by the
difficulties [in predicting human health effects based on animal studies. There might also be the potential [for
greater defmal and gastro-intestinal uptake of nanoparticles when compared to larger particles. Evidence frpm
nanotoxicglogical studies (in vitro and animal”studies) suggests that exposure to some nanoparticles might
have the potential to cause cell/ tissue/\'systemic toxicity. Due to their small size, nanoparticles have he
potential tp cross cell membranes dand “interact with subcellular structures, such as mitochondria and the
nucleus (and some nanoparticles have been shown to cause oxidative damage and impair some functior| of
cells in culture).zs’24 Animal studies) have indicated that some nanoparticles are more biologically active dug to
their greater surface area per.mass compared with larger-sized particles of the same chemistry when dgse
response felationships are-expressed as mass.”"? The greater surface area per mass of nanopartidles
compared|to larger particles is a fundamental contributor to the greater chemical reactivity and utility| of
nanopartigdes for industrial, commercial, and medical applications, but it also raises concern about the
potential fgr adversg health effects in workers exposed to nanoparticles.

4.1.2. Poténtial relevance of health effects information about incidental or naturally-occurring
anoparticles and nanofibers

While there is limited information on the health effects of engineered nanoparticles, there is a larger body of
research on the health effects of incidental nanoparticles (e.g. diesel exhaust particulate®*® and welding
fumes®’). The biological mechanisms of particle-related lung responses (e.g., oxidative stress, inflammation,
and production of cytokines, chemokines, and cell growth factors) appear to be a consistent lung response to
incidental respirable, including nanoscale, particles >?*%° (contaminants such as transition metals® might also
contribute to the lung response“). Although the composition and thus the physicochemical characteristics of
incidental and engineered nanoparticles can differ substantially, the toxicological and dosimetric principles
derived from studies of incidental nanoparticles might be relevant to assessing the health effects of
engineered particles.
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There is a very large body of research on the health effects of certain respirable fibers. For example, it is well
established that particular forms of asbestos are causative factors in otherwise rare, occupationally-derived,
malignant mesotheliomas®? and other lung disorders (including pulmonary interstitial fibrosis, pleural plaques,
calcification and thickeningz.33 The harmful effects of fibers are driven by three important factors: length,
diameter and persistence. 7 1t is difficult to draw conclusions regarding the health effects of engineered
nanoscale fibers based on asbestos studies, but they suggest that particle properties of size, shape and
composition are important factors influencing the toxicitg of nanoparticles. There have been shorter-term
studies of the effects of single-walled carbon nanotubes®*>° and multi-walled carbon nanotubes*® in the lungs
of rats and mice (administered by intratracheal instillation or pharyngeal aspiration). These studies have
shown unusual inflammatory and fibrogenic reactions in the lungs, including transient inflammation ggglgowed
by k.™
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4.1.3. Relationship between toxicity and surface area, surface chemistry, and particle numbe

To|the extent that nanoparticles might pose increased hazards, the most significant factors might re¢late to the
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ater number or surface area of nanoparticles compared with that for the same mass' concentratig
ticles. This hypothesis is based primarily on the pulmonary effects observed in studies of roden
various types of poorly soluble nanostructured materials in the form of/agglomerated and 3
noparticles or larger respirable particles (e.g., titanium dioxide, carbon black, barium sulfate, ca
sel soot, coal fly ash, and toner). These studies found that for a given, mass of particles, pod
nostructured materials in the form of agglomerated and aggredgated nanoparticles produc
servable effect than larger particles of similar chemical composition.and surface properties. Dos
btionships obtained in animal studies for poorly-soluble and low: toxicitg/ particles appear consis
ticle sizes when dose is expressed as particle surface afea’”'?*'*° The mechanisms by w
terials exhibit higher levels of toxicity at smaller particle sizes (on a mass basis) appear
monary inflammation, oxidative stress, and tissue injury.13'28’29 The biological activity of particles
their number and their physical and chemical propérties, including size, surface area, solubil
stal structure, charge, catalytic activity and chemistry.>®''446-49

fough engineering, the properties of nanomaterials can be modified. For example, recent in vi
e shown that the in vitro cytotoxicity of fullerenes (measured as cell death) and carbon nanotul
uced by several orders of magnitude bg/ modifying the surface chemistry of the fullerene moils
bon nanotubes (e.g., by hydroxylation);**' Cytotoxicity studies in vitro with quantum dots have
type of surface coating can have & significant effect on cell motility and viability.®*>*

4. Inflammatory response to'hanoparticles

variety of nanoparticles ranging from carbon-based combustion products to transition meta
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release of signaling molecules such as chemokines, cytokines, C-reactive protein and fib
gulant).**®" Incaddition, macrophage and neutrophil activation is also associated with the prd
ctive oxygeni.species. Macrophages are the well-known surveillance cells in the tissues which
iculate paatters, including nanoparticles to produce these biological responses. Exposure f
oparticles” has been found to modulate, in different ways, the defence/inflammatory ca
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(attempted) proteolytic breakdown go awry or when nanoscale particles become internalised in non-immune-
related cell types (e.g. parenchymal cells), intracellular molecular defenses are initiated which result in the
new expression of protective genes. When these protective mechanisms (e.g., antioxidants) are depleted,
tissue injury and disease might occur.?*®® Several broad intracellular protective responses are known, from
cell culture and animal studies, to be induced by the exposure to particulate/fibrous materials (carbon black,
carbon nanotubes, ambient air particles, and nanostructured titania): the pro-inflammatory cytokines and
relevant genes; the antioxidant-response element-inducible genes and proteins; and the stress (or “heat
shock”) response proteins.>>®' Consequently, effects such as persistent inflammatory responses and gene
inductions are likely to represent precursors of downstream pathological conditions. It is important to note that
contaminants, such as metal catalysts or bacterial endotoxins (lipopolysaccharides), contributed to the

© SO 2008 — Al rights reserved 1


https://standardsiso.com/api/?name=f8e2b71d606f3811d2adc7b4f188f8b3

ISO/TR 12885:2008(E)

induction of inflammatory responses observed in experimental toxicological studies of nanoparticles.
Specifically, the unpurified single-walled carbon nanotubes which contamed more than 20 % by weight of iron
induced stronger pulmonary inflammation than purified counterparts % and the conventional formulations of
gold nanoparticles which contained significant amounts of endotoxins stimulated immune cells in vitro, and the
improvement of formulatlon process, which diminished the endotoxin contamination, also effectively reduced
the bilogical responses

4.1.5. Animal and cell-culture studies

4.1.5.1. Carbon containing hanomaterials

Major manufactured nanoscale carbon containing materials are carbon nanotubes (CNTs), carbon nanofibgrs,
fullerenes pnd carbon black. Single-walled CNT can be described as a single sheet of graphite rolled\to’form a
seamless tylinder (see also Chapter 3.1.1). This new class of material offers excellent electrical-méchanical
and thermpl properties. Due to such unique advantageous material properties an increased-ptoduction gnd
use of CNTs makes it likely that human exposure will occur.

A number [of toxicological studies of CNTs have been performed in recent years (seeAeferences cited in [15],
[65], [66])| These studies have suggested that the biological response to CNTsin\\cell-culture and animnal
studies cah vary widely depending on the test material and the test method applied. The nature of the fest
material depends on the method of production and post-production treatment resulting in different leveld of
impurities [(metals, organic molecules, other forms of carbon, support material etc.) and different structufes
(atomic stucture, number of walls, agglomeration state, etc.) and geometriés (diameter, length, deformatiops)
of carbon|nanotubes. Therefore it is essential that certain physical charactenstrcs of a test material are
determinedl and reported in conjunction with any investigation of their hazards.®’

Biomarker of oxidative stress were elevated in an in vitro assay after incubation with single-walled carfyon
nanotubes| Smgle -walled CNTs purified by acid treatment ‘have been shown to produce adverse effegts,
including gcute inflammation with early onset, yet progressive, fibrosis and granulomas in the lungs of mice
after a single pharyngeal aspiration. Application of carbon black at identical mass doses did not indyice
granulom s or alveolar wall thickening and, Cpulmonary inflammation, and damage was Ig¢ss
pronounc Although these results, obtained by pharyngeal aspiration, suggest some hazardous potential
of single- alled CNTs by inhalation, the actual-human inhalation toxicity of single-walled CNTs has not bgen
determined yet.

Purified"grpund and intact multi-walled-earbon nanotubes administered intratracheally to rats were found to[be
biopersistgnt (still present in the (ung after 60 days) and induced inflammatory and fibrotic reaction$.*’
Pulmonary lesions induced by CNTs characterized by the formation of collagen-rich granulomas were cauged
by the acqumulation of large, CNT agglomerates in the airways. Ground CNTs were better dispersed in fhe
lung parenchyma and also induced inflammatory and fibrotic responses. Chrysotile asbestos and carbon black
were included as reference materials. As expected, asbestos induced inflammatory and fibrotic reactipns
while carbpn black only‘showed inflammatory reaction. *

There have also been studies on the effects of exposure to carbon nanotubes on the skin and eyes. An in vjtro
study reported that unpurified single-walled carbon nanotubes caused a significant decrease in celly
viability and b|omarkers of oxrdatlve stress wrth a dose- -response relationship, as well as a S|gn|f|cant increg
in lipid peroxi EXpOSUTE to
unrefined single-walled carbon nanotubes m|ght lead to dermal toxicity in exposed workers Another in vitro
study using human fibroblasts and keratinocytes |nd|cates that single-walled CNTs, functionalized with
peptides, are capable of penetrating the cell membrane.®® However, the application of a filter saturated with a
solution containing fullerene soot W|th a high content of single-walled CNTs during a patch test did not cause
irritation or allergies in volunteers.”® Ocular |nst|IIat|on of an aqueous suspension of nanotubes in a modified
Draize test with rabbits did not cause irritation.”

There have been a few toxicity studies of functionalized carbon nanotubes. Numerous effects have been
reported and the toxicity seems to vary greatly with the nature of the functional groups. An in vitro study with

i «“pyrified” in this context means treated with acid to remove metal contaminants.
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lung tumor cells showed that the toxicity of unpurified multi-walled carbon nanotubes and nanostructured
carbon black obtained by grinding of graph|te increases after their surfaces are chemically functionalized with
carbonyl, carboxyl and hydroxyl groups ' On the other hand, another in vitro study using cultured human
dermal fibroblasts showed that cytotoxicity of purified single-walled carbon nanotubes functlonalrzed with
phenyl-SO3H and phenyl-(COOH),, decreases as the degree of functionalization increases.’’ In vivo mice
studies showed that water soluble single-walled CNTs functionalized with diethylenetriaminepentaacetate
and labeled with indium ( In) for imaging purposes, were not retained in either liver or spleen and were
rapidly cleared from systemic blood circulation through the renal excretion route after intravenous
administration.”

4.1.90.2. UXIdesS

Experimental studies in animals have shown that at equivalent mass doses, poorly soluble-nangstructured
magtal oxides in the form of agglomerated or aggregated nanoparticles (e.g., titanium dioxide, alumipum oxide,
angd manganese dioxide) are more potent than larger partrcles of srmrlar composition;,‘in ‘causing [pulmonary
infllmmation, tissue damage, and lung tumors in animals.>®*"*** For these and”other poofly soluble
pafticles, a consrstent dose-response relationship is observed when dose is expressed as parti¢le surface
arda.®” 13924 These animal studies suggest that for nanostructured materials and-arger particles With similar
cheémical properties, the toxicity of a given mass dose will increase with decreasing particle size |due to the
ingreasing surface area. In addition to particle size and surface area, other-physical and chemical properties of
patrticles are known to influence toxicity, including solubility, shape, surface reactive sites, charge, and crystal
strpicture.™'*4"*87® For poorly soluble particles of relatively low toxicity; some animal studies have identified
dogses that were not associated with observed adverse responsés. For example, a recent anjmal study
regorted mass doses of either fine or nanostructured TiO, jn\rats at which the lung responsgs did not
signifiﬁargtly differ from controls, while crystalline silica caused. more severe lung responses at the Same mass
dose.™

4.1.56.3. Metals

In |vitro studies indicate that some metal nangparticles can exhibit acute inflammatory effects jjn animals
related to the ability of metal ions to generate-reactive oxygen species. The dose-response relationghips differ
for| different metals, which might relate to, thé physico-chemical properties and mechanisms of toxicity. For
mple, recent studies using rat liver derived cell lines in vitro indicate that silver nanoparticlgs (15 and
10P nm) at 5 - 50 pg/ml showed a significant cytotoxicity to the cells, whereas other particles such as
alyminum nanoparticles (30 and‘ 103 nm) and micrometer scale tungsten particles (27 ym), had no
mdasurable effects at the same-mass doses.” ln vitro studies of mouse spermatogonia cell linds reported
toxic effects of silver nangparticles (15 nm) Peters et al. studying the behaviour and viability of human
englothelial cells in vitro, observed that cobalt and nickel nanoparticles were incorporated into the yacuoles of
cells.”® Cobalt nanéparticles were found to cause inflammation and to be cytotoxic, while nickel
nanoparticles did not.produce these effects. In contrast, an in vivo study found nickel nanopartrcles was more
toxic than cobalt nanoparticles, and that the toxicity correlated with the free radical act|V|ty ® In other in vivo
studies, nickel nanopartlcles was found to be more toxic to the lungs than the same mass dose of |crometer
scale nickel partlcles % and cobalt nanoparticles were more toxic than micrometer scale cobalt pa icles.®’ In
an|oral gavage study, copper nanopartlcles caused severe toxicity and injury to the kidney, liver, gnd spleen,
while micrescale copper particles did not.* Colloidal gold nanoparticles, which have been developed for
thgrapeutic and dlagnostlc uses, did not generate any toxicity in mice by an intravenous injgction at a
thdrapeutic dose level.®®

4.1.5.4. Semiconductors

The main application of semiconductor nanoparticles is as quantum dots. Health hazard properties of
quantum dots depend on a host of factors arising from their chemical structure and environmental conditions.
Size, charge, concentration, bloactlwty of the surface coating, and oxidative, photolytic, and mechanical
stability contribute to their toxrcrty * The long-term stability of the complexes and their complete degradation
before elimination needs to be further evaluated given that some of their constituents, such as Pb, As, Cd, and
Tl, are potentially highly toxic.® Coatlngs can inhibit quantum dot degradatron which might result in the
release of toxic constituents, as well as loss of quantum dot fluorescence in vivo.*

In vitro studies suggest that some quantum dots can be cytotoxic, with dose-response relationship. For
example, CdTe quantum dots caused rat pheochromocytoma cell death in vitro indicated by chromatin

© SO 2008 — Al rights reserved 13


https://standardsiso.com/api/?name=f8e2b71d606f3811d2adc7b4f188f8b3

ISO/TR 12885:2008(E)

condensation and membrane blebbing.*” Smaller positively charged quantum dots were more toxic than
larger, equally charged, quantum dots with the former localized in the nuclear compartment and the latter in
the cytosol. Authors explained this by the presence of Cd** ions, free radical formation, or interaction with
intracellular components leading to loss of function. Other, in vitro studies, reported that CdSe quantum dots
were cytotoxic to liver cells and that surface oxidation of the quantum dots produced Cd* ions, recognized as
carcinogenic.’®® Encapsulation of the quantum dots with ZnS tended to reduce this effect and it declined to
almost zero with encapsulation by bovine serum albumin. The in vitro cytotoxicities of realgar (As,S,, a
semiconducting material which is also used in some traditional medical formulations) with small sizes (100 -
150 nm) to human umbilical vein endothelial cells were stronger than those of larger particles (200 -
500 nm).89 The surface area-dependent cytotoxicity of realgar particles can be explained by the amount of
released getive-ingredients—inthe—ircubationmeditm—from-theparticles—which-might behighlty-dependention

the amount of surface area.

Some in v|vo studies showed no observed ill effects: mice injected with amphiphilic polgacrylic acid|polymer-
coated qupntum dots and with polyethyleneglycol amine conjugated quantum dots; ° mice injected with
CdSe/ZnS|quantum dots.”!

4.1.5.5) Organic polymeric nanomaterials

Certain ingidental organic nanoparticles have been shown to pose acute toxic hazard upon human inhalatjon
exposure. [Among nanoscale particles, freshly-generated polytetrafluoroethylene {PTFE) fume (generated at
temperatufes of more than 425 °C) is known to be highly toxic to the lungs~Freshly-generated PTFE fume
(15 nm) cqdused hemorrhagic pulmonary edema and death in rats exposed4o less than 60 pg/m3.46 In contrast,
aged PTFE fume was much less toxic and did not result in mortality,»which was attributed to changeyq in
surface chemistry as well as increase in particle size from accumulation (>100 nm)."*% While PTFE fume
differs from engineered nanoparticles, these studies illustrate properties of incidental nanoparticles that have
been assofiated with an acute toxic hazard.

Toxicity of|nanoscale dendrimers is related to the nature of monomers and dendrimer synthesis.93 Specificglly,
in vitro andl in vivo animal studies showed that nanoscaleZdendrimers with positively charged surface groyps
similar to |other biological macromolecules can destabilize cell membranes and cause cell lysis.** Thus,
biological [response to nanoscale dendrimers can-be tailored through functionalization of the surface
dendrimer(sites. Nature of the dendrimer core also-is also thought to affect its biological activity. For example,
it has begn suggested that dendrimers with ;aromatic interior can cause hemolysis through hydrophagbic
membrand contact.®® Higher generation dendrimers (larger in size) have been found to be more Cytotoxic.96

4.1.5.6. Bio-inspired nanomaterials

Engineerefl bio-inspired nanomaterials can potentially produce the full range of health responses obseryed
with naturally occurring nanomaterials, from the benign and beneficial (such as insulin and growth hormope)
to adverse|and even lethal{Such as protein biotoxins “designed” by nature to be toxic).

It was shgwn that delivery of biologically active bio-inspired nanoparticles into the blood circulation throygh
oral adminjstration-can be facilitated by bile acids and proteinase inhibitors.”’ Recently, transdermal delivery of
intact, biolpgically active protein medications, such as insulin, has been shown to be possible in the presence
of phage peptide chaperones.98 It appears that the mechanism of penetration is not specific to insulin gnd
involves intefactions between the phage peptide and the skin, facilitating a transfollicular route of insulin
transport through the skin. These drug applications could potentially result in accidental exposures of workers
during drug production and administration in health care settings.
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4.1.6. Observations from epidemiological studies involving fine and nanoscale particles

Initial epidemiological studies in workers exposed to aerosols, including incidental fine and nanoscale
particles, have reported lung function decrements, adverse respiratory symptoms, chronic obstructive
pulmonary disease, and fibrosis.>*?"*'% |n addition, some studies have found elevated lung cancer among
workers exposed to certain incidental nanoscale particles, e.g., diesel exhaust particulate2 % and welding
fumes.?” Human case studies have reported pulmonary edema in workers exposed to PTFE fume and an
accidental death in a worker when an equipment malfunction caused overheating of the PTFE resin and
release of the PTFE pyrolysis products in the workplace.m'102 The implications of these studies for
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demiological studies have shown adverse health effects associated with exposute, to the
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hoscale particles relative to the other air pollutants in causing the observed adverse health e
bociations in these studies have been based on measurements of the, particle number
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gases,) Depending on their composition and structure, some nanomaterials might initiate catalyti¢ reactions
and increase their fire and explosion potential that would not otherwise be anficipated from their chemical
composition alone.""”

Additionally, some nanomaterials are designed to generate heat through the progression of reactions at the
nanoscale. Such materials might present a fire hazard that is unique to engineered nanomaterials. The
greater activity of nanoscale materials forms a basis for research into nanoenergetics. For instance,
nanoscalﬁ8 Al/MoQO; thermites ignite more than 300 times faster than corresponding micrometer-scale
material.
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4.2.2. Safety considerations in manufacturing nanomaterials

The manufacture of nanomaterials, as with any other novel materials, can be either on a small pilot scale,
including research and development activities, or full scale. Presently, nanomaterial manufacturing can
include several high-energy processes, such as flame pyrolysis, laser induced pyrolysis, laser vaporization,
thermal plasma, microwave plasma, sputtering, and laser ablation, which present specific safety issues.
Typical safety hazards in these processes include handling of high pressure cylinders, low pressure
apparatus, inert and toxic gases, high temperature objects, operation of high electrical currents, electro-
magnetic radiation emitting devices, and high intensity light sources (including ultra-violet, infra-red, and
visible light) and lasers. Working under such hazardous conditions requires implementing appropriate work
practices gr following respective laboratory safety guidelines.
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. Introduction

, Sudbury,

and Safety

138, 373—

s section concerns the assessment of the exposure of workers as a result of the manufacturg, handling

] use of nanomaterials. The scientific framework for exposure assessment is discuss
nsideration of the routes of exposure and the most~appropriate measurement metric to be us
owed by a summary of the instrumentation currently available and a discussion of possible
btegies.

. Scientific framework for assessing exposure to nanomaterials

.1. Routes of exposure

ere are three main routes by.which workers can be exposed to nanomaterials: a) inhalation, b
i ¢) skin contact:’

alation. As with most (particles in the workplace, inhalation is considered to be the primary rout
nomaterials in the fofm of free, unbound, airborne particles will enter the bodies of workers. On
nomaterials will-deposit in the respiratory tract regions, depending upon their particle size. S
noparticles wilh deposit in all regions of the respiratory tract. Figure 1 shows the fractional de
aled nanopariicles in the nasopharyngeal, tracheobronchial and alveolar regions of the human
ct for nasal breathing, using the predictive mathematical model of the ICRP.” According to the IG
% of.the 1 nm particles are deposited in the nasopharyngeal region, with 20 % in the trachg

ed  with a
bd. This is
sampling

) ingestion

b by which
ce inhaled,
pecifically,
position of
respiratory
RP model,
obronchial

ion“and less than 1 % in the alveolar region. For 20 nm particles, however, 50 % deposit in t

reg

ionvand 25 % in the nasopharyngeal and tracheobronchial regions.

Te alveolar
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Figure 1|— Predicted total and regional deposition of-particles in the human respiratory tract relatgd
to partic|e size using ICRP 66 model.? Deposition Eraction includes the probability of particles being
inhaled (inhalability). The subject is consideredto be a nose breather, performing standard work,

Nanopartigles have been reported to translocate to different organs in the body after penetrating the c¢ell
epithelium|and entering the blood or lymph systems (see Chapter 4.1.1).

Ingestion. |In the workplace, nanomaterials in particulate form could be ingested by swallowing the mucous
that traps @and clears particles deposited in the airways; by ingestion of contaminated food or water; or by gral
contact with contaminated surfaees~or hand. Only a few studies have been carried out to investigate fhe
uptake and deposition of nanoparticles to the Gl tract.”

Skin contdct. In the workplace, skin might be exposed to nanomaterials during their manufacture or use or|by
contact with contaminated-'surfaces. It is still under discussion if and to what extent nanoparticles in gengral
are able t¢ penetrate.the intact skin and cause adverse effects. Most of the reported work has been carrjed
out with inflividual.materials, such as TiO, and ZnO, on intact skin. The effect of flexing the skin has yet to|be
fully explofed asthas penetration through damaged skin.®* The role of solvents in skin uptake of nanopartidles
in the occypational setting is also yet to be fully explored.

Exposure through parenteral route can occur in the workplace primarily due to accidents.

5.2.2. Metric for assessing exposure to airborne nanomaterials

The current method of assessing worker exposure to airborne particles in workplaces involves the
measurement of the mass concentration of health-related fractions of particles in the worker's breathing zone®
and their chemical composition. The health-related aerosol fractions relate to the probability of penetration of
airborne particles to the various anatomical regions of the respiratory system and provide a specification for
the performance of sampling instruments (see Figure 2). The inhalable convention is the mass fraction of total
airborne particles that enters the nose or mouth during breathing, The thoracic convention is the mass fraction
of inhaled particles that penetrate the respiratory tract beyond the larynx, with 50 % penetration at an
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aerodynamic equivalent diameter (Da) of 11.64 uym (equivalent to 10 ym when expressed as a fraction of total
aerosol) and the respirable convention is the fraction of inhaled particles that penetrate to the alveolar region
of the lung, with 50 % penetration at Da 4.25 ym (equivalent to 4 ym when expressed as a fraction of total
aerosol).

Inhalable

— — Thoracic

- - = -Respirable

Fraction of ambient particles in convgntion

1 10 100
Particle-aerodynamic diameter (um)

Figure 2 — Health-related sampling conventions for workplace aerosols from ISO 7708.°

The main exceptions to this methodology are particle-number-based metrics of exposure used a)) for fibers
su¢ch as asbestos for which airborne particles (defined as of length > 5 ym, width <3 pm and length: width
aspect ratio = 3:1") are eqllected on a membrane filter sampler and are counted using optical pr electron
mi :roscopy,7 and b) formicroorganisms, for which the standard method is to collect them on a growfth medium

anfl to count the numbet of colony-forming units.®*

However, recent/toxicological evidence indicates that the potential health effects associated with inhaling
nanoaerosols- (defined as airborne nanoparticles and particles of nanostructured materials) might not be
closely associated with particle mass. A number of studies have indicated that the toxicity of insoluble
mdterial§rincreases with decreasing particle size, on a mass for mass basis.”'®"" The mechanisms by which
thgse.materials exhibit higher levels of toxicity at smaller particle sizes have yet to be explained, although
thare=are. many hypnfhnene_ A _number of studies indicate that hinlnginnl response dnpondc on-the surface-
area of particles deposited in the lungs.”"*™ It has also been suggested that due to their small diameter,
nanoparticles are capable of penetrating epithelial cells, entering the bloodstream from the Iungs,,14 and even
entering the brain via the olfactory nerves. ° As particles in the nanometer size range have a high percentage
of surface-atoms, and are known to show unique physico-chemical properties, it would be expected that
nanoparticles would demonstrate biological behavior closely associated with particle diameter, surface-area
and surface activity.

il please note that the definition and sampling methodology of asbestos fibers can vary for different jurisdictions. This
definition of fiber is based on WHO definition®
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It is apparent from the above discussion that measuring exposures to nanoaerosols in terms of mass
concentration alone is not sufficient to assess potential health risk. In addition, there is strong evidence to
suggest that occupational nanoaerosols should be monitored with respect to surface-area. However, in this
context, aerosol surface-area is not well defined and it is dependent on the measurement method used.
Geometric surface-area refers to the physical surface of an object, and is dependent on the length-scale used
in the measurement. Measurement length-scale determines the upper size of features that are not detected by
the measurement method. For example, methods utilizing molecular surface-adsorption have a length-scale
that approximates to the diameter of the adsorbed molecules.™ Similarly, biologically relevant surface-area
will most likely be determined by the smallest biological molecule that interacts with particles within the body.

While a st . ;
to considef characterizing exposures against aerosol mass and number concentration until further informatjon
is availablé¢. In the case of a nanomaterial with consistent composition, size and shape, one can meastire the
specific syrface area and correlate it to mass concentration. However, the correlation coefficient.will not|be
transferable to other nanomaterials with different distributions in composition, size and shape; For each of
these exppsure metrics, but particularly in the case of mass concentration, particle size selective inlets will
need to bg employed to ensure only particles within the relevant size range are sampled.17

eng-ease-might-be-made-fo g-aeroselsurface-area-as-o pestre-M alse ary

The actual cut size that particle selection should be made for assessing potential human health impact is §till
open to debate and depends upon particle behavior and subsequent biological interactions. The currently
proposed [cut size for nanoparticles is 100 nm, although this is not derived from particle behavior in the
respiratory tract following deposition and it excludes larger particles of nanomaterials. However, at this scalg it
is thought [that the properties of materials can be different from those at a‘larger scale. For instance, it could
be possible to develop a health-related description of a nanoparticle baséd)on the deposition probability in the
lungs (see| the curves in Figure 1). Particle deposition efficiency in the‘respiratory tract reaches a minimunj at
about 2001300 nm in diameter, and increases for particles of lesser diameter. In addition, as particles become
smaller, surface curvature, the arrangement (and percentage).'of atoms on the particle surface and
size-depenident quantum effects play an increasingly significant role in determining physico-chemical
behavior.

It is currently unclear whether the biological impact of discrete nanoparticles depositing within the respiratpry
system, i distinct from or similar to the impact. ©f large agglomerates or aggregates of nanopartiges
containing|the same mass of material. Several factors can affect biological response. First, the location of
deposition|depends on aerodynamic particle size-which will change with degree of agglomeration/aggregatipn.
Next, if agglomerates or aggregates of nanoparticles either de-agglomerate or disaggregate complefely
following dleposition, it is conceivable that-the resulting biological impact will be similar to an equivalent
exposure ¢f discrete nanoparticles. In addition, if biological response is associated with the surface-area of the
deposited faerosol, then for a given-volume of material, the response to deposited agglomerates/aggregates
with an open fractal-like structure Will conceivably be similar to that from an equivalent dose of discrgete
particles. However if the nangstuCtured particles do not de-agglomerate then it is likely that they will hot
translocatg to other organs in.the body as readily as the discrete nanoparticles and so the biological impdcts
will be different. So, knawledge of the ease with which the specific particles will de-agglomerate will [be
required before deciding-at which particle size to exclude unwanted particles (bulk particles which are hot
nanostructured materials) and might vary with the particle properties.

5.3. Review of methods for characterizing exposure to nanoparticles

5.3.1. Ge

The principal purpose for most particle sampling is for the protection of workers, some of the aspects of which
include:
1) assessment of personal exposure for compliance with regulations,
2) assessment of personal exposure for linking with potential adverse health effects in
epidemiological studies,
3) identification of major emission sources for establishing targeted control plan
4) assessment of efficiency of control systems deployed

Each of these tasks requires specific and often different types of instrumentation. For example, for personal
exposure measurements the best solution is to use small, battery-powered samplers, mounted on the
worker's body, that move with him/her during the working shift. While for source identification, portable
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monitors can be used, generally giving continuous measurements of concentration that can be correlated with
details of the location, ventilation and the specific work processes being undertaken. In order to assess the
efficiency of control measures in the workplace, many different types of instruments can be used, including
static, mains-driven instruments, depending upon the information required.

However, for assessing exposure to engineered nanoparticles a major confounding factor in most workplaces
is that of incidental nanoscale particles derived from ambient aerosols that penetrate workplaces to differing
degrees,'®' and incidental nanoparticles generated within the workplace itself.”° These confounding particles
can both directly impact measurements of particle count, but also rapidly coalesce with nanoparticles,
including the nanoparticles of interest, requiring careful design of experiments._Possible methods of
diseriminating—betweer—expostre—to—engineered-nanoparticles—eand—to—ambientincidentalnanoseaie particles
wil| be discussed later. While discrimination will facilitate analysis of exposures, effective contfol of both
engineered and incidental nanoparticles is essential for effective occupational health and safety\management.

Idgally, according to [21], the equipment for taking the occupational hygiene measurements’should be:
e portable;
e capable of measuring multiple nanoparticle characteristics (particle count, mass, surface ar¢a,
charge, size distribution, differentiate engineered from background particles, temporal variation etc.);
capable of obtaining breathing zone samples;

capable of being used in industrial settings;

battery-powered;

real-time;

e relatively inexpensive.

At this time there is not a single instrument that meets all of these criteria.

A summary of currently available instrumentation is provided'in Table 1, which is an updated vergion of that
foynd in the ISO/TR 27628:2007 on Ultrafine, nanoparticle and nano-structured aerosols —| Exposure
characterization and assessment.””> Some of the:(following sections contain information taken from
ISQ/TR 27628:2007, which will be updated periodically and might contain more up to date information than
thig Technical Report.

Table 1 — Instruments and techniques for monitoring nanoaerosol exposure.

Metric Devices Remarks

The only devices offering a cut point around 100 nm are casgade
impactors (Berner-type low pressure impactors, or Microofifice
impactors). Allows gravimetric and chemical analysis of samples on
Mass stages below 100 nm
directly

Size selective(static sampler

Sensitive real-time monitors such as the Tapered Element Oscillating
TEOM® Microbalance (TEOM) might be useable to measure nanoaerosol rhass
concentration on-line, with a suitable size selective inlet.

Real-time size-selective (aerodynamic diameter) detection of aftive
surface-area concentration giving aerosol size distribution. Mass
ELPI™ concentration of aerosols can be calculated, only if particle chargel and
density are assumed or known.

s . by Size-selected samples might be further analyzed off-line (as above).
calculation

Real-time _size-selective (mobility diameter) detection of nuinber
concentration, giving aerosol size distribution. Mass concentration of
aerosols can be calculated, only if particle shape and density are known
or assumed.

DMAS

CPCs provide real-time number concentration measurements between
their particle diameter detection limits. Without a nanoparticle pre-
separator, they are not specific to the nanometre size range. P-Trak
has diffusion screen to limit top size to 1 ym.

CPC

Number
directly

Real-time size-selective (mobility diameter) detection of number

DMAS concentration, giving number-based size distribution.

Off-line analysis of electron microscope samples can provide

Electron Microsco| ) . . " f
Py information on size-specific aerosol number concentration.
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Number by
calculation be interpreted in terms of number concentration.

Real-time size-selective (aerodynamic diameter) detection of active

ELP™ surface-area concentration, giving aerosol size distribution. Data might

Size-selected samples might be further analyzed off-line.

area

Surface-

Real-time measurement of aerosol active surface area. Active surface
area does not scale directly with geometric surface area for particles
larger than 100 nm. Note that not all commercially available diffusion
chargers have a response that scales with particle active surface area
for particles smaller than 100 nm. Diffusion chargers are only specific to
nanoparticles if used with an appropriate inlet pre-separator.

Diffusion Charger

Real-time size-selective (aerodynamic diameter) detection of active

dire

tly ELPI™ surface-area concentration. Active surface area does not scale directly
with geometric surface area for particles larger than 100 nm.

Off-line analysis of electron microscope samples can pravide
information on particle surface area with respect to size. TEM ahalysis
provides direct information on the projected area of collected(particles,
which might be related to geometric area for some particle shapes.

Electron Microscopy

Surf]
areg
calcl

Real-time size-selective (mobility diameter) detections of number
concentration. Data might be interpreted in terms ‘of-aerosol surface

DMAS area under certain circumstances. For instance, the'mobility diameter of
pce open agglomerates has been shown to correlates well with projected
by surface area.”
lilation

Differences in measured aerodynamic and.mobility can be used to infer
particle fractal dimension, which can be fufther used to estimate surface
area.

DMAS and ELPI™ used in
parallel

5.3.2. Mass concentration

Mass con
particles o
(piezobala|
such as El

5.

There are
although it

concentrafjons of nanoparticles in workplaces but it is expected that high flow rates of about 10 | min™" will

required tg
weighing.
impactors
Analytical
nanopartic
combined
diffraction

5.

centration can be determined by a number of ditect reading instruments utilizing collection
n filters (aerosol samplers, cascade impactors and oscillating microbalance) and resonator cryst
nce). It is also possible to derive estimates gfimass by calculation using a tandem of instrume
bctrical Low Pressure Impactor and Differential Mobility Analyzing System (see Section 5.3.5).

B.2.1. Filter sampling

no commercially available workplace aerosol samplers with a 100 nm size selection cut po
should be possible to design:and test a suitable device. There is very little data on expected m

collect sufficient mass of-nanoparticles in an 8 hour shift to be above the limit of quantification
At these high flow rates it can be expected in principle to operate existing devices such
and cyclones to provide a cut point at 100 nm.

techniques other_than gravimetric could be also used to characterize mass concentration
es. Examples,~are NIOSH 7300 method for metals utilizing inductively-coupled argon plas
with atomi€»emission spectroscopy analysis and NIOSH 7500 method for silica utilizing X-
Bnalysis:

B.2/2. Cascade impactors

of
als
nts

int,
HSS
be
for
as

of
ma
ray

An alternative approach that has been used in both workplace

23,2%

and environmental” studies is to use a low-

pressure cascade impactor (e.g. Berner-type) or micro-orifice cascade impactors. Both of these devices use
inertial impaction to separate particles into discrete fractions according to their aerodynamic diameters and
have two or three stages in the nanoparticle size range. In both devices, the masses of nanoparticles can be
assessed by weighing the collection substrates before and after sampling, plotting the full size distribution and
making a cut at 100 nm or whatever particle size is considered to be relevant for particles of nanostructured
materials. These will be described in 5.3.5.2.
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5.3.2.3. Oscillating and piezoelectric microbalances

An alternative is to use the Tapered Element Oscillating Microbalance (TEOM).26. The TEOM principle
(developed initially for measuring the mass of particles in space) involves the use of a small filter which is
located on the tip of a tapered glass tube which forms part of an oscillation microbalance. The oscillation
frequency of the microbalance changes with the mass of particles collected on the filter. The devices are
widely used to continuously monitor ambient levels of PM;, and PM, 5 aerosols in national air quality networks
and have proved to give reliable information on particle levels for compliance with national air quality
directives. Consequently, with a mass detectlon limit of 0.01 pg, they were considered to possibly have
adequate measurement precision (x5 ug m™ for 10 mrnute averaging times and * 1 5ug m™ for 1 hour
averaging e . e—meastrement—ofranoparticte workptace sty ament careful
consideration needs to be given to select a pre-separator for the TEOM to match the size of nawopartrcles
being studied and to change the collection filter to one that has high efficiency for nanoparticles.{ Personal
versions of the TEOM instrument have been developed, for example for sampling respirable dpst in coal
mines.
Ogeration of piezoelectric microbalance (or piezobalance) is based on changes in the resonance frequency of
pigzoelectric crystal as a function of its mass. By monitoring resonance frequency\adainst a secdgnd crystal,
m4gss deposited on the crystal can be continuously measured thus providing information albout mass
concentration of partrcles Arrborne particles can be deposited on the crystahsurface by either e]ectrostatic
precipitation or by |mpact|on % Collection efficiencies of either of these methanisms are a function| of particle
size and particle properties and should be determined to achieve quantitative measurements. Quaftz crystals
haye sensitivities of several hundred hertz per microgram which translates into the ability to measure the
aefosol mass concentration of 100 ug/m3 to within a few percent underone minute.*

5.3.3. Number concentration

5.3.3.1. Condensation particle counters

The most widely used instrument for determining.»the number concentration of nanoparticles is the
Condensation Particle Counter (CPC). This device: exploits vapor condensation on nanometer| size (and
larger) particles in order to grow the particles to a.size range that can be detected optically.

The convective cooling laminar flow CPC is\the most widely used and is also commercially availgble from a
number of manufacturers in models with-different lower particle size cut-offs. Particle laden air is [drawn into
thg instrument at constant air flow, which is saturated using warm vapor (typically butanol, isopropanol or
wafter). The saturated flow is then taken to a cool condenser tube in which the vapor is depleted onto the tube
surface. However, as the flow ceols, there will be regions in the flow where the vapor becomes supgrsaturated
angl condenses onto particles, which grow to large droplets. The detection limit at small particle| diameters
depends on vapor properties, operating temperatures (which determine the super-saturation), [flows and
gepmetries of the instrument. Devices using butanol are available with detection limits down to 3 nm, while
isopropanol has successfully been used in portable instruments with a lower detection limit of 10 nm, and
waler is used in a commercially available instrument with a similar lower detection limit.

5.3.3.2>Electrometers

A $econdrinstrument type that is sensitive to nanoparticles is an electrometer. This instrument detects the
charge carried by aerosol particles and therefore its use depends on knowing the charge on individual
patticles-in-an-aerosolflowKnown chargedistributions—are possibleto-obtainusing-chargersorHdeutralizers
with known characterrstrcs However, as charging efficiency is strongly a function of particle size, accurate
information of the concentration of nanoparticles is difficult to obtain using an electrometer alone. An
electrometer in series with a mobility analyzer enables the determination of the size distribution of
nanoparticles. In practice, the electrometer is often used to calibrate other instruments, especially CPCs due
to good detection efficiency at nanoscale size range.
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5.3.4. Surface area concentration

Measurements of particle surface area have been possible for some time using the BET method. ¥ However, it
requires the collection of relatively large amounts of particles (up to 50 mg have to be collected for BET
anaIysrs) and measurements are influenced by particle porosity (which might or might not be important) and
collection/support substrate — particularly where the quantity of material analyzed is small.

The diffusion charger measures the Fuchs or active surface area of the aerosols from the attachment rate of
positive unipolar ions to particles, from which the aerosol active surface-area can be inferred.*® However,
particle losses affect measurements and, therefore, the instruments show a size dependency, which has to be
determinedl experimentally and compared with the needed response.”™ The sampled aerosol passes throug£ a

weak plasina created by a corona discharge device where it mixes with the unipolar air ions produced by the
corona. The air ions diffuse and attach to the exposed surface of the particles. The excess unattached ipns
are removged by a collecting electrode and the particles with attached charges, are collected on a-HEPA filter
within a Faraday cup electrometer. The current produced by the charged particles is measured by a sensifive
electromefer and related to the surface area of the sampled particles. Diffusion charding surface afea
monitors dre available from a number of companies and typically have quoted ranges of 0*— 2000 pm cm’
and sensit|vities of 1 pm cm’

Two real-time surface area instruments critically evaluated recently34 do show active-surface area response to
particle digmeter in the range of 20 — 100 nm.

Also, below approximately 100 nm for open fractal-like particles and sphefical particles, active surface afea
measured |by diffusion chargers has been found to correlate well with geometric surface area as measured| by
Differentia| Mobility Analyzing System (see section 5.3.5.1) and with\projected surface area as measured|by
Transmissjon Electron Mlcroscopy * The challenge with the diffusion charging method is that for partidles
larger than 100 nm mobility dlameter the diffusion chargers increasingly underestimate the aerosol surface
area with ihcreasing particle size,* as is anticipated from theory.' Research is needed to establish whether this
degree of iinderestimation is significant in relation to engineered nanomaterials' exposure and health effects.

New instrments are being introduced which use a particular configuration of an aerosol charger to simulpte
the amount of material expressed as surface area, deposited into the tracheobronchial and alveolar regiong of
the lung. This is in addition to other surface area instruments (described above) that measure the total acfive
surface arga. These new instruments draw theraerosol through a cyclone with a 1 ym cut point and then ipto
the mixing chamber to mix with the ion stream. The charged aerosol is passed through an ion trap. The
voltage on|the ion trap is altered such that\it acts as a particle size selector to collect both the excess ions and
particles that are not of an electrical mobility state (surface area size) corresponding to either fhe
tracheobrgnchial or resp|rable aerosol fractions. The electric charges on the penetrating particles are then
measured [by the electrometer.**(This new method has the potential to provide a measurement that correlates
with deposited aerosol surface_area in the lungs. Models available presently on the market provide static
rather than personal sampling. The calibration of these instruments is done only for one breathing conditjon
(nose only and activityshlevel of light exercise) of workers, i.e., reference condition.®® The calibration| to
reference gonditions does not account for factors such as level of worker activity, worker's age and sex or pre-
existing lupng disease) which might markedly influence particle deposition. It might also not represent real
exposures| of different people performing different activities in the workplace. Thus the correlation of data
provided by this instrument to actual deposited particle surface area in workers' lungs needs to proceed with
caution. mparisons with other instruments to assess the instrument performance can, for example, |be
made by calculaling the deposited surface area, based on similar Tung deposifion models, from size
distribution measurements with electrical mobility spectrometers. Recently performed comparisons for dioctyl
sebacate, sodium chloride and diesel soot particles have shown good agreement 7 It was shown that neither
the level of activity nor gender has a major impact on the deposition curves and thus the exposure OnIy the
dose is a function of breathing frequency and tidal volume. The dose, however, can be inferred from the
measured exposure data based on the breathing pattern. This might also allow for a more personalized dose
analysis. At present, research is underway indicating that calibration factors might be used to adapt the
instrument to breathing behaviour, gender and age other than the reference condition.
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5.3.5. Nanoparticle size distribution measurement

5.3.5.1. Measuring size distribution using particle mobility analysis

The most common instrument used for measuring size distributions of aerosols of nanoparticles is the
Differential Mobility Analysing System (DMAS). The DMAS is capable of measuring aerosol size distribution in
terms of particle mobility diameter from approximately 3 nm up to around 800 nm, although multiple
instruments typically need to be operated in parallel to span this range. However, there is a challenge in
measuring size distributions of some engineered nanoaerosols, such as single-walled carbon nanotubes. A
recent study has reported anomalous instrument responses above certain voltages when characterizing
aggregates of airborne carbon nanotubes using an electrical mobility analyzer.39 Problems were reported,

when measuring nanoparticle penetration in filter media. If the system was not operated wit

exgrcised in order to obtain correct size distributions when measuring nanometer-diameter conduc

For applications requiring rapid analysisdue to temporal variation, fast mobility-based particle spe]
haye been developed which use a parallel array of electrometer-based sensors to count the size 5
pafticles. Measurements might be:- miade with a time resolution of one second or less, and o
anbient pressures reduces evaporation of volatile particles. The instruments might be
mgasurements at relatively _high" aerosol number concentrations and some instruments are ave

hl a special
ning procedure, phantom particles below approximately 50 nm were recorded.*® Thus, cate n]eeds to be
ing fibrous

5is. DMAS
b electrical
re-selector
by passing
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a specific
by a CPC
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rosol size
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ontboard dilution for very high concentration measurements. The lack of a radioactive source night make

thgm a viable alternative(to)the DMAS in many workplaces. Research is currently being carried out
mqre compact and therefore cheaper aerosol mobility classifiers relying on particle migration
opposing air flow.*!

The DMAS islimited in its widespread application in the workplace due to its size, expense, co
operation, the) need for two or even three instruments operating in parallel to measure wide ag
ributions, and the use of a radioactive source to bring the aerosol to charge equilibrium. H
napoparticles are the only airborne particulate of interest, a single instrument might be sufficient.

to develop
across an

mplexity of
erosol size
owever, if

5.3.5.2. Measuring particle size distribution using inertial impaction

Cascade impactors are widely available in a number of configurations, allowing either personal or static
sampling with a range of particle size cut points. Personal cascade impactors are available with cut points of
250 nm and above, and thus are only able to provide very limited information on size distribution in the
nanometer size range. Static cascade impactors are available with lower cut points in the nanometer size
region, low pressure impactors or multi-orifice impactors.

A number of low pressure cascade impactors are available. These instruments require vacuum pumps to
provide the necessary air flow and so are not suitable for personal sampling.
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Determination of aerosol size distribution from cascade impactor data requires the application of data
inversion routines. The simplest approach is to calculate cumulative mass concentration with particle
diameter, and use the data to estimate the Mass Median Aerodynamic Diameter (MMAD) and the Geometric
Standard deviation (GSD) of the size distribution. This approach assumes no losses between collection
stages, ideal impactor behavior, and a unimodal aerosol with a lognormal size distribution. Cascade impactors
are usually used to measure the mass-weighted aerosol size distribution, and so assumptions of particle
shape and density need to be made in order to estimate the number or surface-area weighted distribution. As
these parameters are rarely quantified, great care needs to be taken in interpreting cascade impactor data in
terms of aerosol number or surface-area.

5 5.2 [ facs L]l orar Dy PETO-N 2NN t3 »'M/E’ DITAL) o INTONZCWNEY 3
OO IO UUTOar cOw T 1 oSurcmipoactur (=T TTvi TTITCaSUrcIiTeTins

The Electrjcal Low Pressure Impactor™ (ELPITM) combines inertial collection with electrical particle detection
to providg near-real-time aerosol size distributions for particles larger than 7 nm in diameter.*?, Aerdsol
particles are charged in a unipolar ion charger before being sampled by a low pressure cascdde impagtor
discussed|in section 5.3.2.2. Each impactor stage is electrically isolated, and connected to‘aymulti-chanhel
electrometer, allowing a measurement of charge accumulation with time. As in the caselof the diffusfjon
charger (f3.4), particle charge is directly related to active surface-area. Thus the integrated electromgter
signal fronp all stages is directly related to aerosol active surface-area. The electrométer signal from a single
stage is related to the active surface-area of particles within a narrow range of aerodynamic diametgrs,
allowing lihited interpretation of the shape of sampled particles. If the particle chargingr efficiency as a function
of aerodyrlamic diameter is known or can be assumed, real-time data from the ELPI M can be interpreted in
terms of the aerosol number-weighted size distribution. In practice, particle-charging efficiency is determined
experimentally. Interpretation of measurements in terms of particle mass{Concentration or mass-weighted dize
distributiory can also be carried out, although it requires knowledge\©of the effective particle density as a
function of|size and correction for particle losses.

As well ag allowing on-line measurements of particle concentration and size distribution, aerosol samples
collected by the ELPI™ are available for off-line analysis,~including electron microscopy and chemical
speciation

5.8.5.4. Calculations of nanopatrticle concentrations from size distribution measurements

As well ag providing information about the patrticle size characteristics of the aerosols in workplaces where
nanopartides are being produced or handled, size distribution measurements can be used to calculpte
integrated [nanoparticle exposure levels. £or example, frequency distributions, combined with sample volume
can be used to calculate number coneentrations. With the assumption that the particles are nearly spherical
and that their physical diametersare’ equivalent to their mobility diameters (for DMAS, see below)| or
aerodynanpic diameters (for ELPJ;~se€ below), the aerosol surface concentration can be calculated. A method
has been flso developed to caleulate aggregate surface area and volume distributions using the electrical
mobility djameter for naneaerosols.* Similarly, with knowledge of particle density, the aerosol mass
ns

tric

y a
the

DMAS. A similar relationship was found by Shi et al** for polydisperse aerosols present in the ambient
atmosphere. From comparative measurements at two outdoor sites they found good agreement between
geometric surface area measurements using the epiphaniometer and the DMAS. It is therefore reasonable to
suggest that reliable measurements of geometric surface area can be obtained with DC instruments, provided
that suitable pre-selectors are used.

5.3.6. Sample collection for material characterization

Determination of the physical and chemical properties of airborne nanomaterials relevant to their potential
effect on human health is often required. Parameters such as particle size, shape, surface area, composition,
agglomeration state, crystallinity, solubility and bio-persistence provide the basic information for the exposure
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and toxicological evaluation of new nanomaterials. The surface coating on the particles and their electrical
charge will also have a significant impact on their state of agglomeration, which will in turn influence their
physical behavior and subsequent biological responses. Because particle nanoscale structure affects
transport and locations of deposition within the respiratory system and might affect toxicology, it is important to
characterize nanoscale structures of airborne materials used for toxicology studies. A new technique for
characterizing particle size-dependent nanoscale structure in airborne single-walled carbon nanotube
agglomerates utilizing a tandem mobility-mass analysis has been developed.**>*®

The main analytical techniques routinely available for determining the particle size, shape and composition are

high resolution electron microscopies such as scanning electron microscopy (SEM), field emission gun SEM,
“““G‘ ETeCHon e OSCOPY ‘v‘:‘G “;“‘G ;“““G‘ ereeton e OSCOPY 4 COmbined
with x-ray microanalysis, Electron Energy Loss Spectroscopy (EELS) and electron diffraction. Beth SEM and

below the
onto SEM

combine a

hrging and deposition field by using a sharp corona needle as one electrode, and a planar collection surface

dis
ma
na

Fo
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characterized by distinct.chemical compositions, structure and geometry (see Chapter 3).
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the second electrode. Sampling efficiency approaching 100 % can be achieved for particles
nm. For smaller particles, rapidly decreasing charging efficiency leads to a lower sampling
posits from electrostatic precipitators are generally uniform acrossZthe collection substrate
crete particle analysis in the SEM. A number of electrostatic precipitators are available from
nufacturers. Some studies also indicate that passive aerosol samplers can be potentially useq
noparticles for SEM analysis.47

r the TEM, it is generally preferable to sample directly ontova TEM support grid, thus avoiding a

arger than
efficiency.
, enabling
instrument
| to collect

secondary
ecipitation,

ctrostatic precipitation or direct airflow through the grid? Thermal precipitation is the most suitablg collection

chanism as it relies on aerosol particles migrating*from a hot region to a cold region, and is
bctive for particles between 1 nm and 100 nm-in diameter. Thermal precipitation can be used
osols at ambient temperatures by establishing a temperature gradient above the collection s
5sing the aerosol across the surface. A number of suitable designs have been published*®*° an
built by a reasonable laboratory workshop.

.7. Measurement of high length: width aspect ratio particles of nanomaterials

bre is a wide variety of occupationally relevant particles of nanomaterials with high length: wi
0. Among those, one can_distinguish elongated particles of nanostructured materials (such as
pregated nanoparticlés) “and elongated nano-objects, also referred to as “nanorods,”

example of panerods, which are produced on industrial scale, is carbon nanotubes. Single-wal

barticularly
to sample
rface, and
d they can

dth aspect
a chain of
which are

ed carbon
f diameter

notubes essentially comprise a single layer of carbon atoms arranged in cylindrical structures ¢
but 1 nmfand length up to about 1 mm. Carbon nanotubes might also form as multiple concent

ic tubes of

meters'significantly greater than SWCNTs. The extreme aspect ratio of individual nanotubes, together with
ir petentially low solubility in the lungs might lead to toxic mechanisms analogous to those obgerved with

oth

erfibrous particles such as asbestos and synthetic vitreous fibers. The question might be asked therefore if

they should be considered, for exposure measurement purposes, like asbesios fibers and be analyzed by
counting with the TEM.

However, unlike asbestos, SWCNTs are very rarely found as single fibers. They are generally produced as
convoluted bundles of nanotubes (nanoropes) of diameter from 20 to 50 nm and then form complex clumps
and agglomerates, of size between 100 um and 1 mm, with other nanoropes and other carbonaceous and
catalyst materials that are present. Laboratory and field studies by Maynard et al® have shown that it is
extremely difficult to break these clumps and generate aerosols of nanotubes. Normal procedures of
transferring SWCNT powder from production vessel to storage bucket and then tipping into a second bucket
showed no significant increase in nanoparticle numbers. It was only by using a single component vortex
shaker fluidized bed, operating at over 50 % agitation that any significant increase in particle numbers was
produced. Although aerosol generation rates of SWCNTs have been shown to be low during handling®,
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published data to date indicate that inhaled airborne SWCNTs might present a pulmonary hazard. Regarding
measurement and characterization of SWCNTSs, it is noticeable that physico-chemical properties of SWCNT
aerosol particles released while handling unprocessed SWCNTs might vary significantly by part|cle size and
production batch, and that evaluation of potential health hazard needs to account for this.*® However, for
certain applications, manufacturers are currently trying to prevent nanoparticles from agglomerating by using
some form of surface coating or other techniques. In addition, there is no information on the size distributions
of particles released from the cutting, sanding or abrading of products that incorporate nanotubes bound into
the matrix of the material (composites, tires, etc.). Therefore at the moment there is no reason to suggest that
nanotubes should be treated like asbestos fibers for exposure assessments, but it would be wise when
monitoring Ievels of nanoparticles in workplaces Where carbon nanotubes are being produced or handled to
investigatg-samples-coliectedfor+=M-ans y - v ept
on developments in nanotube productlon and knowledge shared of any ewdence of discrete airborne
nanotubes| found in workplace air.

Only one [study on exposure assessment at a carbon nanofiber handling facility has been published.51
Measurements made with real-time instruments (CPC, diffusion charger, aerosol photometer and ELP TM)
indicate that most processes did not release substantial quantities of carbon nanofibers when compared to
background particle measurements. However, some processes (wet sawing of compagsite material and the
transferring of carbon nanofibers to a mixing vessel) d|d elevate area airborne particle (from 300 nm| to
2 500 nm ¢giameter) mass concentrations up to 0.16 mg/m shown by aerosol photometer. In addition, air and
surface sgmples were collected with a vacuum sampling method on high purity quartz-fiber f||ters and
analyzed fpr total carbon using a thermal-optical analysis technique, which indicated up to 1.1 mg/m in total
carbon for| inhalable fraction. A point-to-plane electrostatic precipitator was used to collect sample for TEM
examinatign for particle size and shape. A few samples exhibited fiberlbundles of varying diameters (some
larger thap 100 nm) and lengths. The majority of fibers appeared asdoosely bundled agglomerates, rather
than as single fibers.®'

According|to [52], Raman spectroscopy shows the most promise-of the spectroscopic methods, SEM is mpre
suitable thin TEM, and Atomic Force Microscopy is more suitable than Scanning Tunneling Microscope.

5.3.8. Sanjpling strategy issues

Until it hag been agreed which is(are) the most appropriate metric(s) for assessing exposure to nanopartiges
in relation [to potential adverse effects, it has"been recommended that a range of instrumentation be used to
provide full characterization of the aerosols-in‘workplaces where nanoparticles are being produced, handled or
used to mpake new materials.>® This requires a large number of instruments, which is not conducive to the
normal pgrsonal sampling procedures ‘required to assess personal exposure for compliance with any
exposure ljmit or for epidemiological.purposes.

However, hew instruments are”being continuously developed and there are small portable instruments |for
particle npmber concentrations, particle surface area concentrations and health-related surface afea
concentrafjons. While most/of instruments are not yet truly personal, they are compact enough to be carrjed
from locatjon to location in the workplace and to be sited close to the worker at each location. Currently
however, fhese instruments do not provide enough information for full characterization of the workplace,|so
static instlumentstsuch as the DMAS, ELPI™ and devices for collecting particles for physical and chemical
characterization ‘should be included. Care should be taken in setting these static samplers as aergsol
characterigties can change with distance from source, leading to spatial and temporal variation of nanoaerdsol
mass and number conceniration. This is especially frue for hot processes leading to particle nucleation from
vapor that will often lead to variations in emission rate and concentration over time.

To improve the comparability of exposure data, the accepted practice of giving personal exposure as an eight-
hour-shift value should also be observed in the case of nanoaerosols. In consequence, wherever possible
exposure measurement results concerning shorter measurement intervals should be converted into shift data
by time weighted recalculation. In all cases, where short-term exposure itself is the target of investigations, the
time base of measurements needs to be documented. A time base of 15 minutes for short-term exposure
measurements is recommended as it is generally used in occupational hygiene.
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Selection of the most appropriate sampling location or locations is a key factor for a reliable interpretation of
data in view of personal exposure. This requires analysis of tasks carried out by workers using or handling
nanomaterials, identification of all the potential nanoaerosol-emitting sources in the workplace and an
understanding of the ventilation system in the workplace to determine the potential for cross contamination.
This could be a significant problem for nanoparticles as they will remain airborne for considerable periods of
time and be easily dispersed by the air currents in the workplace. For single sources, the relationship between
aerosol emission and work activities should be clear, enabling the reliable assignment of exposure levels to be
made.

However unless the workplace is operatlng under clean room cond|t|ons or has high eff|C|ency fllters on the
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ivities, power statlons etc ) will penetrate indoors and result in overest|mat|on of the levels of na
itted from the process under investigation. This will inevitably lead to an overestimations of

posure to nanoparticles derived from that process. One way to overcome this problem/is to
bient or background particle counts prior to the commencement of manufacturing-0r’)process
noparticles. However, it might not be possible to subtract the background particle counts from the
el counts since the background counts may fluctuate with time. Anothernmeéthod is to
simultaneous measurement of background concentrations using a duplicate set.of monitoring eq

md
Ho

nitor outside the workplace, and to subtract the outdoor levels from those measured inside the
wever this can be expensive and assumes that the ambient particles do mot change during tra

er industrial
hoparticles
he worker
determine
5ing of the
b exposure
carry out
uipment to
workplace.
hsport into

thg workplace
Alternatively, differences in composition between nanoparticles/ generated in the workplace pnd those
combustion particles in the outdoor air can be used for discrimination purposes. If the composition of the

en
the
mi

jineered nanoparticles is known, and the constituent elements are not likely to be found in outdo

proportion of the engineered particles in the total particle field counted by TEM and analyze
croanalysis can be determined. This ratio can then be used to calculate the surface area concs
thg engineered nanoparticles in the total surface area“concentration values for all airborne na
defected. The accuracy of this approach will obviously'depend upon the engineered nanoparticles
legst one detectable element that is not present ifi~outdoor aerosols. This proposition has not yet

. Dermal exposure assessment

.1. Sampling

Sampling of nanoparticles deposited on skin in the workplace can be accomplished by ada
esfablished sampling methods' developed for chemicals.®

The direct assessment 0f dermal exposure to nanoparticles can be accomplished by measuring the
thg nanoparticles jntontact with the skin over a period of time. The methods developed for such
enfail either the removal of accumulated contaminants from the skin® or interception of the material
ocgurs. The removal methods include uncertainties in the removal efficiency and require that the

contact be.‘evaluated through independent means. Uncertainty is introduced by the interceptio
thrpugh the use of materials that usually do not mimic the adherence characteristics of the skin

These‘methods are summarized in the following subsections.

br air, then
d by x-ray
ntration of
noparticles
having at
been fully
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amount of
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as contact
duration of
h methods
accurately.

5.4.1.1. Removal procedures

Rinse method. Various solvents (for example, solutions of surface active compounds) can be used to rinse the
exposed skin and remove accumulated nanoparticles. These solutions can then be analyzed for the presence
of nanoparticles, followed by chemical, particle size and shape analyses.

Wipe method. Solvent impregnated materials can be used to wipe the skin and remove residues. The wipe
material is then analyzed for the nanoparticles of concern. For example, metal concentrations might be
measured using ICP-MS; other analytical methods would likely be required for most nanomaterials.
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Tape stripping method. Adhesive tape can be applied to the skin for purposes of removing contaminant
nanoparticles both from the surface of the skin and from within the skin. ICP-MS or other analytical techniques
can be used to estimate the amount of residue including nanoparticles removed with the tape.

5.4.1.2. Interception procedures

Patch method. Patches made from various materials such as cotton or polyester gauze, alpha-cellulosic
paper, polyurethane foam, or polypropylene film can be placed on the body to collect nanoparticles as contact
occurs. The method requires some fairly extensive assumption, and in the occupational setting, it has been
proven to be useful for screening purposes but is limited as a quantitative method. It is generally believed that
amOuntS ‘G‘;“‘:‘ ecoverea Gv“‘ ERovaro ““GG‘ et oaS—ao+Hotaccuratery—€o “GG‘
amounts df contaminant deposited on the skin. Collection efficiency is considerably lower via removal>®than
interception methods.> Results of these methods are more a reflection of skin loading than actual expesure;
thus, meagurement results at best provide indices of relative exposure.

Glove method. Absorbent gloves can be used to collect nanoparticles contacting the hands.**%!

Whole body dosimetry. This method involves the use of clothing covering the whole body.(usually cotton, lang
underweall tops and bottoms and socks) to trap nanoparticles. A problem with this method is the difficulty in
extracting [nanoparticles from such a large collector. An advantage of this method over the patch methoq is
that it is legs likely to miss areas where exposure might occur. Another approach that can be used to estimate
exposure ig by using patches that are placed on multiple anatomical regions of-the body.62

5.4.1.3. Other procedures
Fluorescemt tracers. This procedure involves modifying the nanoparticles of concern with a nontgxic

fluorescent tracer and then using video imaging to identify and_quantify the points where the nanopartidles
contact the skin.®

Contamingted surfaces. Contaminated surfaces, such asools and equipment, represent another category of
sampling. [According to Fenske,* surface sampling can be considered a first approximation of personal
dermal exposure. This observation supports the value of controlling the migration of nanoparticles in the
workplace

5.4.2. Sanjple characterization

Electron microscopy can be used _to )characterize size distribution, number concentration and shape]| of
nanopartides collected on samplefs.) In wipe methods, use of mixed-cellulose ester filters as wipes could
facilitate s]:ch analysis.

Light scatftering, laser diffraction, size exclusion chromatography, acoustic technicéues and field flow
fractionatign could be used’to characterize size distribution and number concentration,®® while spectroscapic
techniqueg can be useful in obtaining information about chemical composition and structure of nanoparticles.
These techniques can work with rinse sampling methods.

5.5. Dose [internal exposure) assessment

Internal exposure is more directly linked to adverse health effects. However, dose assessment involves
analysis of tissues, body fluids, and exhaled air. In occupational settings, less invasive methods such as
collection of hair, urine and exhaled air are used most commonly.

Dose can be determined by measuring amount of nanoparticles of interest and/or their metabolites. The term
“biomarker” is often used to describe a range of biological effects resulting from interactions between human
biological systems and a toxicant. Biomarkers can provide direct evidence for the exposure to a particular
toxicant if there is a unique correlation between a particular biomarker and a toxicant. One of the advantages
of measuring biomarkers of exposure is that it provides information about combined exposure through multiple
routes, including non-occupational. Measurements of biomarkers of exposure are used for screening and
monitoring of workers.
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Biomarkers of exposure to nanoparticles are in the early development stage complicated by great variety of
nanoparticles chemical and physical properties resulting in a wide range of biological responses. Inhalation
exposure to poorly soluble low toxicity nanoparticles was shown to cause inflammatory response.66 For
example, nitric oxide in the exhaled air has been proposed as a biomarker of inflammation.®

5.6. Discussion

As with all new and emerging technologies, the development of reliable techniques for assessing and
controlling exposure to nanoparticles in the workplace will always be working from a position of insufficient
knowledge until the suitability of current controls are assessed, the emission rates of nanoparticles from those
pr """ —- TE—EXPOS >S- 0O Te—WO OTCE O TOSe—1TraftoPa - racterized_
Topether with information on the toxicity of the nanoparticles to human health, these parameters form the
basis of the risk assessment process (see chapter 6. Risk Assessment of Nanomateridls)-that informs
legislation on its production, sale and use, allows the setting of appropriate occupational ,exposurg limits and

area is moving fast and instrument manufacturers are currently developing new-devices that|they hope
become the mainstay of future nanoparticle exposure assessments,{Besides recently{fintroduced
health-related surface area monitors (see 5.3.4), there are a number of{developments in thg pipeline,
uding: personal CPCs; small portable diffusion charger surface area manitors; small, portable instruments
t provide particle number size distributions (similar to the information-provided by the DMAS) [and small,
poftable particle mass monitors. In addition, there are many otherilong-term developments including a
possible portable device that should be able to discriminateé, between engineered and dombustion
nanoaerosols. So, assuming that international agreement can be{obtained about which metric or metrics is the
maqst appropriate to use as the basis of exposure assessmentdor inhalation of airborne nanomatgrials, then
future looks promising that a suitable sampling methodelogy will be available. The choice of sampler or
mqnitor depends upon the role for which it is to be used~and a device for exposure assessmert might be
different from that used to determine sources and to asse€ss the efficiency of control systems.
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. Risk assessment in occupational settings

6.1. Introduction and scope

Th
na
co

e present chapter describes the current state of the art of risk assessment_for production and prg
nomaterials. Thus, only occupational settings, e.g., production plants, pilot plants or laboratori
nsumer product safety or environmental safety, are considered.

cessing of
es, but not

A $ub-class of nanomaterials, free or unbound nanoparticles, iS. of particular concern from an og
salety and health perspective. Nanostructured materials, ‘hanolayers or solids containing

napoparticles, e.g., polymer composites, coatings or finishings can also result in exposures. For €
field studies it was shown that destructive processing (even'using wet-saw) of polymer composites
napomaterials generates substantial aerosol release, which includes some aggregated nanofiber material, but
thgre was no evidence of release of unagglomerated nanoparticles.” Such aerosols can contain both
ingidental and engineered nanoparticles. Therefarg;it is important to properly characterize generated aerosols.
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While physical hazards posed by the speeific process, e.g., high temperatures, high voltage, etc. can be
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6.2.

sent in occupational settings dealingl-with nanomaterials, this chapter focuses more on td
rards and less on fire and explosion.-hazards. Generally, acute effects should be avoided us
nciples and minimum requirements of occupational health and safety2 provided that acu
brmation is available for handled nanomaterials. However, health risks due to chronic lo
posures are more difficult to evaluate and therefore it can be more challenging to establish 3
bosure mitigation programs

k assessment is typically conducted by safety experts working in close contact with decisi
ablishing risk mahagement requirements. Risk assessment analysis requires detailed informati
ducts and protesses. For example, European legislation requires risk assessments specific tq
pstances and‘individual occupational settlngs ® Likewise, presently in many countries risk asse
homaterials)is conducted according to existing regulations for individual materials and settings.

Risk‘assessment for nanomaterials

xicological
ing typical
te toxicity
v level of
ppropriate

bn makers
bn both on

individual
ssment for

Risk assessment is an analysis of the potential adverse health effects (current or future) caused by a
hazardous agent in the absence of any additional actions to control or mitigate exposure to that agent.

Risk assessment
assessment, exposure assessment, and risk characterization.®

elements: hazard identificatio
® The goal of risk assessment is t

in occupational settings includes several

n, hazard
o evaluate

whether existing risk in a specific workplace environment is above organization-specific acceptable level of
risk and, therefore, to provide information to decision makers about the need to further strengthen risk
management approaches.

© 1SO 2008 — All rights reserved

M


https://standardsiso.com/api/?name=f8e2b71d606f3811d2adc7b4f188f8b3

ISO/TR 12885:2008(E)

The components of the risk assessment process and definition are:

e Hazard ldentification-identifies those hazards that make a significant contribution to exposure and

ris

k.

e Exposure-Response Assessment-identifies the potential adverse health effects associated with the

ha

zards of concern identified at the workplace.

e Exposure Assessment-evaluates the pathways by which individuals could be exposed to hazards
present in a workplace.

e Risk Characterization-incorporates information from the three previous chapters to evaluate the

patential risk to exposed Individuals at the workplace.

Risk assgssment in a specific workplace commonly starts with collection of information on~haz
assessmeft. The process then continues in a logical process whereby hazard and exposure are'‘assess
Thus the step of risk characterization is the synthesis of hazard and exposure.

The existing structure of risk assessment framework is flexible enough to be adapted to nanomaterials.

6.2.1. Quantitative and qualitative risk assessment

Quantitatiy
data exprg
limits are

health effe
exposure |
for explosi

e risk assessment. Quantitative risk assessment relies on the availabifity of quantitative expos
ssed as the probability of exposure or exposure levels and quantitative exposure limits. Expos
jeveloped using dose-response relationships and signify exposure-levels at which risk of adve

ard
ed.

ure
lre
[se

cts or risk of an event leading to adverse health effects is belowan acceptable level. Examples

ve dust clouds, and limits of power density for electro-magnetic fields. Another integral compon

of quantitafive risk assessment is measuring and/or estimating actual' exposures or probabilities of exposur

the workpl

Qualitative
to evaluat
extrapolati
profession
implemen
Informatio
should be
data, and {

More form
quantifying
to their ha
techniques
as Control
groups na
be also sy
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HCe.

mits are Occupational Exposure Limits for specific substanées; Minimum Explosible Concentra}on

of

nt
in

b risk, missing information can be obtained. using various combinations of expert judgments
bns from existing data for similar materials. In such qualitative risk assessment methods, sa
bls can be required to use their expert-opinions in evaluating site-specific risk and in recommend
tion of exposure mitigation options..For example, in “Approaches to Safe Nanotechnology:

based on professional judgment that takes into account toxicity information, exposure measurem
he frequency and likelihood.gf.the worker's exposure.”

alized techniques such as “expert eI|C|tat|on ut|I|zmg a systematic process of formalizing &
experts' judgmentsabout uncertain quantities®'° can be used in grouping nanomaterials accord
yard properties apd exposure potential. Such hazard groupings could facilitate the developmen

risk assessment. In the absence of data to utilize traditional quantitative risk assessment methids

nd
ty
ing
An

Exchange with NIOSH™ U. S. NIOSH recommends that “the decision to use respiratory protectjon

ent

nd

ng
of

utilizing banding, t0 assess risks and recommend appropriate risk management techniques, s
Banding (http:#/Wwww.coshh-essentials.org.uk/). One example of such a rlsk assessment sche

nomaterials \according to their biopersistence, chemical activity and tOXICIty Expert opinions ¢
stematically utilized within decision analytical frameworks for nanomaterial risk assessment g
ent, saeh as Multi-criteria Decision Analysis (MCDA)."

Another ciiti
hazard and exposure information.

6.2.2. Hazard identification

ch
e
an

Hazard identification calls for identifying and monitoring hazards that make a significant contribution to
exposure and risk. In this case the focus is on developing a list of pertinent toxic hazards (chemicals or
nanomaterials) and physical hazards (strong electro-magnetic fields, high intensity light sources, high level of
noise, flammable and explosive materials, high pressures and vacuum, etc). Regardless of engineering
controls, low potential of exposures, or low hazard, this step is to identify all hazards that are relevant to
potential occupational exposures.
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For the identification of the hazard, information can be obtained from typical sources such as specialty
literature, Materials Safety Data Sheets (MSDS) and International Chemical Safety Cards (ICSC), vendor
information beyond that supplied in the MSDS/ICSC, government and trade association publications and
proprietary information or test data. It might be relevant to mention that there is often a lack of nano-specific
data or exposure limits. Thus, the information from these sources might not adequately characterize the
hazard of specific nanomaterials. When this information is not available from third parties, testing to generate
data can be conducted.

The next step includes characterization of the quantity of hazard material or physical agent. The quantity of
material handled or physical agent present in the workplace is an important factor affecting exposure potential.
Nattraty—workptace—sites—where—onty-smeatt-amounts—of-meaterial-arebeinghandied-orproeessed would be
expected to have lower exposure potential compared to sites handling larger amounts. Such_ amganalysis of
work places facilitates assessment of exposure potential among workers' populations with distinet work duties
related to or within exposure-relevant distance to the work process of interest, thus leading tor identiification of
populations of concern.

Hazard identification also includes a survey of individual workplaces, worker proecedures, manufacturing
pracesses and the safety measures in place, including use of engineering controls and personall protective
eqlipment, for the description of the exposure and identification of potentidlfor exposure among workers'
populations with distinct work duties related to or within exposure-relevant distance to the work jprocess of
interest. If such a preliminary survey indicates potential for exposure, further collection and analysig of data to
asgess workplace exposure can be warranted. As the discussion about relevant metrics is ongoirlg, multiple
todls to characterize exposure to nanoparticles could be employed.4 Such tools include traditional fechniques
to [characterize mass concentration and airborne particle numbern concentration. This information might be
supplemented by particle size distribution, surface area or chemical characterization data (for further details
plgase see Chapter 5).

6.4.3. Exposure-response assessment

Tokicological hazards. In occupational settingsy’ protection from toxic effects is achieved by reducing
exposures to the toxic substance below established “safe” levels resulting in an acceptable leyel of risk.
Tokicological effects can be broadly charactétized as threshold and nonthreshold. For the former, it|is possible
to |dentify an exposure below which no adverse health effects are observed and for the latter, any exposure
reqults in a non-zero probability of adverse health effect occurrence. For threshold toxicologigal effects,
quantitative determination of “safe” levels includes the following steps:
1) determination of a No-Qbserved-Adverse-Effect Level (NOAEL) or a “Benchmark Dose” (BMD) using
animal or human expasure-response data;
2) extrapolation of animal levels to human levels (recognizing the significant uncertainties intjoduced by
such extrapolations): models translating environmental exposures to dose, such as a hyman lung
dosimetry model) are used to calculate working lifetime exposure concentration.
3) derivation ,of occupational exposure limits upon consideration of technical feasibility, varfability and
uncertainties of models and approximations used and acceptable level of risk.

Tokicological properties of nanomaterials might arise from the intrinsic chemical composition of p material,
su¢h as those that would originate from bulk material. Apart from that, the scientific community is gonsidering
whiethér there is additional toxicitSy for nanoparticles due to the particulate nature and due to unique| properties
as$deiated with the nanoscale.’ Toxicological studies are also conducted on novel nanomaterials such as
carbon nanotubes, which do not have bulk analogues.

The definition, design and standardization of adequate toxicological test protocols for nanoparticles are
currently in a developmental stage." Available international accepted test guidelines (e.g. OECD) should be
checked first concerning applicability to nanoparticles and if necessary improvement of these guidelines
should be performed. Apart from the obvious toxicological issues, other major challenges being faced during
experimental testing would be the representative formation of nanoparticle dispersions as well as their explicit
characterization. At relatively high number concentration of particulate matter either in gas or liquid phase,
nanoparticles tend to form larger agglomerates very rapidly due to Brownian motion and relatively strong

¥ In July 2007, ISO TC229 approved the development of a technical report entitled: Guidance on physico-chemical
characterization of engineered nanoscale materials for toxicologic assessment.
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attractive interactions between nanoparticles. For example, this can occur during unloading of nanoparticles
from a production line and packaging. Thus, it is typically uncertain whether exposure occurs to individual
nanoparticles or to their agglomerates, even though analytical proof can be furnished that nanoparticles have
been released from an emission source.

Multiple toxicological findings have been reported. The existing toxicity studies were sometimes conducted
with test materials which were not well characterized, mostly due to the technological limitations. Thus for the
time being, a limited amount of representative, validated hazard data derived from toxicological studies in the
form of scientific health-based occupational exposure limits are available. And, it is believed that such
exposure Irmrts erI be avarlable |n the near future for onIy a few engrneered nanoscale materlals One of the
very few published-examples-ofrisk-assessmen reterials—ireludes—a-guantitativerisk-assessmen of
ultrafine tifanium dioxide, ultrafine carbon black and dlesel exhaust par’uculate The study utrlrzes availaple
pulmonary] inflammation and lung tumor data from subchronic™'® and chronic'”"® inhalation studies™ir’ rats.
The data were evaluated using various modeling approaches to estimate the risk of disease .in workgrs
exposed tp fine or ultrafine titanium dioxide for up to a 45-year working lifetime. The modeling.results fi
dose-resppnse data provide the quantitative basis for developing occupational exposure.‘limits for the
nanomatefials. Occupational Exposure Limits were defined, in terms of mass concentratron for Carbon Bldck,
a nanostryctured material in the form of agglomerated and aggregated nanopartrcles ° f.another example, a
study in mlice exposed to single-walled carbon nanotubes by pharyngeal aspiration was used to estimate|an
equivalent{lung dose in humans and the associated workplace airborne concentration.® A mouse lung dose
linked to pdverse lung effects, including a rapid fibrogenic response, was-€Xtrapolated to humans |by
estimating|the fraction of airborne particles that would deposit in the humanlungs at a relevant workplace
airborne cpncentration.

At this point, given the current paucity of data, hazards based on toxicological properties of nanomaterjals

have not yet been completely assessed. However it is currently considered that:

e thée toxicological properties of nanomaterials cannot always\be predicted from the known toxicity of fhe

supstance in bulk form alone; and

o for some nanomaterials, mass is not an appropriate metric for characterising exposure and

nanomaterial surface area, and number of nanoparticles have been proposed as better alternatives|

Thus, occypational exposure limits based on mass conegentration, which are applied for dusting bulk materials,
might not e sufficiently adequate for nanomaterials.6fthe same chemical composition."*?’

Physical hpzards. Very little nanomaterial-spegific’fire and explosion hazards have been described.? Fire gnd
explosion hazards posed by nanoparticles could be more pronounced than those for larger particles or bulk
materials gnd therefore additional tests can be necessary to evaluate flammability, explosivity and reactivity of
nanomatefials. Test protocols for these-hazards are in place for dusting bulk materials and could be applicable
to nanomdterials as well. These pratocols include measurement of burning rate, self-ignition temperature gnd
the charagterization of the explosive properties. Flammability of nanomaterials can be also evaluated usjng
tests developed for chemicals,for-eéxample, using ASTM E-918-83 Standard Practice for Determining Limits of
Flammabiljty of Chemicals at\Elevated Temperature and Pressure.”® The explosive properties are analyzed
through utllzmg the results)of the Fallhammer test (mechanical sensitivity, shock) and Koenen test (thermal
sensitivity)** Therefore’<once the physical hazard data is available, risk assessment for fire and explosfon
hazards cquld be condlcted using existing techniques.

Given the| paucity of hazard data for nanomaterials, hazard grouping of nanomaterials based on expert
opinions dolld ‘be |mpIemented For example |n the European Unlon system of cIassrflcatlon package
Iabellng in 2)
“risk” number to describe the level of hazard.?® In the Control Bandmg approach five hazard groups are
identified.

Given the great variety of possible nanomaterials and high costs of experiments assessing hazardous
properties, computational models (such as Quantitative Structure Activity Relationship like models) predicting
hazard properties of novel nanomaterials are expected to play an increasingly important role in risk
assessment.

Further information about hazard characterization can be found in Chapter 4.
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6.2.4. Exposure assessment

Exposure routes. Exposure to nanomaterials can occur as a result of direct contact. In the case of
nanoparticles, the discussion of potential exposure scenarios should consider the liberation potential of the
nanoparticles. Liberation potential can be defined as the ability of individual nanoparticles to be available for
direct contact with human skin or other organs such as lungs. The following factors are to be considered for
the release of airborne nanoparticles: physico-chemical properties and process characteristics. Physico-
chemical properties of nanoparticles might include: size, surface coating, charge, dustiness behavior, etc. In
considering process characteristics, the conditions of the material should be observed — that is, whether the
material is contained in a liquid or solid matrix. Mechanical processing such as stirring, drilling, sawing, milling,
grating and cutting can result in release of nanoparticles and particles of nanostructured matenjals. Other
prqcesses which can result in exposures include spraying liquid formulations containing nanonraterials and
h-energy treatment of nanomaterials or nano-enabled materials, such as laser drilling of'plasma welding
requlting in vaporization of treated materials. Additionally, engineering processes, which~range friom closed
contained systems to open air handling, can have a wide range of potential for exposure. Risk of exposure
can be also affected by other factors such as incorrect use of and malfunctioning equipment - both
mgnufacturing and exposure mitigating equipment (engineering controls and personal protective ejquipment);
ingdequate workplace practices; poor personal hygiene and unsafe individual worker's behavior.

listic exposure scenarios need to be identified for exposure assessment“Inhalation and dermdl exposure
typically the most common routes of exposure in the workplace.“Oral exposure at the wgrkplace is
considered less likely (although ingestion is a component of jnhalation exposure through mpucocilliary
rance and swallowing of inhaled particles). Ingestion might also occur from unintentional hand to mouth
trapsfer after dermal exposure.”® Parenteral exposure could/oceur accidentally (e.g., needle stick). Some
stydies have reported that nanoparticles do not penetrate intact porcine skin’®?’, while other stiidies have
shpwn that nanoscale or microscale particles can penetrate\the stratum corneum (garticularly with mechanical

flexing) and reach the dermal and epidermal layers of,porcine or human skin.**?°

InHalation exposure can be characterized by applying state of the art analytical methods, such s particle
colinters and sizers or related methods, while~dermal exposures can be characterized using handwipes
pling followed by chemical analysis and-electron microscopy. There are several difficulties in applying
thgse methods however, e.g., validation and calibration, adequate consideration of ambient background
levels, variations of analytical results dug€,to humidity, and effects of particle aggregation and agglomeration
on|particle concentration. However, (particle size, number and distribution are likely to be important factors.
These data might need to be supplemented by surface area or chemical characterization data. (Forf additional
information see also Chapter 5):

In the absence of real-time exposure data, more qualitative techniques can be used to characteriz¢ exposure
pofential. For example..in/the Control Banding approach, exposure potential is characterized Using three
bands (low, medium,and‘high) for the degree of dispersability (dustiness for powders of nanoparticles) and for
thg amount used in~a-particular occupational setting.

6.4.5. Risk characterization

Rigk characterization includes review and integration of the hazard identification, exposurg-response
asgessment, and exposure assessment steps. Quantitative risk estimates are evaluated for statistical and
bi iuy;uai uncertainty—Risk—characterization—atso—provides aitc-epcbifib evatuation—of-hazard—and exposure,
whether risks at a specific workplace exceed acceptable levels, and whether there are sensitive populations.
Risk management measures might be recommended to reduce risks below acceptable levels. Typical
measures might include elimination and substitution of hazardous nanoparticles (though the opportunities to
do so might be limited by the unique properties of the nanoparticles) as well as technical measures, e.g.,
modifications to production processes and/or implementation of engineering controls, organizational
measures, e.g., safety procedures, personal protective equipment and individual worker instruction (for further
details see Chapter 7).
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6.3. Conclusions

Evaluating the risk of exposure to nanomaterials in the occupational setting involves quantitative and/or
qualitative risk assessment methods. When there is relatively little scientific information or if a material is
unique, only a qualitative risk assessment might be possible. When exposure-response data are available
(e.g., in a toxicological or epidemiological study), quantitative risk assessment® might be feasible. Presently,
quantitative health hazard and exposure data are not available for most nanomaterials. Therefore, health risk
evaluation for the workplace currently relies to a great degree on professional judgments for hazard
identification, potential exposures and the application of appropriate safety measures.
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7. Control methodologies

7.1. Introduction

This chapter will examine current knowledge on control practices for mitigating or preventing exposure to
engineered nanomaterials in the workplace. It does not aim to address health and safety issues or practices

associated with nanomaterials generated by natural processes, nanoparticles produced incidentally (e.g.
during welding) or associated with potential consumer exposures or uses, though the information should be
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relevant to those areas. The chapter will cover control of both health hazards and safety (physico-chemical)
hazards, and specific examples of controls used in companies and research laboratories will be presented.

Information in this chapter has been drawn from documents provided by United States, Canadian, Swiss,
German, Japanese, United Kingdom and Australian experts,1'10 and from other sources. Information on
current practices is derived primarily from a report by the University of California, Santa Barbara for the
International Council on Nanotechnology (ICON) entitled “A Review of Current Practices in the
Nanotechnology Industry — Phase two report: Survey of current practices in the nanotechnology workplace”.11
The report presents the findings of an international voluntary survey of current environment, health, safety

(EHS) and product stewardship practices in the global nanotechnology industry.

The contrql of emissions containing nanoparticles in occupational settings is not a new subject. Contrals)are
well established for preventing and controlling exposure to, for example, welding fumes and diesel emissions
(which coptain incidental nanoparticles). What is new and unique is the need to control expesure| to
engineere]: nanomaterials in an increasing number of workplaces. Using existing knowledge forthe contro| of
fine and Ultrafine particles (including incidental nanoparticles) as a starting point, informed” guidance is
summarizgd for the control of engineered nanomaterials.

While it is|expected that the controls described in this Chapter should be effective (tovsome extent at leagt -
some will be very effective) in preventing exposure to engineered nanoparticles in_spécified situations, to dpte
there is only limited evidence regarding the effectiveness of the control methods,“However, based on exisfing
knowledgd and information, advice is provided on the likely effectiveness of\different control strategieq in
preventing| exposure.

Use of theg information on control methodologies can help companies;«esearchers and other people prevent
adverse he¢alth and safety consequences during the production, handling, use and disposal of manufactufed
nanomatefials. This information covers a range of nanomaterials and applications.

7.2. Impligation of risk assessment in regard to control methodologies

In considefing the appropriate control strategies for,nanoparticles in the workplace, it is necessary to consifler
first the leyels of risk associated with the workplace activities. Risk assessment was examined in Chaptef 6.
Ideally, thg control strategy should align with the’known risk — as demonstrated in, for example, the Confrol
Banding’ gpproach, which is the basis of the\United Kingdom Health & Safety Executive's COSHH Essentlals
packages pnd other guidance.™

There might potentially be health/Tisks arising from the unique properties of engineered nanomaterials
associated with occupational exposure to these materials. There are also potential safety risks of fire[ or
explosion” during the manufacture, handling, storage and use of engineered nanoparticles. However| at
present, there are uncertainti€s in the extent of the health and safety risks involved in working with
nanopartides, and thus it{isynot possible with certainty to use knowledge of risks to define control strategikes.
Also relating to control\anethodologies, there are as yet no specific workplace exposure standards set |for
airborne cpncentrations of free unbound nanoparticles of any type. Exposure standards have been set |for
substancef in a. arger particle form, some of which have the same or similar chemical composition| to
engineered nanaparticles currently being manufactured or used.

7.21. Strateg.l.es for control

¥ Control banding12 is a process in which a single control technology (such as general ventilation or containment) is
applied to one range or band of exposures to a chemical (such as 1-10 mg/m®) that falls within a given hazard group
(such as skin and eye irritants or severely irritating and corrosive). Four main control bands have been developed for
exposure to chemicals by inhalation:

Band 1: Use good industrial hygiene practice and general ventilation.

Band 2: Use local exhaust ventilation.

Band 3: Enclose the process.

Band 4: Seek expert advice.
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If we apply the precautionary principle” to nanomaterials, it follows that the lack of scientific certainty about
potential health and safety risks associated with engineered nanomaterials should not prevent the utilization of
cost-effective preventive measures to mitigate potential risks. The uncertainties about health and safety risks,
and the absence of nanoparticle-specific workplace exposure standards, do suggest a precautionary
approach is required to control the manufacture, use, storage and handling of nanoparticles. In relation to free
nanoparticles and nanotubes, in 2004 the UK Royal Society and Royal Academy of Engineering
recommended that factories and research laboratories treat manufactured nanoparticles and nanotubes as if
they were hazardous""’. It has been suggested that strict prevention measures should be taken to I|m|t
airborne nanoparticle release into the occupational environment and the environment outside the business,’

and it is consrdered |mportant to employ a broad based nsk management program to reduce workplace
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count the limited hazard information available.
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noparticles and larger particles, and where nanoparticle-specific information is known, the contro
n be varied according to the properties of the nanoparticles involved. Appropriate work practices
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¥ Principle 15 of the United Nations Rio Declaration on Environment and Development'” states that:

“In order to protect the environment, the precautionary approach shall be widely applied by States according to their
capabilities. Where there are threats of serious or irreversible damage, lack of full scientific certainty shall not be used as
a reason for postponing cost-effective measures to prevent environmental degradation.”

"' Control of Substances Hazardous to Health (COSHH) defines hazard “in relation to a substance, means the intrinsic
property of that substance which has the potential to cause harm to the health of a person, and “hazardous” shall be
construed accordingly™'®

Vil These experiments were undertaken with TiO, and BaSO, dusts, with mass median aerodynamic diameters of 2.1
micrometers and 4.3 micrometers respectively.
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7.3. Examination of control methodologies

7.3.1. Exposure prevention

Exposure prevention measures and appropriate work practices are essential in occupational health and
safety, and the production and use of nanomaterials might involve various kinds of risks. Consequently,
management, researchers and other employees might give priority to preparing an exposure prevention

program
exposure

other peogdle in the workplace.

designed specifically for the company or research facility.7 Establishing and implementing an
prevention program should be an effective step in protecting the health and safety of employees and

A number [of organizations have developed specific programs for handling nanomaterials."" In developing the

exposure

prevention program, the company director should (among other things) clearly{identify the

responsibilities of various individuals in the company and ensure that senior management, research teams

nanomate
undertake
program depended on:

and IaborItories are involved. A risk assessment approach is needed, with consideration, of the spedific
i

Elements
[ )
[ )

ial, its form, toxicity and safety hazards. The approach should be used for each specific task
. A number of organizations working with nanomaterials reported11 that theirexposure preventjon

the material form (powder, in suspension/solution or embedded in a matfix)

dpecific known hazards (such as flammability, toxicity, carcinogenicity’or high reactivity)

bf an exposure prevention (risk management) program mightiinclude, for example:

flonitoring and recording the performance and effectiveness' of control measures.

eveloping the criteria and procedures for installing engineering controls (e.g. equipment enclosure

N

Monitoring workplace exposures to nanoparticles.

I

gr local exhaust ventilation) at process locationsdvhere exposure might occur.

Rroviding: effective training and instruction) to the workforce on hazards, operating procedures,
gquipment manual, procedures for handling nanomaterials, and effective protective measures. The
ICON review reported that guideline_.decuments are used by some organizations.”

Obtaining safety data sheets from the producers or suppliers of the nanoparticles used. The safety
data sheet should provide indications about health hazards posed by the products, and the
grotective measures for the_workplace. However, examination of current safety data sheets |for
gngineered nanoparticles“has shown that information might be incomplete, and using solely the
dafety data sheet information can result in the implementation of incomplete protection measures.f

Developing procedures describing the types of personal protective equipment that should be uged
(e.g. clothing and respirators), and when it should be used.
0
€

eveloping. procedures to include the frequency of changing or washing personal proteciive
quipment\(e.g. gloves and coveralls).

Maintenance of respirator including storage and keeping records where appropriate.

[ n\mlnping prnr\ndume for Plnaning and decontamination of nqnipmnnf and enclosures etc

Seeking expert advice, e.g. from occupational hygienists, to help guarantee a safe working
environment.

Undertaking research projects focused on nanotechnology-based health and safety issues (the
research might be undertaken in collaboration with government agencies).

Benchmarking and sharing practice knowhow with other organizations working with nanomaterials.

The guide for preventing exposure to lead™ is an example of a guide that sets forth the principle points for
consideration in an exposure prevention program designed specifically for controlling exposure to hazardous

dusts.
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7.3.2. Control strategies

In general, the main approaches to risk control are; elimination of the hazard, substitution of the hazard,
engineering control techniques, administrative control systems and use of personal protective equipment.
These czoomplementary approaches should be considered starting with the design stage of an industrial
process.

In general, the preferred order of options (starting with most preferred) is:
elimination > substitution > engineering techniques > administrative means > personal protective equipment.
In practice, an appropriate combination of these strategies will provide the best approach for a workplace to

control exposures.

Control practices for the reduction of inhalable and respirable dust in the workplace are well-known and well-
esfablished.’ The efficiency of these methods for nanoparticles and particles of nanostructured materials has
soffar been only partiallg evaluated, but these measures seem useful as a starting point_for the dgvelopment
of preventive measures.” Some adjustments might be needed to prevent potential exposure to nanpmaterials.
Gganerally, organizations working with nanomaterials are using conventional chemical safety methods, with
some taking measures beyond those of conventional chemical hygiene.11 ControKmeasures are alsp based on
thqg toxicity and physico-chemical properties of other materials handled in-the' laboratory, e.g. in[ the ICON
review, most respondents indicated their choice of gloves was based on which solvents were being used."

7.3.3. Eliminating the hazards through effective design

Effective process design can make a very major contribution*to preventing workplace exposures “ In some
sityiations, it can be difficult post-installation to make modifications to correct deficiencies in original gesign.

Special attention should be paid to positioning of plant; installations, processes, equipment acfivities and
workstations during design. The designer can make_a major contribution by:

e recognizing the exposure risk factors,specific to the processes and production modes| and then
designing to eliminate or at least reduce these exposure risk factors

¢ designing and recommending control measures

Activities during the design stage include producing the building plans, and planning the procurement,
praduction, packaging, warehousing, shipping and other systems. In addition to taking into agcount the
redqulatory requirements and/preduction imperatives, layouts should be designed to eliminate| situations
inviolving risks from the procgess and for the workers. Effective design can help prevent the generatipn of dusts
angd aerosols.

In regard to the design of engineering control systems, different processes will produce a range|of particle
sizes, which might.include not only nanoparticles, but also particles of nanostructured materials such as larger
agglomerates in‘some cases. The velocities (face, capture, and transport) necessarily will depend upon the
nafure of the process and the size range of the particles produced.?"** For this reason, the engineefing control
systems intended to prevent or limit the emission or accumulation of airborne nanoparticles in the work
enyironment, such as enclosure and ventilation, should be designed according to the gaseous and|particulate
prapérties of nanoparticles and particles of nanostructured materials.

A fundamental principle of good design is to avoid explosive situations. Dusts having7 explosive potential are to
be avoided. In the worst case scenario, equipment might need to be blast-proofed.” Also, where appropriate,
building design can incorporate physical separation of workplaces handling hazardous materials.

7.3.4. Substitution of raw materials, products, processes and equipment

Substitution is generally a very effective way to reduce risks to health and safety in the workplace. While the
unique chemical and physical characteristics of individual nanoparticles are likely to limit possibilities for
straightforward substitution of one nanomaterial for another - it is this uniqueness which will likely determine
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their application and commercial usefulness, there might be substitution opportunities in processes involving
nanomaterials, e.g.:

¢ Replacing more toxic raw materials with less toxic raw materials.
¢ Replacing more toxic products with products that are less toxic.

e Changing the physical form of the product or material - use dispersions, pastes, granules or
composites instead of dusting powders or aerosols.

e Process changes are very effective risk control methods, for example, changing from dry processes
to wet processes, and the use of water can reduce dust emissions at some dry material drop-off or
tfanster poinis.™

e Substitution of equipment which involves the use or production of smaller quantitiescef tgxic
materials, or fewer toxic materials.

e Substitution of equipment to avoid emissions, or to reduce and better control emissions.

Farticle modification, e.g. the coating of quantum dots. In one study, the lack” of observaple
denotoxicity of quantum dots was attributed to a silica coating, WhICh successfully prevented the
interaction of Cd, Se, Zn and S with proteins and DNA in the nucleus.? A further potential approach
Wwhich has been examined is the possibility of modifying CdSe metalloid. core structures to incregse
the thermodgnamm stability and hence reduce the potential for breakdown into Cd and [Se
gqomponents.

e (onsider whether nanomaterials are necessary to the applicationor product.
7.3.5. Engjneering control techniques
For workplaces generally, the choice of engineering control technique should include consideration of the lgvel

of risk invplved. For example, in the UK's COSHH Essentials approach ® the approach recommended |for
control of girborne contaminants is:

¢ Highest risk — seek specialist advice
¢ High risk — use process containment™
e Lesss risk — use local engineering control (e.g. local exhaust ventilation, LEV)

e Lowest risk — use general ventilation

Currently ffor engineered nanoparticles and most particles of nanostructured materials there is limited
understangling of the level of (fisk; and it is suggested that in situations where there is risk uncertainty, a

used to supplement weldlng fume removal at source by reducmg background fume Ievels The Ievel of
protection provided by these methods is considered to be quite variable and dependent on appropriate use
and maintenance. Engineering controls of thls type are also used in the carbon black industry, though
significant exposure in this industry still occurs.”

Engmeermg controls used in organizations working with nanomaterials are reported in the ICON survey,
Figure 3." Not all specific controls were chosen to reduce workers' exposure to nanoparticles (e.g. the control
might have been chosen primarily to keep the material clean). Although some organizations detailed

™ In this Technical Report, process containment will be considered as an engineering technique.
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specialized or modified engineering controls for nanomaterials applications, most reported using commercially
available off-the-shelf technologies.
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Figure 3 — Reports of “nanotechnology-specific” facility design and englneerlng controls

(from A Review of Current Practices in the Nanotechnology Industry )
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in a gas- tlght manner to ports in the cablnet and aIIow dlrect man|pulat|on of the materials |soIated inside.
Although these gloves restrict movement, they prevent the user's direct contact with the hazardous materials.
The trade-off is clearly on the side of maximizing personal safety.

In general, source enclosure (i.e. isolating the generation source from the worker) should be effective for
capturing airborne engineered nanomaterials, based on what is known of nanoscale particle motion and
behavior in air.

Materials such as carbon black, silica fumes nanoscale TiO,, metals and nanoscale metallic oxides are
normally produced in closed circuit processes, and enclosure and isolation controls are used in practice for
handling a variety of different nanomaterial types ' In the ICON review, a number of organizations working
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with nanomaterials reported the use of cleanrooms (using pressure differentials) with separate and isolated
heating, ventilation and air conditioning (HVAC) systems."" Organizations also reported the use of glove bags
and glove boxes, and closed piping systems to segregate any materials deposited down a drain into a
separate collection system. Further information on gloveboxes can be found in the Guideline for
Gloveboxes.”® One potential problem reported with glove bags is the build up static electricity charges, which
can be problematic for flammable or potentially explosive nanomaterials.”’ Further details of specific enclosure
and isolation controls reported are shown in Table 2 below. An example of the use of an enclosing hood with
HEPA exhaust is also shown in Figure 4 below.?

Ercicesing rocad weith HEPS, exhalst
constncted o conirol possible emission
of nylan nanofbers dulng destnictye
Testing,

Figure 4 4+ Enclosing hood with HEPA exhaust (from NIOSH Progress Toward Safe Nanotechnology in

the Workplace®)

In case of p leak from an enclosed process, primary nanoparticles can escape and disperse through the plant.
How much nanoparticle aerodynamic properties resemble those of gases is yet to be determined. But frpm
known relgtionships,®® a 10 nm particle is expected to have a diffusion coefficient considerably lower thap a
nitrogen off oxygen molecule of around 0.3 nm in size.

As the digpersion process progresses, the particles agglomerate and airborne dispersion becomes mpre
difficult. Npnetheless, inhalation exposure to-'these agglomerates is possible during nanoparticle recovery,
bagging and maintenance and cleaning operations.’

=

Table 2 — Details of enclosure and isolation controls reported by facilities
(based on A Review(of Current Practices in the Nanotechnology Industry ).

CONTROL IN PLACE DETAILS

Air lock and sealed containers | The reactors operated in a vacuum and collection was done automaticdlly
for collectjng nanomaterials from |in the air lock, into an environmentally-sealed container. The air Igck
the reactar. allowed for any residual particulate matter to be removed by vacuym
before removing the sealed container from the reactor. This process was
built in-house.

Synthesis of nanomaterials in an | Vented automatically before opening and also had a self-cleaning burn
enclosed environment. cycle to eliminate residual material. This device fitted in the fume hood and
was engineered in-house.

Clean rooms with positive The clean rooms had positive pressure differentials that could be

pressure differentials exhausted with intermediate spaces of lower pressure between labs and
offices.

Portable peristaltic pumps to Aim is to prevent potential spills and reduce aerosolization of the material.

transfer liquid to waste Peristaltic pumps, because they work on positive displacement, are less

containers. prone to producing aerosols than conventional high pressure pumps.
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Use of distillation system for This enclosure was designed with concern for the potential for these
evaporating solvent from a particular nanomaterials to be explosive.
colloidal dispersion within an
explosion-proof enclosure.
Using an in-line disperser This minimizes handling of the dry powder form. The device would

device, which would open a bag

mechanically dispose of the used bag into a waste drum. Use of this

of fine particulate feed stock and |device within a HEPA filtered enclosure would allow for an exposure and

transfer the material to the emission-free process.

chemicatreactor:

Reémote control set up for the This allowed the equipment to be operated in an isolated-environment

ngnomaterial production within a ventilation enclosure. Only certain trained and respiratorrequipped

eduipment. individuals would be allowed access to the room’ for clg¢aning or
maintenance.

Use of safety alarms for Within the closed system were two sensors.for changes in oXygen and

ngnomaterial production. pressure. If either sensor was activated, the equipment shuts down, which
should prevent the potential release of nanomaterials due to a malfunction
or accident.

7.3.5.2. Source capture of pollutants, e.g. local exhaust ventilation (extraction)
If the use of closed containments is not possible, then it is best to avoid the formation of dusts of aerosols.
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wever in some processes, it is impossible to avoid airborne release of dusts and aerosols. Sour
these pollutants (e.g. by using local exhaust ventilation, LEV) is then the method of choice
borne propagation of these products in the work environment, contaminating all the work areas
athed in by workers.*’
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vV equipment performance is closely linked to the quality and efficiency of design and mainter
bn of work methods. Ventilation systems.should be designed, tested, and maintained using
th as those recommended by the American Conference of Governmental Industrial Hygienists (

Different processes will producea range of particle sizes, which might include not only nanoscal
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larger agglomerates in Ssome cases. The velocities (face, capture, and transport) necessary

form very well in aitborne engineered nanomaterial applications, provided the asplratlon syste
rectly positionedCand an adequate capture velocity is maintained contmuously However
ocity is too high, the resulting air turbulence might cause material to escape from the hood, with
alation expesure, and nanomaterial powders might be lost to the exhaust system. Before
intenance on the equipment, it should be vacuum cleaned using a vacuum cleaner with a high
ation system and wet wipe- ~cleaned.’

daetion by source capture with negatlve pressure is one of the most effective measures in ope

poroaches

important for effective containment\that the systems be checked daily and records of the checks kept.
ine monitoring should be fitted at*key points in the system (e.g. behind the hood, across the f|lters). The
ciency of new ventilation syStems should always be evaluated to ascertain their performgnce level.

particles,
ill depend

bn the nature of the process and the size range of the particles produced. A well-designed system should
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capture is

cutting and spray metallization processes, among others. These processes,

which have been used for many years, generate a significant number of particles of nanoscale dimensions. An
example of the use of LEV in nano- operatlons is for controlling fugitive emissions during precursor mixing at a
primary nanoscale oxide production faC|I|ty, as shown in Figure 5 below.
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types — mhanopowders, carbon nanotubes, colloidal dispersions, fullerenes, quantum dots, polymg

nanowires

Lol exhaust ventlstion comrolling fug-
The emissions during precursor mixng at a
primary nanoscale metal oxde producion
faciiy.

Figure 5 — Local exhaust ventilation controlling fugitive'emissions
(from NIOSH Progress Toward Safe Nanotechnology in‘the Workplacezg).

ds were the most frequently used engineering control fordthe handling of nanomaterials in
ns participating in the ICON survey.11 Fume hoods are used for a variety of different nanomate|

nanocrystals and carbon black. Exhaust filtration systems are frequently used with the fume hog

the
rial
rs,
ds

by the organizations working with nanomaterials. A number of different filter types are used in practice - HEPA
filters, non-HEPA filters, wet scrubbers primarily for removing water soluble organic materials and sub-
micrometer rated cartridge filters that block nanoparticles 1o less than 10 nanometers.
Biosafety ¢abinets are designed to protect personnel from potentially harmful agents, and are used in some
nano-enaljled organizations.11 Class | and Class’ 1l biosafety cabinets both utilize extraction through HEPA
filters. Chgracteristics of biosafety cabinets are)shown in Table 3 below.
Table 3 4+ Comparison of Biosafety-Cabinet (BSC) Characteristics (from Biosafet¥7in Microbiological
and Biomedical Laboratories (BMBL) 5th Edition, Appendix A).
Applications
Face Velogity ' Nonyolatile ' Volati}e Toxif
BSC Class o/ Airflow Pattern Toxic Chemicals | Chemicals and
S . .
and Radionuclides
Radionuclides
In at front through HEPA to the When
I 0.381 outside or into the room through Yes exhausted
HEPA- ottdoot oa’b
70 % recirculated to the cabinet
work area through HEPA; 30 % Yes (minute
I1, Al 0.381 balance can be exhausted through No
HEPA back into the room or to amounts)
outside through a canopy unit
30 % recirculated, 70 % exhausted.
Exhaust cabinet air must pass Yes (minute
I, BI 0.508 through a dedicated duct to the Yes amounts)™
outside through a HEPA filter
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No recirculation; total exhaust to Yes (small
I, B2 0.508 the outside through a HEPA filter Yes amounts)™”
Similar to II, A1, but has 0.508 m/s When
intake air velocity and plenums are exhausted
under negative pressure to room; outdoors
I, A2 0.508 exhaust air can be ducted to outside Yes (Formerly
through a canopy unit “B3”) (minute
amounts)™’
anp]y airis HEPA filtered
Exhaust air passes through two
II N/A HEPA ﬁlterFS) in series angd is Yes X nal’lb
exhausted to the outside via a hard dmiounts)
connection
* Installation may require a special duct to the outside, an in-line charcoal filter, and a spark proof
(ekplosion proof) motor and other electrical components in the cabinet{Pischarge of a (lass I or
Class II, Type A2 cabinet into a room should not occur if volatile chemicals are used.
® In no instance should the chemical concentration approach the lower explosion limjts of the
cqmpounds.

A laminar flow clean bench (also called a laminar flow hood) i’ not a biosafety cabinet. It is not designed to
pratect personnel or the environment from potentially harmful agents. It is designed to keep matg¢rial clean.
HEPA-filtered air is drawn across the materials and then flows out through the open front of the cabinet, where

thgd worker will be located.

7.3.5.3. General ventilation

Ggneral ventilation by dilution in the work environment can draw the contaminants outwards, and if it is the
only engineering control utilized, might allow significant exposure of workers to nanoparticles. If the use of
LEV for open processes is not practicable, then it might be preferable to use displacement ventilation to
requce background levels, where fume jis extracted at roof or ceiling level.

7.3.5.4. Air recirculationSand filtration

Filfration plays an important role in the control of exposure to airborne particles. High Efficiency Particulate Air
filtgrs might be used in-engineering control systems to clean the air before returning it to the workplace, or
before discharge into\the atmosphere. These filters are usually classified as mechanical filtefs. Current
knpwledge indicatés-that a well-designed exhaust ventilation system with a HEPA filter should|effectively
rermpove nanoparticles.5 However, only a limited amount of work has been done to quantify the performance of
filtgrs against.particles in the nanometre size range™.

If the-Tilter is improperly seated, particles have the potential to bypass the filter, leading to filter

fficiencies

If HEPAfilters are used in the dust collection system, they should be coupled to a well-designed filt? housing.

much-less than predicted .

To ensure a new air suppl)ll for some processes, a fraction of the air used in the collection and filtration
systems is also evacuated.” This evacuated air can be treated by several filtration stages with, possibly,
capture in wet scrubbers or electrostatic precipitators in the final stage. This capture principle, involving
electrostatic attraction, is particularly effective for very fine particles. Periodic cleaning of the collection plates
is usually accomplished by liquid jet spraying of these plates.

* An extension of analysis would be to examine the performance of filters for different types of nanoparticles.
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Filtration involves a number of mechanisms by which particles might be captured by filter fibers,* giving
efficient separation of particles from air. As an aerosol penetrates through a filter, the trajectories of particles
might follow the streamline, or be deviated from the streamline (e.g. by diffusion). Mechanical capture of
particles can occur by (see Figure 6):

e direct interception, where a particle follows the streamline and is captured if it comes into contact

with a fiber;

e inertial impaction, where capture is effected by deviation of a particle from the streamline by its own
inertia;

o di icle

I
into contact with a fiber;

e (ravitational settling.

Filter collection mechanisms
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Figrnre 6 — Fractional collection efficiency versus particle diameter for a mechanical filter
(from Guidance for Protecting Building Environments from Airborne Chemical, Biological,
or Radiological Attacks®*).

For some filter types, electrostatic forgeswill effect capture.

According|to single fiber filtration ‘theory, particles larger than 300 nm are collected most efficiently | by
impaction,| interception, and -gravitational settling, while particles smaller than 300 nm are collected mjpst
efficiently py diffusion or electrostatic attraction.”” Between 100 nm and 300 nm in size, particles are mpost
likely to flgw uncapturedthrough filters. This is the “Most Penetrating Particle Size” (MPPS), and collecﬂon
efficiency |is lowest.**>% The main mechanical filtration mechanisms involved around lowest collection
efficiency pre diffusion and interception, with the impaction mechanism playing only a minor role.**** The
MPPS range can*vary due to a number of factors, for example the type of filter media employed and the flow
rate.

For particles less than 300 nm, Brownian diffusion is the dominant mechanical mechanism causing particles to
impact on filter fibers.*****° Filtration efficiency due to Brownian diffusion increases as particle size decreases.
Brownian diffusion is caused by collisions between particles and the air molecules to create random paths
which the particles follow. The random motion increases the probability of a particle contacting one of the filter
elements. Once the particle is collected onto a surface it will adhere to it due to the Van der Waals forces.

Current methods for certification of HEPA filters do not routinely require testing at particle sizes below 100 nm.
The US Department of Energy's standard, DOE HEPA Filter Test Program,41 an internationally recognized
standard, requires that the filter is tested at an aerosol diameter of 300 nm aerodynamic diameter and that the
particle collection efficiency is greater than 99.97 %. Given the dimensions and physical properties of
nanoparticles, an approved HEPA filter should have filtration efficiency greater than 99.97 % for most
nanoparticles.
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As described above, due to Brownian diffusion, filtration efficiency will increase as particle size decreases.
Research has shown that penetration of nanoparticles through filter media decreased down to 2.5 nm as
expected by traditional filtration theory.’®**** As particles approach molecular size (less than 2 nm), they
might be less likely to adhere to filter fibers during diffusional collisions, and thermal rebound can occur.***°
The filtration efficiency was still found to increases as particle size decreases, but it does not increase as
quickly as predicted by traditional filtration theory. In practice, thermal rebound might not be of any
significance for the filtration of nanoparticles, e.g. if filters are designed to ensure a sufficient number of

col

lisions.

7.3.6. Administrative means for the control of workplace exposures
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sufficiently advanced technically or they cannot be implemented due to prohibitive costs. In these

ad

Effective recordkeeping is required to help establish and maintain safe and healthy W

Rel
su
sh

ministrative means of control constitute an additional approach to supplement engineering apprad
not a substitute for engineering approaches™. Administrative controls can help guarahtee
jiene in the working environment, and if necessary, companies and research facilities should s
ice from occupational hygienists. In working with nanoparticles, the administrative means to be

pbend on the type of nanoparticles and other materials involved, and the nature of the,work to be

plication of engineering measures might be limited in some situations because, for example, th

ministrative approaches for limiting the risks of occupational exposure tg-nanoparticles include:

¢ modification of work practices;

e minimizing the number of exposed workers;

¢ limiting access to working areas and restricting access\to authorized personnel;

e providing effective personal hygiene measures;

e housekeeping, including routine clean-up of\work areas and clean-up of nanomaterial spill

e use of preventative maintenance, which minimizes the risks of unscheduled inte
production while assuring safer operations.

7.3.6.1. Recordkeeping

cordkeeping requirements -have been defined in national codes of practice for handlin
hstances and dangerous goeds (with consideration for minor quantities of dangerous goods).
puld be kept of:

7,

¢ induction andtraining programs;

e risk asséssments;

e servicing of and testing of equipment (including fire fighting equipment);
e _workplace monitoring;

e\ 'health surveillance (records kept confidentially);

aches, but

industrial
eek expert
bpplied will
erformed.

ey are not
situations,

5

ruption of

orkplaces.
hazardous
"® Records

e dangerous occurrences and near misses;
e work-related injuries and illnesses;
e workplace engineering controls maintenance, daily checks and examinations;

e disposal records.

xi Engineering control methods should always be used according to standard practices
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In general (except for confidential records e.g. health surveillance), records should be located conveniently so
that managers, employees, employee representatives and public authorities can gain access to information to
which they are entitled. Public authorities might also define the length of time records should be kept for, and
what actions should be taken if company ownership changes or a company ceases to trade.

7.3.6.2. Training
Effective training and instruction for the workforce is critical to ensure people's health and safety when

handling nanomaterials. A number of topics are covered in training undertaken by organizations working with
nanomaterials '’ e.g.

¢ | safe handling of nanomaterials and Standard Operating Procedures (SOP);
¢ | hazards and toxicity;

¢ | personal protective equipment;

¢ | engineering controls and equipment maintenance;

¢ | emergency procedures;

¢ | waste handling;

¢ | definition of nanoparticles;

e | environmental release/shipping/customer protection;

e | exposure monitoring;

e | applicable regulation.

Sources of information and guidelines for training include government agencies (e.g. NIOSH, OSHA, and EPA
in the US,|the UK Health and Safety Executive, and the Industrial Technology Research Institute in Taiwgn),
scientific lfterature and toxicological studies, internet databases, internal expertise, conferences, extennal
experts (elg. consultants), industry associations and suppliers' Materials Safety Data Sheets (MSDS) and
International Chemical Safety Cards (ICSC, see http://www.cdc.gov/niosh/ipcs/ipcscard.html).

7.8.6.3. Reduction of work periods
Reduction|of work periods might be applied. beneficially under certain conditions, e.g. when working in a hot
environment (to avoid heat stress), or\in situations where risks cannot be controlled by engineering

techniqueg. For the handling of nanomaterials, this approach should not be widely applicable.

7.8.6.4. Personal hygiene

Effective personal hygieneg-is-needed to help protect the health of workers.>” Particular focus is required when
people might be exposed-t6 substances such as nanomaterials which; (a) are known to be hazardous, or|(b)
might be hazardous. Even in facilities with very efficient engineering controls, some workers could still{be
exposed t¢ nanopatticles, e.g. during clean-up and maintenance work. Hygiene arrangements for working With
nanopartides are>suggested below. The effectiveness is yet to be evaluated, but a number of thgse
approaches are.currently used in organizations working with nanomaterials."’

Washbasins and showering facilities are needed in the workplace for decontamination of areas of the skin
exposed to dust or liquids — for example, prior to leaving the worksite. If there is potential for toxic product
spatters or spills, the emergency shower is an indispensable tool to respond as quickly as needed.

Smoking, drinking and eating in the workplace should be prohibited, except in clean areas reserved for this
purpose (which are separated from the areas where nanomaterials are handled). To help prevent dermal
absorption of nanomaterials, open wounds should be effectively covered.

Facilities for changing clothes should be provided, and clean working clothes should be provided and used.
Working clothes and private clothes should be separated. In the presence of highly toxic products, double
lockers (one for work clothes, one for home clothes) avoid any risk of contamination outside the work areas.

60 © ISO 2008 — All rights reserved


https://standardsiso.com/api/?name=f8e2b71d606f3811d2adc7b4f188f8b3

ISO/TR 12885:2008(E)

To prevent transfer of contamination to the home environment, soiled clothing should not be taken home.
Clothing must be cleaned safely - working clothes should not be cleaned by the employee, and the use of air
jets for cleaning should be prohibited.

In order to prevent transfer of nanomaterials via shoes, sticky mats can be placed at laboratory entrances.
These can be sheets of sticky paper adhered to the floor that must be crossed when leaving the laboratory. It
is intended that nanomaterials attached to the shoes of employees will stick to the mats and not be transferred
to the rest of the building.

Procedures should be in place for disposal of personal protective equipment (e.g gloves and coveralls). Also a
prqcedure should be In place Indicating the frequency of changing and washing non-disposable personal
pratective equipment.

7.3.6.5. Routine clean-up of work areas and clean up of nanomaterial spills

Un
str
pra
ex
fre
on
yet
ap

til relevant information specific to nanoparticles is available, it is suggested that it Would be prudént to base
ptegies for dealing with nanomaterlal spills and nanomaterial-contaminated surfaces on established good
ctices for larger particles.” However, use should also be made of availablé4dnformation on nanomaterial
posure risks, and the relative significance of different exposure routes should be considered.’ Organizations
nuently reported using more than one clean-up method (e.g. wet wiping-and vacuum cleaning), [depending
the nanomaterial and its phase during handllng The effectiveness.ofi\the approaches for nanomaterials is
to be evaluated. Many of the methods used for the routine clean" up of powders and liquids are also
blicable for the clean up of powder and liquid spills.
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rk area clean-up, including removal of dust deposited on.the floors, walls and work surfaces,
formed regularly to avoid any (i) accumulation, (ii) risk)of atmospherlc re-suspension or (iii
ould the dusts be explosive, as in the case of certaingmetallic powders) All equipment should
roughly and isolated™, as needed, before it undergoes maintenance.

a)
-

ing."

combination of both would be suitable for most' nanomaterials. Damp cleaning methods with soaps

0ils
be
org

are preferred.’ The use of commercially-available wet or electrostatic microfibre cleaning cloths

anizations for cleaning up solutions. If vacuum cleaning is employed, care should be taken

rs are installed properly and.bags and filters changed according to manufacturers' recommenda

most frequently used methods for nanomaterial clean-up are wet wiping, vacuum cleanin

effective in removing particles from surfaces with minimal dispersion into the air. Dry wipe is or

should be
explosion
be cleaned

g and dry

Regular " cleaning of workplaces using wet wiping methods, HEPA-filtered vacuum cleaners, or a

Dr cleaning
might also
ly used by
hat HEPA
tions.® The

f seals etc.
d vacuum
absorbent

or only be
by HEPA
e disposal
number of
ntainers."’
isposed of
particles —

y
therefore, wipes should not be reused.

When developing procedures for cleaning up nanomaterial spllls or contaminated surfaces, consideration
should be given to the potential for exposure during clean-up. ® Inhalation exposure and dermal exposure will
likely present the most probable routes of exposure. Consideration will therefore need to be given to
appropriate levels of personal protective equipment. For inhalation exposure, dusts are likely to present
greater inhalation exposure potential than liquids, with liquids in turn presenting a greater potential risk than

Xff_For example, the equipment might be ‘locked out' or electrically isolated for safety.
*! The cleaning frequency needed will vary from workplace to workplace, depending on operating conditions. Cleaning
at the end of each work shift might be an appropriate frequency for a number of workplaces.
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encapsulated or immobilized nanomaterials and nano-structures. Exposure will be influenced by the1l1ikelihood
of material re-aerosolization. The use of respirators while cleaning up nano-spills has been reported.

While vacuum cleaning might prove to be effective for many applications, electrostatic forces might make it
difficult to remove particles from surfaces.” The electrostatic charge on particles will cause them to be
attracted to oppositely charge surfaces and repelled by similarly charged surfaces. A similarly charged
vacuum brush or tool might repel particles, making it difficult to capture the aerosol or even causing it to be
further dispersed. Vigorous scrubbing with a vacuum brush or tool or even the friction from high flow rates of
material or air on the vacuum hose can generate a charge. The vacuum cleaners recommended for cleaning
copier and printer toners have electrostatic-charge-neutralization features to address these issues.

One orgarjization has reported that it uses a vacuum hose rather than vacuum cleaner to clean up_spilld of
nanomatefials, because the electric motor of a vacuum cleaner has the potential to ignite flammaple
nanomatefials.’’ Risk of ignition in vacuum lines should be also considered.*®

For nanomaterials, other methods of equipment decontamination reported are solvent washing, burning, and
dissolving jusing acid and plasma cleaning.11 A small number of organizations reclaim nanomaterial spills, and
two organigations report that they evacuate the area during spill clean-up.

An example of a workplace cleanup and decontamination methodology for highlytoxic dusts is provided in the
Summary pf good cleanup and decontamination practices for workplaces with beryllium-containing dust.®®

7.8.6.6. Waste disposal

Many organizations dispose of their waste nanomaterials through.waste management companies.11 Some
dispose of their nanomaterials in separate disposal containers. d:abeling of containers should comply With
establishedl labeling codes of practice, making appropriate use, of available information for the contairjed
nanomatefials (e.g. hazard information from the literature, sincluding research Papers). For storage, glass
containers| metal containers, and sealed metal drums are used by organizations.1

Disposal methods used by organizations that do not dispose of their nanomaterial waste through an external
company ipclude:"

e treating nanomaterials in-house before disposal;
¢ recycling all nanomaterials;
¢ incinerating their waste nanomaterials on-site (all carbonaceous material);

e returning nanomaterials_to'suppliers.
7.3.p.7. Fire, explosion‘and catalysis prevention and control

The samg principles applying to the management of fine powders, dusts or dusty materials should [be
considered for nangparticles, with particular care taken in the case of easily oxidizable metallic dut.’
However, the effectiveness of methods for nanoparticle fire, explosion and catalysis prevention and contrg

yet to be evaluated.

Explosion prétection measures have been described for dust dispersions (e.g. by OSHA®") and for hazardgus
quantities of larger sized materials,™ and can be applied to the handling of potentially explosive nanoparticles.
For the handling of flammable nanoparticles, following these types of measures has also been
recommended.? For reactive or catalytically active nanoparticles, contact with incompatible substances should
be prevented.®

Fire prevention should take into account existing regulations, especially electrical requirements.7 The design
of electrical equipment protection should take into account the fine granulometry and very long settling time of
nanoparticles, with dust protection needed™. In addition, further precautions should be taken regarding the
operating temperature of electrical equipment, in regard to the risks of auto-ignition of nanoparticles.

*¥ For some nanoparticles, the type of protection used to protect equipment from vapors might be needed.
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