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SUMMARY

Nanotechnology is a dynamic field and new products containing nanoparticles are being
marketed every week. Already, more than 1000 are commercially available. This being the case,
the development of these nanoparticles, their industrial preparation and their integration into
different products involve a potential occupational exposure of hundreds of Québec workers.
New Québec companies are introducing this field, thus increasing the number of potentially
exposed workers. This trend should continue for several years.

An initial assessment of the state of scientific knowledge about the occupational health and
safety aspects (OHS) related to synthetic nanoparticles (NP) was published by the IRSST in 2006
and covered the scientific literature until the end of 2004. What was found was that OHS
knowledge was very fragmentary but that research in this field was rapidly growing. This current
document aims to assess the state of current knowledge in this field and summarizes the data
available until early 2010.

Overall, what emerges is that NP remain an important source of concern in OHS. In fact, not
only does the diversity of commercially available chemical products of nanometric dimensions
continue to increase, but also, the information available about the hazards specific to these
substances is still very fragmentary. The literature gives us very little information specific to NP
relating to their physical hazards like fires or explosions. As for health hazards, many
toxicological studies on different substances have demonstrated toxic effects on various organs.
It is found that in general, an NP will normally be more toxic than the same chemical substance
of larger dimensions, but it is currently impossible to determine which measuring parameter for
exposure is best correlated with the measured effects. The evaluation of occupational exposure
must therefore address a series of different parameters, and the exposure data available are
relatively rare. It should also be noted that at the present time, attention is particularly focused on
carbon nanotubes (CNT), which seem to show, in different animal studies, toxicity similar to that
of asbestos and consequently causing great concern in the international scientific community,
mainly relating to prevention.

In a context of incomplete data for the majority of nanometric substances, it remains impossible
to quantify the risks for workers in the majority of situations because the toxicity of the products,
the level of dust contamination of workplaces, or their potential to cause fires or explosions
remain not extensively documented or totally undocumented. Nevertheless, the majority of the
means of exposure control for ultrafine particles should be effective against NP and much
research is currently being carried out to confirm this.

In a context of uncertainty about the risks, and with an increasing number of potentially exposed
workers, the current report paints a big picture of the OHS knowledge currently available in the
NP field. In the absence of specific standards, a preventive and even a precautionary approach
are recommended, and a review of the available means for minimizing worker exposure is
presented. The needs for developing new knowledge are enormous and the authors propose some
avenues of research that they feel are a priority in the current Québec context.
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1. CONTEXT AND OHS ISSUES

The field of nanotechnology (NT) is changing rapidly, and in the near future should have a
profound effect on every sector of society. This is why a number of authors maintain that it
constitutes a third industrial revolution, following the mechanization and computerization
revolutions. As such, the industrialized countries -- quite rightly -- see the nano-world as
showing great promise in economic development and spinoffs. Governments, as well as large
firms, are developing strategic plans and investing considerable sums in research and
development (R & D). Europe, for example, has made nanotechnology one of its seven priority
areas in its targeted research, and has invested 1.3 billion Euros in it for the 2002-2006 period
(www.cordis.lu/nmp/home.html)!. For the year 2008 alone, the National Nanotechnology
Initiative (NNI) in the United States had a budget of 1.49 billion dollars (NNI, 2008). Canada,
too, has invested in the design, manufacture and uses of NT (Chapter 5).

Yet what exactly are NT? The prefix nano signifies a billionth (10°%). Thus, a nanometre (nm) is
a billionth of a metre. Nanotechnology is concerned with the creation or handling of particles and
materials that, as a minimum: (i) have one nanometric dimension, normally 1 nm to 100 nm, and
(ii) are produced through the structured organization of groups of atoms and molecules, or
through reduction, at the nanometric level, of macroscopic materials. The interest in NT is
essentially based on the fact that certain particles reveal specific properties only when they are of
nanometric dimensions. These properties may include chemical, biological, electronic,
rheological, magnetic, optical (photon), mechanical and structural effects.

Although the development of NT is a modern multidisciplinary science, naturally produced and
manmade materials of nanometric dimensions and exposure to particles of other dimensions of
mineral or environmental origin, including the fine fraction of nanometric particles, have always
existed. Some of the natural nanometric particles are of biological origin — including DNA with a
diameter of around 2.5 nm and many viruses (10 to 60 nm) and bacteria (30 nm to 10 um) —
while others are found in desert sand, oil fumes, smog, and fumes originating from volcanic
activity or forest fires and certain atmospheric dusts. Among those generated by human activity,
we should mention diesel fumes, industrial blast furnace emissions and welding fumes, which
contain particles of nanometric dimensions (Teague, 2004).

However, basing the definition of NP on their size may induce too broad an understanding of our
field of research. It is therefore essential to set limits for the object of our study. In this report,
the term nanoparticles (NP) will be used to describe particles from 1 to 100 nm, synthesized
intentionally with an objective of commercial use of one of the unique properties at these
dimensions.

Note that an ISO standard, which was at the ballot stage at the time of the final writing of this
document, proposes a different terminology. It is suggested that the term nanomaterials be used,
which includes nano-objects as well nanostructured materials, with the latter being non-
nanometric objects but having a fine nanometric-dimension structure. Nano-objects consist of
a) nanoparticles whose three dimensions are nanometric, b) nanofibres (nanowires, nanotubes
and nanorods) having two nanometric dimensions, and c) nanoplates with only one nanometric

! At the time the report was in preparation, all the websites cited were in operation.
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dimension. Despite this situation, the editorial committee for this document decided to retain the
nanoparticle terminology in order to maintain continuity with the studies published earlier by the
IRSST and so as not to confuse the readers of this document with new terminology, not yet in
common use in the scientific literature. Therefore, the term nanoparticle (NP) used in this
document refers only to synthetic NP and consists of all of the elements in the nano-object group
proposed in this new ISO standard.

In the past few years, we have noted an awareness of the urgency of developing knowledge
relating to synthetic NP risks for occupational health and safety (OHS) and for the environment
and public health in general. To all indications, we currently have limited knowledge of OHS
specific to NP, primarily due to a lack of information on toxic risks occupational exposure and
working conditions. Even if it is also possible to measure exposure with the technologies
currently available, our ability to predict the impact on workers’ health is therefore very limited.

However, various NP are already coming onto the market after manufacturing. There are already
more than 1000 commercialized products containing nano components. The manipulation of
these materials in the work environments generates some concerns and raises questions regarding
the risks to workers’ health and safety. The purpose of this document is to report on our current
knowledge.

The present document is intended primarily to serve as a source of information for anyone
seeking to understand NP, what they are used for and, above all, the occupational health and
safety issues related to their synthesis and handling. Thus, the information summarized here
could be of interest to a wide variety of groups, including not only occupational health and safety
professionals, but also researchers, evaluation- and risk-management specialists, employers and
decision makers in industry, governmental agencies that develop policies, laws and regulations,
as well as workers who may be potentially exposed and the general population wishing to find
out more on the subject.

In order to limit the length of this document, some information already presented in the first
edition will be summarized here, and the reader interested in more detailed information can
consult the IRSST report (http://www.irsst.gc.ca/files/documents/PublRSST/R-455.pdf),
(Ostiguy et al., 2006b).




IRSST - Engineered Nanoparticles: Current Knowledge about Occupational Health and Safety Risks and 3
Prevention Measures

2. OBJECTIVES

The principal objective of the study is to draw an overall portrait of knowledge on NP,
emphasizing OHS and prevention aspects. In no way should this document be considered a
critical analysis of the existing scientific literature. Amongst other things, we will describe (i) the
principal known health risks and impacts, (ii) safety risks, (iii) the characteristics, exposure
assessment and control of these risks, as well as OHS research needs relevant to the field of NT.
The report also seeks to strengthen Québec expertise in the field. This expertise should provide
effective support to research teams and institutions synthesizing or using these products.

3. METHODOLOGY

The initial literature review of available information up to the end of 2004 had allowed us to
observe the rapid changes in knowledge occurring in the field of OHS dealing with NP. In light
of the fact that the methodology employed at that time enabled us to reach our objective, it has
been retained to produce the second edition, which covers the scientific literature up to early
2010.

Consequently, the present report is based on:

e analysis of the scientific literature that uses approaches commonly used for this type of
research; these approaches are found in journals with peer committees. The IRSST
Information Library and the CSST Information Resource Centre conducted the literature
search. The principal data banks and search engines consulted were MedLine, Toxline,
PubMed, Inspec, Coppernic, Embase, Ntis, Ei, Compendex, SciSearch, Pascal, Alerts, Teoma
and Scirus. A number of keywords (in both French and English) were used, including
nanotoxicology, nanotechnology, nanoparticle, nanomaterial, health effects, explosion, fire,
toxicity and toxic. This information was particularly useful in documenting the toxicity of
nanoparticles;

e an Internet search, primarily to document (i) the types of processes facilitating the
manufacture of these products, and (ii) the description of these products, their properties and
their potential uses;

e the use of scientific reviews by recognized committees of international experts in the fields of
nanoparticles and nanotechnology;

e information collected from Quebeckers directly involved in the nanotechnology field:;
e discussions with the editorial committee of the report.
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4. TERMINOLOGY, CLASSIFICATION, PROPERTIES AND
CHARACTERISTICS OF NANOPARTICLES

4.1 Terminology

As discussed previously, NP are products that have been synthesized because they have unique
properties relating specifically to their dimensions. Moreover, in recent years substantial
progress has been made in defining them, especially through the creation of groups of experts
working in the area of standards development. Today, an international consensus exists. Recent
studies by British Standards Institute (BSI, 2005), the American Society for Testing and
Materials (ASTM, 2006), the Nordic group (Schneider et al., 2007) and the ISO (2008a) have
defined NP as particles with one or several dimensions of 1 to 100 nm. By contrast, terminology
surrounding various aspects of NT continues to be the subject of debate as described in
chapter 1.

One-dimensional systems, such as thin films or manufactured surfaces, have been used for
decades in the electronics, chemical and engineering industries. Production of thin or monolayer
films is now common practice in the electronics field, as is the use of made-to-measure surfaces
for solar cells or catalysis. These fields are known and the risks are normally well controlled.
The properties of two-dimensional systems (carbon nanotubes (CNT), inorganic nanotubes,
nanowires, nanofibrils and biopolymers) are less well understood and the manufacturing
capabilities are less advanced. Finally, some 3D systems are well known, such as metal oxides,
carbon black, titanium dioxide (TiO,) or zinc oxide (ZnO), particles, precipitates, colloids and
catalysts of nanometric dimensions, while others, such as fullerenes, dendrimers and quantum
dots, currently pose major challenges in terms of production and understanding of their
properties.

The question of NP dimensioning is crucial, because the properties of nanostructures are directly
related to those of individual molecules instead of those of bulk materials (Kohler and Fritzche,
2004; Royal Society and Royal Academy of Engineering, 2004). In fact, NP are observed to have
radically different, even unique properties at nanometric dimensions: exceptional strength,
programmable electrical conductivity, unsuspected optical properties, etc. The very principles of
chemistry and classical physics of solid materials must be replaced by quantum approaches
based on the probabilities that each atom, each molecule, can play a determining role and that the
interactions among them have a decisive impact on the behaviour of the whole. Thus, the
classical mechanical parameters of solids no longer prevail. In fact, it is the individual molecular
and atomic dimensions and interactions that determine the arrangement, stability, flexibility and
function of nanostructures.

Two central factors seem to be responsible for the changes in properties observed in NP: a much
larger relative surface per unit of mass and a predominance of quantum effects. The first factor is
responsible for the changes in reactivity, which may increase considerably with a decrease in the
size of NP. The second factor, observed for certain particles of a few nm or tens of nm, induces
changes in optical (photonic), electrical, electronic, mechanical, chemical, biological,
rheological, structural or magnetic properties.
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Once the dimensions are determined, a simple way to classify NP is to group them by chemical
composition, and this is the approach we will use. However, we should mention that many NP
are coated immediately after synthesis to prevent any aggregation and preserve their properties.
These modifications, in return, may have a direct impact on their composition, size and
reactivity.

4.2 Classification and Properties

In view of the objective of our report and the fact that production of new nanomaterials is a fast-
growing field of research, only the most common products will be described briefly. For more
details, it is recommended that you consult the special edition of the Journal of Materials
Chemistry regarding preparation of nanomaterials (Rao, 2004). Rao et al. (2004) have also
published a volume describing the theory, synthesis, properties and applications of these
products. Many specialized journals have also emerged in the last decade and new NP structures
with novel properties are reported regularly in these publications. The reader can also consult the
first edition of the IRSST report (http://www.irsst.qc.ca/files/documents/PublRSST/R-455.pdf;
Ostiguy et al., 2006b).

4.2.1 The Main Carbon-Based Nanoparticles

42.1.1 Fullerenes

Fullerenes are spherical cages composed of carbon atoms, which are bound to three other atoms
in sp? hybridization (Figure 1). The most widely studied form, synthesized for the first time in
1985 (Kroto et al.), is spherical and contains 60 carbon atoms, Cgo, although there have been
reports of structures containing 28 to 1500 carbon atoms, which can reach a diameter of 8.2 nm.
Formation of multilayer fullerenes has also been reported, with dimensions potentially ranging
from 4 to 36 nm (Sano et al., 2002).

Figure 1 : Schematic Representation of a Fullerene Csg
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Given their interesting properties, it has been suggested that they be used in the electronic field,
in batteries, solar cells and combustion cells, for data storage or gas storage, or as additives in
plastics. Incorporating them into carbon nanotubes (CNT) modifies the electrical behaviour of
fullerenes, creating regions with varying semiconductive properties, thus offering potential
applications in nanoelectronics. Their optical properties vary according to wavelength, thus
finding applications in telecommunications. Since fullerenes are empty structures with
dimensions similar to several biologically active molecules, they can be filled with different
substances and find medical applications, particularly in the therapeutic field against cancer or
AIDS.

4.2.1.2 Graphene Nanofoils

Graphite is composed of a series of superimposed layers of a hexagonal network of carbon
atoms, in which each atom is bound by three neighbouring carbon atoms in a planar network.
Separating these layers into a monolayer around one nanometre thick makes it possible to obtain
graphene foils. This allows unique electronic, magnetic, optical and mechanical properties to
appear. Applications are currently envisioned in recovery and in the flexible electronic
components field.

4.2.1.3 Carbon Nanotubes

Carbon nanotubes (CNT) are a new crystalline form of carbon. Wound in a hexagonal network
of carbon atoms constituting a graphene nanofoil, these hollow cylinders can have diameters as
small as 0.7 nm with lengths that can range from a few micrometres, and reach several
millimeters in length (Hett, 2004a). Each end can be opened or closed by a fullerene half-
molecule. These nanotubes can have a single layer (SWCNT for single walled carbon nanotube)
or several layers (MWCNT for multi walled carbon nanotube) of coaxial cylinders of increasing
diameters in a common axis. Multilayer carbon nanotubes can reach diameters of 100 nm
(Aitken et al., 2004). Endo (1986) seems to have been the first to report the existence of CNT.

They display metallic or semiconductive properties, depending on how the carbon leaf is wound
on itself. The substitution of carbon atoms allows modification and adjustment of electronic
properties. The current density that a nanotube can carry is extremely high and can reach one
billion amperes per square metre (Pautrat, 2003, Aitken et al., 2004). Light and flexible,
chemically very stable and totally insoluble, mechanical resistance under tension, CNT is more
than sixty times greater than that of the best steels, even though they weigh six times less
(Aitken et al., 2004). They also present a very large specific surface area, and a great capacity for
molecular absorption (Maynard, 2004). The different processes of synthesis, purification and
post-synthesis treatment will lead to products displaying very different properties (Helland et al.,
2007). CNT are ranked among the most promising materials and researchers have detected a
whole range of potential CNT applications in nanotechnology: polymer composites, electron
transmitters, electromagnetic armouring, supercapacitors, storage of gases, including hydrogen,
batteries, structural composites (Eklund et al., 2007).

4.2.1.4 Carbon Nanofibres

Just like CNT, carbon nanofibres are composed of graphene foils. But unlike nanotubes, they do
not wind into a regular cylinder. Instead they form a cone-shaped or cup-shaped structure. In
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view of these particularities, the mechanical and electrical properties of nanofibres will be
different than those of CNT. Their use is envisioned as additives in polymers, as catalytic media
and for gas storage.

4.2.1.5 Carbon Black

Carbon black is composed of partially amorphous graphitic material, with a substantial fraction
of the elementary particles of nanometric dimensions, generally from 20to 70 nm. These
particles, mostly spherical, are bound in aggregates that interact strongly with each other to form
agglomerates of up to 500 nm. These are often marketed in the form of pastilles or blocks and
have been used in very high volumes for the past few decades, mainly as pigments and
strengthening agents in rubber, particularly for tires. This technology is well known, and it is
only partly covered in the report.

4.2.1.6 Carbon Nanofoams

Carbon nanofoams are the fifth known allotrope of carbon, after graphite, diamond, carbon
nanofibers and fullerenes. In carbon nanofoam, islands of carbon atoms, typically from 6 to
9 nm, are randomly interconnected to form a very light, solid and spongy three-dimensional
structure, which can act as a semiconductor. Carbon nanofoams display temporary magnetic
properties (Health and Safety Executive, 2004b).

4.2.2  Other Inorganic Nanoparticles
4.2.2.1 Metals

Most metals have been or can be produced in nanometric dimensions. Among them, gold NP are
studied in particular and show an optical resonance spectrum in the visible range, which is
sensitive to the environmental conditions, size and shape of NP. Their unique properties make it
possible to envision a series of applications, particularly as optical markers for medical diagnosis
or as cancer treatment agents. Nanometric silver is also produced in large quantities and is
mainly used for its antimicrobial properties (ICON 2008; Hansen 2009). Nanometric platinum,
palladium and rhodium are used in catalytic converters, iron, nickel and cobalt as catalysts,
particularly for the synthesis of carbon nanomaterials, aluminium as a fuel, iron as a doping
metal and copper in electronics. Gold, copper, silicon and cobalt nanowires, capable of being
electrical conductors or semiconductors, have also been perfected and could be used to transport
electrons in nanoelectronics. Finally, nanowires have been developed based on different metals,
oxides, sulphides and nitrides.

4.2.2.2 Metal Oxides

Several metal oxides of nanometric dimensions have been created, but the most common ones,
because they are produced on a large scale, are probably silica, titanium dioxide and zinc oxide.
They are used either natural or coated, mainly in the fields of rheology, plastics and rubbers as
active agents and additives (SiOy), in sun creams (TiO,, ZnO), and as pigment in paint (TiOy).
Different metal oxides have appeared in varied forms: nanotubes, nanorods, nanoflakes, etc. In
addition, certain structures show interesting properties for virtual applications in fields such as
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sensors, optoelectroics, transducers and medicine... Other metal oxides are also produced,
including cerium, iron, copper, zirconium, aluminium, nickel, antimony, yttrium, barium and
manganese oxides, as well as nanoclays (ICON 2008).

4.2.2.3 Quantum Dots

An important field of research, for the past fifteen years, quantum dots are typically composed of
combinations of Group Il and IV elements or Group Il and V elements of the periodic table.
They have been developed in the form of semiconductors, insulators, metals, magnetic materials
or metallic oxides. The number of atoms in quantum dots, which can range from 1,000 to
100,000, makes them neither an extended solid structure nor a molecular entity (Aitken et al.,
2004). With smaller dimensions than the exciton Bohr radius, they display unique optical and
electronic properties at diameters of about one to ten nm. Because of their quantum confinement,
they can, for example, absorb white or ultraviolet light and reemit it at a specific wavelength a
few nanoseconds later (Aitken et al., 2004). Depending on the composition and size of the
quantum dot, the light emitted may range from blue to the near infrared.

The flexibility of quantum dots and their associated optical properties make it possible to
envision applications in fields such as multicolour coding in the study of genetic expression, in
high-resolution and high-speed screens and in medical imaging. Their high surface-to-volume
ratio allows them to be combined with antibodies, proteins and oligonucleides (Michalet et al.,
2005). Some quantum dots are modified to produce drug vectors, diagnostic tools and inorganic
solar batteries (Akerman et al., 2002; Michalet et al., 2005).

Figure 2 : Schematic and Visual Representation of a Quantum Dot
4.2.3 Organic Nanoparticles

4.2.3.1 Organic Polymers

Many common organic polymers can be produced in nanometric dimensions. The polyvinyl
chloride or latex thus produced, for example, can be solubilized or modified chemically under
certain conditions. Some of these organic polymers can be prepared in the form of nanowires,
resulting in their use in the development of liquid-phase or gas-phase ultrafiltration systems, or
particularly as sensors. Some biodegradable organic nanofibres could be used in medicine for
tissue reengineering or bone regeneration or to control the release of drugs.

New structures have also been synthesized, such as dendrimers, which represent a new class of
controlled-structure polymers of nanometric dimensions. These dendrimers are synthetic three-
dimensional macromolecules developed from a monomer, deploying and multiplying new
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branches in successive tiers, until a synthesized symmetrical structure is constituted (ICON,
2008). They are considered to be basic elements for the large-scale synthesis of organic and
inorganic nanostructures of dimensions ranging from 1 to 100 nm and exhibit unique properties.
Dendrimers allow precise, atom by atom control of nanostructure synthesis, based on the
dimensions, shape and desired surface chemistry. Given that they can be designed as hydrophilic
or hydrophobic, their use can be highly diversified. With different reactive surface groupings, it
is envisioned that dendrimers will be used extensively in the medical and biomedical field as a
means of delivering drugs and nutraceutics, as therapies, for biotests or as imaging contrast
agents (Tomalia, 2004; ICON, 2008). Compatible with organic structures such as DNA, they can
also be manufactured to interact with metal nanocrystals and nanotubes or be encapsulable or
show unimolecular functionality (Tomalia, 2004). Their use is also anticipated as an ink in
printers, as a metallic chelating agent in ion exchanger resins, in coatings, in cosmetics or as a
viscosity modifier or environmental rehabilitation substance (ICON, 2008).

4.2.3.2 Biologically-Inspired Nanoparticles

Biologically inspired NP are highly diversified but normally include structures in which a
biological substance is encapsulated, trapped or absorbed on the surface. In particular, lipids,
peptides and polysaccharides are observed, used as vector for the targeted transport of drugs,
receptors, medical imaging chemicals or nucleic acids. For example, liposomes, micelles or
polyplexes are found, some of which may come from natural materials, while others are
synthesized. These structures, widely studied in the medical and pharmacological field, will not
be discussed in this document, given the lack of information available regarding them in the
scientific literature dealing with OHS.
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5. DEVELOPMENT, PRODUCTION AND USE OF NANOPARTICLES

The first edition of this report (Ostiguy et al., 2006b) covered the important aspects until the end
of 2004. In this publication, only the most recent or most relevant information is presented. NT is
currently one of the most dynamic research fields in the world and is emerging as a strategic
priority in several industrialized countries. A more recent assessment, by a group of experts from
Nordic countries (Schneider et al., 2007), forecast that it would reach US$2.6 billion in 2015,
while Lux Research (2007) concurred with this figure, but said it would reach it in the year 2014
instead. In addition, in a 2006 report, the French Agency for Environmental and Occupational
Health and Safety (AFSSET) expects that the principal economic impact of NT will occur in the
nanomaterials sector, electronics and the pharmaceutical industry (Figure 3, derived from
AFSSET, 2006). The creation of the US Nanobusiness Alliance, the Europe Nanobusiness
Association and the Asia-Pacific Nanotechnology Forum, whose shared objective is to
commercialize nanoproducts, is a good illustration of both the significance attributed to these
markets and of international competition in the field. Furthermore, Québec is moving in the same
direction by way of NanoQuébec. In its 2006-2007 Annual Report, NanoQuébec reported annual
sales of nanoproducts by Quebec firms of less than $2 million for the year 2005, of about $8
million for 2006, while forecasting sales of over $25 million for 2008. More recent data are not
available. The NanoWerk database (www.nanowerk.com) has already claimed (in March 2009)
that there are 2225NP  available from 142 suppliers, while the site
http://nanotechproject.org/18/esh-inventory provides a list of R & D projects in the OHS of NT.

Expected global impact of nanotechnologies in 2010

ml Pharmaceuticals : 18%

o Chemistry (nanostructured catalysts : 10 %

O Nanomaterials,

ol Electronics : 30% nanoelectronics : 7%

o Others: 1%

W Nanomaterials : 34 %

Figure 3 : Percentage Distribution of the Expected Global Economic Impact of
Nanotechnologies in 2010
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5.1 Efforts in Research and Development?

Research efforts at the global level

Research efforts at the global level were evaluated at over US$9.6 billion for the year 2005 alone
(Lux Research Inc, 2007; Helland et al., 2007). Despite these colossal investments in the
development of commercial applications, research in the OHS sector, though stepping up the
pace, is still limited. For example, in a report published in 2008, Rejeski states that in 2006 the
budget spent by the National Nanotechnology Initiative (NNI), and incorporating Environmental
Protection Agency (EPA), National Institute for Occupational Safety and Health (NIOSH) and
National Institute on Health (NIH) expenditures dedicated completely to NT risk assessment,
were of the order of $13 million, or about 1% of the NNI annual budget. For 2009, the budget
requested by the NNI is US$1.527 billion (Roco, 2009), of which $76.4 million is devoted to
environmental issues and OHS.

Research efforts in Asia

While several Asian countries have invested in nanotechnology research, Japan is the principal
actor in the field and is making a major research effort in the field. Obadia (2008) ranks Japan
second in the world, following the United States, with South Korea in fourth place. In addition,
Japan has adopted an integrated development policy in this field. In addition, it already produces
a significant volume of nanotechnology and the Japan National Institute for Occupational Safety
and Health (JNIOSH) is already intensely involved in OHS research.

Research efforts in Europe

For the period 2002-2006, the Sixth EU Framework Programme for Research and Technological
Development (FP6) of the European Research Area (European Commission, 2002), has funded
the carrying out of 550 projects valued at 1.4 billion Euros, 28 million of which are dedicated to
OHS research (European Commission, 2007). The program is designed to develop a European
research and communication network incorporating all aspects of NT, including business and
scientific aspects, and information intended for the general public. Following extensive
consultation with its members, the Seventh EU Framework Programme for Research and
Technological Development (FP7) (Commission of the European Communities, June 2005),
suggested increasing EU investments in R & D to strengthen the European position
internationally. To these European efforts, we need to add the individual initiatives of several
countries in the Union. The most committed of these countries are Germany, Great Britain,
France, Switzerland, Belgium and the Netherlands. Germany is ranked third in the world in
research (Obadia, 2008).

Europe also invests in research on the risks associated with nanomaterials and NT, and does so at
both the European Commission level and the individual government level. We should mention in
particular the NanolmpactNet network, which consists of 24 European research centres as well
as some centres outside Europe with the objective of harmonizing research on NT and of sharing
OHS knowledge (www.nanoimpactnet.eu).

2 More detailed information is available in Ostiguy et al., 2006b
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For its part, the British government mandated the Royal Society, the National Academy of
Science and the Royal Academy of Engineering to supervise a study on the benefits and risks of
NT, and has published several of its reports. In an Institute of Occupational Medicine (IOM)
report, Aitken et al. (2009) drew up a balance sheet of the research and published a substantial
list of research recommendations, just like the Council for Science and Technology (2007) had
done with regard to the progress and commitments made by the British government and the
contribution of Great Britain at the international level. In Sweden, a study of the same type was
entrusted to Lund University, while in Germany several initiatives have been taken by the
Parliamentary Office for Evaluation of Scientific and Technological Choices. In Switzerland,
risk assessment has been carried out by the European office of technology assessment and the
Swiss federal Institute of Technology. Furthermore, still in Switzerland, an inventory of
nanoproducts used in the industrial environment was recently published (Schmidt and Riediker,
2008). Numerous research programs dealing specifically with OHS are underway in Europe.

Research efforts in North America

In the United States, the National Nanotechnology Initiative (NNI) seeks to accelerate the
development of new knowledge in nanotechnology and facilitate its integration into
commercially viable technologies (Mamberger and Kvamme, 2008; Roco, 2009). Created in
2000 by the federal government of the US, this agency supports a major multidisciplinary
research program on NT, which has prompted Obadia (2008) to rank them as the world leader in
research.

When it was created in 2000, the NNI’s annual budget was US$422 million (Mamberger and
Kvamme, 2008). Since then it has continued to grow, and for 2009 reached $1.527 billion
(NSTC, 2008; Roco, 2009). In 2007, the Department of Defence received the highest proportion
of subsidies, $450.2 million; it was followed by the National Science Foundation, which received
$388.8 million, and the Department of Energy, with $236 million (Mamberger and Kvamme,
2008). Also, many American states invest in nanotechnology R & D. It is estimated that in the
US the private funds invested in this area of R & D are equal to their publicly funded
counterparts (Waters, 2003).

Many institutions are currently involved in research on NP toxicity and safe work methods.
Among these, the National Institute for Occupational Safety and Health (NIOSH) assumes a
leadership role in OSH, conducting and subsidizing NP research projects to improve our
understanding of its health effects and develop safe methods for working with it. The National
Science and Technology Council (2008), working for the NNI, recently presented its global
strategy for integrating research related to the environmental, health and safety aspects of NT.
Among other things, it expects that the National Institute for Standards and Technology (NIST)
will be in charge of the section dealing with instrumentation, metrology and analytical methods.
The National Institute for Health will develop knowledge on health risks, while the
Environmental Protection Agency, the US EPA (2007a), will examine environmental aspects.
Lastly, NIOSH will assess environmental exposure, while the Food and Drug Administration
(FDA) and the EPA will develop risk management techniques. For 2009, the budget devoted to
environmental aspects and OHS reach $76.4 million (Roco, 2009).
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Research efforts in Canada

Through the National Research Council (NRC), Canada, too, has recognized the significance of
NT, and in 2001 founded the National Institute for Nanotechnology (NINT) with premises of
10,000 m? and state-of-the-art facilities on the site of the University of Edmonton. The
Government of Alberta invested substantial amounts in research and built large facilities for
biopharmaceutical technologies (Feigenbaum et al., 2004). Although several Canadian provinces
have nanotechnology R&D groups and that a few developed coordination organizations
(NanoBC, NanoAlberta, etc.), at the moment, none of the approaches taken at the provincial
level seems as well structured as that employed by NanoQuébec.

Furthermore, the federal government developed an overall global strategy with a view to
coordinating all research at the national level. To this end, it created the NINT Business
Development Office (BDO) as a coordination centre designed to facilitate growth in the
innovative capability of the Canadian industry as well as its garnering of market share in the new
NT. Several federal departments had demonstrated great interest in NT. Among these institutes,
Environment Canada, Health Canada, Natural Resources Canada and various NRC institutes
developed R & D programs covering a broad section of NT (CNRC, 2009). Lastly, the Natural
Sciences and Engineering Research Council (NSERC), the Canadian Institutes of Health
Research (CIHR) and the Canada Foundation for Innovation (CFl) have funding programs for
applied research in the field of nanotechnology.

Research efforts in Québec

For its part, Québec decided to develop a nanotechnology action plan, especially following the
publication of a report by the Conseil de la science et de la technologie [science and technology
board] entitled “Nanotechnology: mastering the infinitely small” and a general survey of the NT
research carried out in 2001 by Lebeau. Quebec has also established NanoQuebec, which has a
mandate to foster the development and enhancement of nanotechnologies in targeted priorities
fields and make them an economic and social growth vector. All the major Quebec universities
have active nanotechnology researchers (about 200 divided among about fifty teams);
NanoQuebec posts a detailed directory (http://nanogquebec.ca/nanoguebec_wisite/index.jsp) of
Quebec nanotechnology researchers and businesses on its web site. A more detailed description
of Québec’s main actors is presented Chapter 12. In the field of OHS, the IRSST has already
produced a variety of summary documents reporting on scientific knowledge in the field
(Ostiguy et al., 2006a, 2006b, 2008). In addition, it has now made available a Best Practices
Guide, intended both for researchers and companies (Ostiguy et al., 2009). The guide is designed
to support the implementation of effective preventive measures with a view to fostering the safe
development of NT in Québec.

Lastly, the IRSST, in collaboration with NanoQueébec, called for tenders to support the
development of new expertise, by way of research, in the field of NP. The four projects it
subsidized cover aspects related to metrology, evaluating occupational exposure, evaluating the
effectiveness of control measures. Research results should be available by mid-2011.
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5.2 Manufacturing Processes

Nanoparticles can be synthesized by different approaches. Nanoparticle production can be
generally categorized into the bottom-up and top-down methods. In the bottom-up approach,
nanoparticles are constructed atom-by-atom or molecule-by-molecule. In the top-down approach
(top-down), a large structure is gradually underdimensioned, until nanometric dimensions are
attained after application of severe mechanical stresses, violent shocks and strong deformations.
The two approaches bottom-up and top-down tend to converge in terms of dimensions of the
synthesized particles. The bottom-up approach seems richer, in that it allows production of a
greater diversity of architectures and often better control of the nanometric state (relatively
monodispersed granulometric sizes and distribution, positioning of the molecules, homogeneity
of the products). The top-down approach, although capable of higher-volume production,
generally makes control of the nanometric state a more delicate operation.

In this document, only the approaches most commonly used and likely to subject the works to
high exposure during large-scale production of nanoparticles are discussed. The British
Standards Institute (BSI, 2005) inventories no less than 29 major approaches for NP synthesis,
while CRC Press recently published a handbook of NP preparation processes (Busnhaina, 2007).

It is possible to categorize the synthesis processes according to the different mechanisms
responsible for their formation (Aitken, 2004; BSI, 2005). Some authors prefer to divide the
synthesis processes into three major categories based on the approaches used (synthesized
NP) (AFSSET, 2006): chemical processes, physical processes and mechanical processes. ICON
(2008) prefers to describe the different synthesis processes by major NP class. Processes are
presented according to the AFSSET approach.

0 Main chemical processes:
- Vapour phase reactions (carbides, nitrides, oxides, metallic alloys, etc.);
- Reactions and precipitations in liquid media (most metals and oxides);
- Reactions in solid media (most metals and oxides);
- Sol-gel techniques (most oxides);
- Supercritical fluids with chemical reaction (most metals and oxides and some
nitrides);
- Chemical coprecipitation or hydrolysis reactions (metals and metallic oxides);

- Chain and step polymerization in liquid phase (organic polymers, such as dendrimers
and dendrons);

- Gas phase polymerization, grafting, electrospinning (organic polymers, such as
dendrimers and dendrons).

o0 Main physical processes:

- Evaporation / condensation under inert or reactive partial pressure (Fe, Ni, Co, Cu,
Al, Pd, Pt, oxides);

- Laser pyrolysis (Si, SiC, SiCN, SiCO, Si3Ny, TiC, TiO,, fullerenes, carbonated soots,
metallic oxides, etc.);
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Plasma synthesis or electric arc methods (metallic oxides);

Combustion flames (metallic oxides);

Supercritical fluid without chemical reaction (Materials for vectorization of active
principles);

Microwaves (Ni, Ag);

lonic or electronic irradiation (Production of nanopores in a material of macroscopic
dimensions or nanostructures immobilized within a matrix);

Low-temperature annealing (Complex metallic and intermetallic alloys with three to
five basic elements (Al, Zr, Fe);

Thermal plasma (Ceramic nanopowders, such as carbides (TiC, TaC, SiC), silicides
(MoSi5,), doped oxides (TiO;) or complexes (HA, YIG, perovskites);

Physical deposit in vapour phase (TiN, CrN, (Ti, Al)N deposits, in particular).

0 Main mechanical processes:

Mechanosynthesis processes and mechanical activation of powder metallurgy
processes (all types of materials (ceramics, metallic materials, metallic oxides,
polymers, semiconductors));

Consolidation and densification;
Strong deformation by torsion, lamination or friction (metallic oxides).

The reader interested in more details on the synthesis processes is invited to refer to the
following documents (BSI, 2005; Ostiguy et al., 2006; AFSSET, 2006; Busnaina, 2007; ICON,

2008).

5.3 Applications of Nanotechnologies by Sectors of Activity

The number of products containing nanomaterials is increasing quickly and more than 1000
products are already commercially available. Some websites inventory these products:

www.nanotechproject.org/44/consumer-nanotechnology
www.nano.gov/html/facts/appsprod.html
www.wilsoncenter.org/index.cfm?fuseaction=news.item&news_id=173868
www.nanotechproject.org/inventories

www.azonano.com/Applications.asp
www.azonano.com/Industries.asp?Letter=_.

e http://www.nanowerk.com/nanobusiness/nanobusiness.php

NP will

increase the performances of existing materials in many economic activity

sectors (Roszek et al., 2005; Ostiguy et al., 2006b; AFSSET 2006; Faunce 2007; Kuzma, 2007).
Table 1 presents, for different economic activity sectors, a few examples of performances sought
through the use of NP,
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Table 1: Examples of properties sought through the use of nanoparticles in different
economic activity sectors

Automotive,
aeronautical and
spatial transportation

NP increase engine performance, mechanical and thermal resistance of materials, and
energy performance, improve passenger safety and comfort, produce self-cleaning
materials. NP reduce corrosion and pollution, lighten different aircraft components, costs,
and fuel consumption. Development of ice and structure defects detectors.

Electronics and
Communications

Development of high-density memories and miniaturized processors, very high brightness
and definition flat screens, the availability of new polymers and new nanostructured
composites allows the development of flexible electronic components and electronic

paper.

Chemical and
Materials Industry

Development of ceramics, pigments, powders, more effective multipurpose catalysts or
production of lighter and stronger wires, corrosion inhibitors, multifunctional layers
(thermal insulation, antiadhesive, antistatic), photoactive and self-cleaning paints,
windows and clothings, and preparation of membranes for separation of materials (water
treatment, dialysis), structured catalysts, ultraresistant coatings and extremely hard and
resistant cutting tools.

Health and
pharmaceuticals,
biomedical,
biotechnology and
cosmetics industries

Development of new approaches for more effective, better targeted medical diagnostic
(fluorescent markers, increased contrast through optical imaging, better characterization
of certain parameters), and better targeted, more effective medical treatment,
microlaboratory (lab-on-chips, cell-on-chips) and highly sensitive minisensors. In the
cosmetic field, NP can improve optical properties (protection against ultraviolet
radiation), resistance (water-resistant sun creams), brightness and transparency of
products and the development of new anti-wrinkle, anti-aging and antibacterial product
lines.

Agriculture Development of solubilization modes on demand, better absorption for pesticides,
fertilizers and other agricultural chemicals, optimization of livestock production through
growth hormones and vaccines on demand, detection of pathogens in animals and plants.

Energy Improvement of the performance of production systems and energy use, storage of

hydrogen, creation of a new generation of photovoltaic cells, batteries and combustion
cells, optimization of wind energy efficiency, smart windows, thermal barriers and more
efficient insulating materials.

Manufacturing sector

Design various equipment to produce NP, incorporate them into value-added products and
ensure characterization and production quality. Precision engineering for production of
new generations of measuring instruments, development of new processes and new tools
to manipulate matter on the atomic level, and development of apparatus capable of
producing NP safely.

Environment and
ecology

Sensors capable of real-time detection of multi-substances; reduction of polluting
emissions, depollution of contaminated sites, treatment of effluents, protection of sensitive
organisms and reduction of CO, emissions, production of ultrapure water, recovery and
recycling of existing resources, improvement of decontamination and recycling of heavy
metals, environmental monitoring.

Process and product
safety

Real-time sensors and quality control on the atomic scale; protection against copying,
anti-fraud security papers; marking processes for tracability.

Defence

Production of chemical and biological agent detectors, and the development of more
powerful explosives, stealth systems; light, efficiently performing, self-repairing textiles,
miniaturized surveillance systems and more precise guidance systems.

Rubber and plastics

Boost the performance of pneumatic tires, reduce their weight, increase their life cycle,
favour their recycling, and reduce their noise emissions; eliminate the development of
static electricity.

Metallurgy

Improvement of the properties of metals, reduction of friction and the use of lubricants in
parts manufacturing; harder, more abrasion-resistant and corrosion-resistant cutting tools,
and improvement in machining performance.
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5.4 Nanotechnology Applications by Nanoparticle Type

Table 2 gives a few examples of properties and some specific NP applications.

Table 2 : Some Examples of Nanoparticle Applications

Nanoparticle type
Ceo fullerenes

TiO,

Quantum dots

NTC and inorganic
nanotubes (e.g.,
molybdenum
disulphide)

Polymers/glasses

Liposomes

Nanocapsules
Photonic materials

Nanomagnetic
materials

Metallic oxides (Zn,
Fe, Ce, Zr)

Nanoclays

Carbon black
Silica fumes

Dendrimers

New properties
High electronic affinity

Anti-UV optical properties
and transparent to visible
light, photocatalytic effect

Colorimetric and electronic
properties can be precision
adjusted

Good electric conductor
Greater mechanical strength

Miniaturization of chemical
reactions

Biodegradable components

Hollow shell

Adjustable light
transmission

Improved magnetic
properties

Large surface, optical
properties

Catalysis, strength,
hardness, heat resistance
and fire resistance

Large surface
Rheological properties

Hydrophilic/hydrophobic

Applications

Improved magnetic properties, catalysts, pyrolysis,
lubricants, solar cells, electrolytic membranes, ion
exchange membranes, oxygen and methane storage, drug
vectors.

Solar cells, anti-UV sun creams, anti-UV paint,
environmental treatment, transparent wood surface
treatment, self-cleaning material, antimicrobial agent.

Colourings, nanoelectronics and quantum computer,
medical imaging, medical therapy, solar cells, catalysts.

Nanoelectronics and quantum computer, ultra-strong
materials, static electricity dissipator, hydrogen storage,
biosensors, chemical sensors, electromagnetic armouring,
supercapacitors, reinforced polymer composites, super-
strong cables, textiles, extremely light parts for land, air
and space vehicles, additives.

Lab-on-chip.

Drugs delivered to the action site, veterinary use.

Medical applications, targeted drug delivery.
Telecommunications, optical computers.

Data storage.

Ceramics, scratch-proof lens coatings, use in certain
cosmetics and sun creams.

Oil refining, alters properties of composites and materials,
flame retardant, mechanical reinforcement, rubber
additive.

Rubber and paint industries, inks.

Special concretes (durable, high strength, self-compacting,
low density, low permeability) and higher quality used in
construction of bridges, roads, marine structures, parking
facilities, water purification and distribution systems;
ceramics industry, mortars, plastic and rubber additive.

Medical and biomedical applications.
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6. HEALTH AND SAFETY RISKS

In occupational hygiene, one must keep in mind that the direct human health risk caused by an NP
first depends on the probability of exposure and, if applicable, on the concentration and duration of
exposure. Secondly, it depends on whether these materials, once in the body, exhibit specific
behaviour associated with their nanostructure (Oberdorster et al., 2005c).

This chapter thus succintly summarizes the current state of knowledge of the main known health
risks of NP. The reader interested by a more detailed review is invited to consult the updated
literature review produced by our research team (Ostiguy et al., 2008), as well as Work Safe
Australia (2009), Stone et al. (2009), Hanai et al., 2009, Kobayashi et al., 2009 and Shinohara et
al. (2009a). We must mention from the outset that nanotechnology is a rapidly emerging field, that
new NP are synthesized regularly and that they often exhibit exceptional physical, chemical and
electrical properties.

What about their biological properties and interactions with the human organism? Do they cause a
specific risk to the health of the workers who produce, handle, transform or use them? In this new
field, there are still major uncertainties and a significant lack of knowledge of the specific health
risks of NP. There is still not enough understanding of how NP can be absorbed by the organism,
how they will move within it (translocation) or how they will interact with the tissues and
biological fluids. On the other hand, Maynard (2006) very clearly shows that, to obtain NP-specific
effects, the NP must be capable of interacting with the organism so that the nanostructure is
available and so that the material has the potential to induce a biological response associated with
its nanostructure.

The existing data coming from exposure studies on cell cultures (in vitro), on animals (in vivo) or
on humans (volunteer or epidemiological studies) and response to respirable particles of
nanometric or micrometric dimensions, as well as the general knowledge of a specific product’s
toxicity, can serve as a basis for preliminary assessment of the risks associated with exposure to a
specific NP. In general, it has been shown that at equal mass, the biological response following
exposure to insoluble or not very soluble manufactured NP or to ultrafine particles (UFP) of
nanometric dimensions is often greater than for the same product at micrometric dimensions,
particularly with regard to pulmonary inflammation, tissue damage and lung tumours (Ostiguy et
al., 2008). In fact, the biological effect measured for NP seems more correlated to the surface, size
and number of particles than to mass, although several other parameters can contribute
substantially to the toxic response.

This means that a satisfactory characterization of exposure can currently no longer be limited to
product mass, even though the scientific literature cannot yet determine the best parameter to
measure exposure. In this sense, Warheit (2009) recommends that toxicologists characterize NP at
least in terms of the following parameters: dimensions and granulometric distribution of
elementary NP, their shape, specific surface, surface charge, composition and purity, crystalline
structure and level of crystallinity, coatings and surface composition, aggregation state, surface
reactivity of the particles, and synthesis method, including post-synthesis treatments. 1SO (2009a)
considers these parameters as essential for the charactherization of NP for toxicological studies:
aggregation/agglomeration state, chemical composition, particle size and granulometric
distribution, shape, solubility/dispersibility, specific surface, surface chemistry and charge density.
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Certain NP and their aggregates may present a serious risk of occupational exposure, likely to lead
to pulmonary or cutaneous deposition, with the possibility of translocation in this organism. This is
why most OHS concerns pertain to the manufacturing of free NP not bound to materials (NIOSH
2007, 2009b).

This chapter is divided into two sections. The first sets out some of the documented toxic effects in
animals or humans related to CNT. The second section is a general discussion, in which the toxic
risk is considered in terms of the target organ and the current knowledge of toxicity of ultrafine
dust particles (UFP) of aerodynamic dimensions smaller than 100 nm.

6.1 Health Risks Related to Specific Nanoparticles

As a second edition of our literature review on the health risks related to NP has been published
(http://www.irsst.qc.ca/files/documents/PublRSST/R-589.pdf) less than two years ago (Ostiguy et
al., 2008), the current section presents only the most recent and significant studies related to the
toxicity of CNT, and adding useful additional information.

Contrary to NP, the toxicity of CNT increases with their agglomeration (Swiss Engineering, 2006).
These agglomerates resemble asbestos fibres both for their appearance and their toxicity (Swiss
Engineering, 2006). From the toxicological point of view, CNT are fibres and their toxicity will be
correlated to their biopersistence in the lungs (Lam et al., 2006). However, Muller et al. (2006)
affirm that CNT inhalation exposure in industrial environments is expected to be very weak, given
the propensity of CNT to form agglomerates with an aerodynamic diameter above the respirability
threshold (> 5 um). This does not mean that the respiratory toxicity risk is negligible, especially in
cases where the nanotubes undergo some kind of transformation (Muller et al., 2006). In their
review of the available data on the toxicity of carbon nanostructures, Panessa-Warren et al. (2006)
clearly show that the experimental protocols used sometimes have a limited physiological
significance due to pulmonary overload or obstruction, or the stress related to instillation in the
animal. Nonetheless, CNT seem to have more pulmonary toxicity than carbon black or ultrafine
quartz.

At equivalent mass, SWCNT had a greater fibrogenic response than quartz. Granulomas developed
at the agglomerate deposition sites, while dispersed CNT instead caused interstitial fibrosis which
progressed, even after exposure ended. In a recent study in which CNT were better dispersed,
Mercer et al. (2008) observed a much stronger fibrogenic response (4 times) than in the study by
Shvedova et al. (2005), as well as the appearance of fewer granulomas. Also in 2008, Baron et al.
succeeded in generating single-walled CNT for which Shvedova et al. (2008) showed that they had
interstitial fibrogenic toxicity by inhalation exposure equivalent to the same kind of toxicity
reported by Mercer et al. (2008) by aspiration exposure.

Poland et al. (2008) exposed rat mesothelial membranes to MWCNT of different lengths, amosite
and carbon black. They observed pathological behaviour similar to that obtained with asbestos and
directly related to the length of the carbon nanotubes, namely inflammation and granuloma
formation. This effect was not observed with short MWCNT. These authors express their fear
regarding the possibility of long-term development of mesotheliomas and lung cancers after
exposure to such fibres in the work environment. Takagi et al. (2008) exposed mice by
intraperitoneal injection to MWCNT, crocidolite asbestos and fullerenes. At the end of their study
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(25 weeks), they observed a mesothelial response to MWCNT, including moderate to severe
peritoneal fibrous adhesion and peritoneal tumours. Crocidolite led to the same effects, but less
severely. Finally, fullerene did not lead to these effects.

Tabet et al. (2009), using multi-walled CNT on human pulmonary mesothelial and epithelial cells,
showed that CNT form agglomerates on the surface of the cells, leading to a decrease in metabolic
activity without alteration of the permeability of the cell membrane or apoptosis. They did not
observe any internalization or oxidative stress, in contrast with asbestos, which penetrated the cell,
reducing metabolic activity without reducing cellular permeability. However, they observed an
increase in apoptosis with asbestos.

Tejral et al. (2009) reviewed the toxicological impact of CNT. They concluded that in general,
functionalized CNT are more toxic than purified CNT, and that many factors affect their toxicity.
Among these, it is important to mention the functionalization of the surface, the presence of
impurities such as traces of metals, dispersion, deagglomeration and post-purification treatments,
which can alter properties such as length, purity, the degree of agglomeration, and the structure.
Other properties are just as important, including chemical reactivity, biopersistence,
bioavailability, and dimensions. CNT can cause oxidative stress, inflammation, cell damage,
harmful effects on cell proliferation, and pathological effects over the long term, such as the
formation of granuloma and fibrosis (Tejral et al., 2009). These effects are dose- and time-
dependent.

This comparison recalls the problem of asbestos in Québec with an increase in the incidence of
pleural mesothelioma cases in the period from 1982 to 1996 (De Guire et al., 2003). In 2008,
asbestos remained the substance that caused the most work-related deaths in Québec. Of the 195
deaths recognized by the CSST in 2008, 85 were asbestos-related (CSN, 2009). The studies
reported in the current document tend to support the hypothesis that CNT can display toxicity
similar to that of asbestos.

Furthermore, Tran et al. (2008), in doing a critical analysis of the literature on asbestos and NP
with a high length/diameter ratio (High aspect ratio nanoparticles [HARN]), arrive at the
conclusion about the fibre paradigm:

+ Diameter: fibres must be thin to cross the ciliary region. The aerodynamic diameter of fibres
is not substantially affected by their length;

+ Length: essential attack parameter, for example of frustrated phagocytosis or other
inflammation pathways;

+ Biopersistence: important parameter when establishing threshold limit values.

Their review identified many similarities between HARN and asbestos fibres relating to their
physicochemical properties and toxic effects. The authors concluded that the evidence suggests
that HARN that have the same characteristics (diameter, length and biopersistence) as pathogenic
fibres will have similar effects.

While the studies are limited, many toxic effects have already been documented with different NP.
In this context, we will see later that several countries recommend that the precautionary principle



22 Engineered Nanoparticles: Current Knowledge about Occupational Health and Safety Risks and - IRSST
Prevention Measures

be applied to NP with special emphasis on the risks related to CNT, while the EPA treats CNT as a
new substance, henceforth refusing to consider them on the same footing as other products with
the same chemical composition and with the same standard as graphite. The SCENIHR (2009) also
raises concerns regarding the risks of CNT.

6.2 Scopes and Limits of the Current Toxicity Data Related to
Nanoparticles

There are many uncertainties in determining whether the unique properties of NP, which are the
basis of commercial interest, represent specific occupational health and safety risks. While our
previous study (Ostiguy et al., 2008) and the previous section summarized current knowledge
relating to the toxicity of specific NP, the fact remains that the latter have been the subject of
relatively few studies, mainly concerning the important diversity of synthesized or commercially
available NP. Also, the data available for a specific NP are normally only fragmentary, when they
exist, and cover only a fraction of the information required to come to a conclusion about its
toxicity or harmlessness. Still poorly understood are the factors essential to the prediction of health
risks such as the exposure pathways, the translocation of material once it has been absorbed in the
body, and the interaction of the NP with biological systems (NIOSH, 2009b).

Soluble NP dissolve and their effects are related to their different components, independent of the
particle’s initial size. However, the situation is completely different for insoluble or not very
soluble biopersistent NP (Oberddrster, 2005a, 2005b). The data currently available on the toxicity
of insoluble NP are still limited and still do not allow a quantitative risk assessment (Kuempel,
20064a) or the extrapolation to humans for synthetic NP.

Nevertheless, the data currently available reveal some information that, although preliminary,
already allows the conclusion that NP must be handled carefully and that the worker’s exposure
must be reduced to a minimum because several toxic effects have been documented, with these
effects being extremely variable from one product to the next. Along these lines, the IRSST has
published a good practices guide suggesting different approaches allowing safe work with NP
(Ostiguy et al., 2009; http://www.irsst.qc.ca/files/documents/PublRSST/R-586.pdf).

In workplaces, NP will normally be absorbed mainly via the pulmonary route and, in some
situations, via the cutaneous route and oral route. Depending on their aerodynamic dimensions,
inhaled airborne NP can deposit along the entire respiratory tract and not just in the alveoli.
Because of their extremely small size, a fraction of the nanometric particles can reach the
extrapulmonary organs. This involves a migration of some solid particles, translocation through
the pulmonary epithelial layers to the blood and lymphatic systems, as well as through the nerve
endings of the olfactory nerves, along the neuronal axons to the central nervous system (Ostiguy et
al., 2008).

Another potentially important exposure pathway for workers is skin exposure. In fact, skin
absorption could be a more important exposure pathway than inhalation for workers who handle
nanomaterials prepared and used in colloid form (Colvin, 2003b). Lipid soluble NP could possibly
move in the intercellular space of the horny layer and cross the cells, hair follicules or sudoriferous
ducts (Monteiro-Riviere and Inman, 2006). The non-vascularized region of the skin could also
serve as a reservoir for NP, from which they could not be eliminated by the macrophages
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(Monteiro-Riviere and Inman, 2006). The NP absorbed by the skin could be found in the systemic
circulation after having crossed all the layers of the skin (Monteiro-Riviere and Inman, 2006).
Absorption can be made easier if the skin’s horny layer is damaged. Also, workplace exposure
conditions (for example, the humidity or pressure related to handling) can have an impact on skin
absorption. In the case of NP poorly absorbed by the skin, an allergy and/or contact dermatitis
could be observed (Monteiro-Riviere and Inman, 2006). Warheit et al. (2007) conclude that, in the
great majority of situations, potential pulmonary absorption in the workplace would be at least one
order of magnitude greater than skin absorption.

Good personal hygiene practices in the workplace should greatly limit the ingestion of NP.
Nevertheless, NP can be found in the gastrointestinal tract after swallowing, and NP coming from
the respiratory system via the mucociliary elevator can be found in the digestive system. The
translocation of NP from the intestine to the blood and lymph is possible for some NP (Zhao et al.,
2007).

Following exposure, some insoluble NP may possibly be found in the blood after having overcome
the respiratory, skin or gastrointestinal protection mechanisms. From there, they will be distributed
towards the different organs, throughout the body, including the brain, and can even be stored
inside the cells. Furthermore, Oberddrster et al. (2007) clearly showed the scientific consensus
relating to the propensity of NP to cross cell barriers. Once inside the cells, the NP interact with
the subcellular structures, which leads to the induction of oxidative stress as the main action
mechanism of NP. Toxic effects have already been documented at the pulmonary, cardiac,
reproductive, renal, skin and cellular levels during studies on laboratory animals. Significant
accumulations have been shown in the lungs, brain, liver, spleen and bones.

Another difficulty consists of determining the parameter that best links the exposure to the
observed effects. In fact, for most chemical products, a good correlation is observed between the
exposure dose expressed as mass of product and the measured effects. In the case of NP, countless
studies have demonstrated that the mass is not a unit for obtaining a good correlation with the
observed effects. In fact, the main data available suggest majoritarily, from the body of knowledge
developed with the rat, that at equal mass, NP are more toxic than microparticles for the same
product (Oberdorster et al., 1990, 1992, 1994; Heinrich et al., 1995; Driscoll, 1996; Lison et al.,
1997; Tran et al., 2000; Brown et al., 2001; Bermudez et al., 2004; Ostiguy et al., 2006a, 2006b,
2008, 2009; Maynard, 2006). Several studies have demonstrated that at equal mass, the toxicity
increases as a function of the surface of the NP. Reported by Ferin et al. (1992) working with
titanium dioxide NP, this difference in reactivity has been confirmed by several research teams and
on different products, mainly metallic cobalt (Zhang et al., 2000), titanium dioxide, TiO,
(Oberdorster et al., 1992; Heinrich et al., 1995; Borm et al., 2000; Renwick et al., 2004) and
carbon black (Li et al., 1996; Gallaher et al., 2003; Gilmour et al., 2004; Renwick et al., 2004).

In fact, many studies conclude that a good dose-response relationship exists, but the dose
parameter best correlated with the observed effects varies from one study to the next (Agence
nationale de recherche, 2005; Ostiguy et al., 2006a, 2008; Oberdérster et al., 1992, 1994, 1995,
2005a; Lison et al., 1997; Maynard et Kuempel, 2005; Tran et al., 2000; Duffin et al., 2002;
Brunner et al., 2006; Warheit 2009). Table 3 presents an overview of these parameters.
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Table 3 : Main Parameters Allowing the Proper Characterization of Nanoparticles for
Toxicological Studies

Parameters

Mass, concentration

Chemical composition (purities and impurities)

Solubility

Specific surface

Number of particles

Size and grain-size distribution

Surface properties (charge/zeta potential, reactivity, chemical composition, functional groups,
Redox potential, potential to generate free radicals, presence of metals, surface covering, etc.)
Shape, porosity

Degree of agglomeration/aggregation

Biopersistence

Crystalline structure

Hydrophilicity/hydrophobicity

Lung deposition site

Age of the particles

Producer, process and source of material used

In a context where the number of parameters that can influence the toxicity of NP is as high as this,
it is not very realistic to think that studies on the evaluation of the toxicity will be preceded by as
exhaustive a characterization of the NP examined. This is why Oberdorster (2005¢) and Maynard
(2006) recommended several years ago that at least the following physical parameters be
evaluated: the number of particles and their dimension (grain-size distribution), the specific surface
and the mass. The discussions of more than 70 experts gathered at an international workshop
(Warheit et al., 2007) led to the conclusion that it is mainly dissolution, the specific surface and
surface characteristics, the dimensions and grain-size distribution, and the shape that essentially
determine the functional, toxicological and environmental impacts of NP. More recently, Warheit
(2009) recommended that toxicologists characterize NP at least according to the following
parameters: the dimensions and grain-size distribution of elementary NP, their shape, specific
surface, surface charge, composition and purity, the crystalline structure and degree of
crystallinity, the coatings and the surface composition, the state of aggregation, the surface
reactivity of the particles, and the synthesis method including post-synthesis treatments. In a recent
study, Kroll et al. (2009) concluded that the current approaches to toxicological tests have many
limitations because of the specific properties of NP. Several of the properties of NP, such as the
large absorption capacity, the hydrophobic character/hydrophilic character, the surface charge, the
optical and magnetic properties, and the catalytic activity can interfere, among others, with the
detection systems. This situation requires validation of the systems used, a detailed
characterization of the NP, the use of reference materials, and an extensive characterization of the
applicability of the test methods used. The challenge of evaluating the toxicity of NP is therefore
based on the development of new standardized in vitro tests that are not affected by the properties
of NP.

In order to have all of the data that would possibly allow an appropriate dose-response relationship
to be determined, SCENIHR (2009) and OCDE (2008) recommended that the following
characteristics be measured:
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Physical properties: Dimension, shape, specific surface, length/width ratio, state
of aggregation/agglomeration, grain-size distribution,
morphology, and surface topography, structure including
the crystallinity and structural defects as well as solubility;

Chemical properties: The structural formula and molecular structure, composition
including the degree of purity, surface chemistry
(composition, charge, tension, reactive sites, physical
structure, photocatalytic properties and zeta potential),
known impurities as well as additives, phase,
hydrophilicity/lipophilicity.

An important limitation of the actual toxicological data lies in the quantity of information
available, the complexity of the NP-body interactions, and the difficulty arriving at a definitive
conclusion about the toxicity of a specific NP. The two main limiting factors seem to us to be
related to the very limited number of studies on the same products using methodologies and
representative workplace exposure routes, or related to their use by humans and the often
incomplete characterizations of NP making it impossible to ensure that the NP used are identical.
This is how our knowledge of the risks related to products with the same chemical composition but
of larger size, as well as the risks related to ultrafine particles can be used to advantage and serve
as a starting point in a risk analysis process.

6.2.1 Pulmonary Deposition of Ultrafine Dust Particles

As already mentioned, a worker exposed to substances that may be airborne has three potential
absorption routes: pulmonary absorption, cutaneous absorption and absorption by ingestion. The
lungs are the main route for dust to enter the human body. It is important to understand two
complementary aspects. First, only a fraction of the inhaled dusts will successfully enter the
respiratory system. Then, only a certain proportion of this fraction will be deposited and retained
by the respiratory system, while another portion can be exhaled, without having been retained in
the respiratory system. As a result, only the deposited dusts can have a toxic effect, which will be a
function of the deposition site. So what is the specific situation for NP?

In the first place, it is appropriate to examine the situation for a wide range of particle sizes.
Figure 4 illustrates the internationally recognized standard curves for airway dust of unit density
penetrating the pulmonary airways (ICRP 1994; Maynard and Kuempel, 2005; Vincent 2005).
Aspiration by the respiratory system of airborne dust depends on a certain number of variables,
including particle size, air displacement rate and pulmonary ventilation rate. For air displacement
rates of a few metres per second or less, the probability of a particle penetrating the organism by
the mouth or nose (inhalable dust) is nearly 100% for particles with an aerodynamic diameter of a
few micrometres (um) or less and decreases to nearly 50% for particles around 100 um. Particles
smaller than 10 um have a greater than 50% probability of passing through the thoracic zone
(thoracic dust) while particles smaller than 10 um have a definite probability of reaching the
pulmonary alveoli where gaseous exchange occurs (respirable particles). This probability is around
50% for particles smaller than 4 um, or 4,000 nm.
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Figure 4 : Standard Curves for Airway Dust Penetrating the Pulmonary Airways

On the other hand, this theoretical curve is not necessarily the same for everyone. Indeed, several
factors can alter the structure and functioning of the airway, including workload, sex, age, smoking
and respiratory diseases, with consequences both for dust deposition and particle clearance. The
model presented here is based on the parameters of a healthy reference population performing an
equivalent workload, in a sitting position one third of the time, and executing light tasks for the
other two thirds.

As mentioned above, after penetrating the respiratory system, a fraction of the dust will be
deposited there and another fraction will not be retained and will be expelled by the lungs. Inhaled
dust deposition depends on four main mechanisms, which act differently depending on the particle
diameters (ICRP 1994; Maynard and Kuempel, 2005):

e Diffusion is due to random movement (Brownian motion) and has a very strong influence on
small particles, causing them to hit a wall, given that they move at random but faster than the
air current. This mechanism is more important for smaller particles circulating in an air current
at low speed;

e Sedimentation acts on the particle by gravity when the particle can no longer remain suspended
in the air current because it is too heavy to be supported by an air current speed that has
become too slow;

e Interception occurs when a particle passes near a wall, at a distance of approximately its
diameter. It touches an airway and clings to it, resulting in its deposition;

e Inertial impaction occurs when the mass of the particle becomes too great to follow the sudden
variation of air flow. It then collides with a wall. This is the predominant mechanism for the
largest particles.

Figure 5, taken from Witschger and Fabriés (2005a) and reproduced with the authorization of the
Institut National de Recherche Scientifique (INRS) in France, illustrates the deposition rate in the
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different pulmonary regions by particle size. However, it should be realized that individual NP can
agglomerate in the air and that the pulmonary deposition site will depend on the aerodynamic
diameter of the agglomerated particle. This figure clearly illustrates that no particle with 1 nm of
aerodynamic diameter, or 0.001 micrometre, reaches the alveoli, while 80% are deposited in the
nose and pharynx, with the other 20% located in the tracheal and bronchial region. At this size,
retention of inhaled NP is nearly 100%.

Particle Diameter (micrometers)

Figure 5 : Prediction of Total and Regional Deposition of Particles in the Airway, by Particle
Size

By increasing the particle size to 5 nm (vertical line on the far left), 90% of all inhaled particles are
retained in the lung and then are deposited relatively uniformly in the three regions. The total
absorption of 20 nm particles (second vertical line to the right) decreases to no more than 80% but
more than 50% of the 15-20 nm particles are deposited in the alveoli. This means that 20% of the
inhaled particles penetrate the lung but leave it upon exhaling. The particle granulometry thus has
a major impact on the pulmonary deposition site and on the quantity of dust deposited in the lungs
(ICRP, 1994; Witschger and Fabriés 2005a; Oberdorster 2005b). The deposited dust fraction is
greater during exercise (Jaques and Kim, 2000; Daigle et al., 2003) and among individuals
suffering from asthma or chronic obstructive pulmonary diseases (Brown et al., 2002b, Chalupa et
al., 2004).

Given the major surface differences of each of the three pulmonary regions, even if the mass of 20
nm ultrafine particles deposited in the alveolar region represents more than 50% of the total, the
dust concentration deposited per surface unit in the lung will be more than 100 times greater in the
nasal region and more than 10 times greater in the tracheobronchial region (Oberdorster, 2005b).
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Particle deposition in the extra-thoracic and tracheobronchial regions can play an important role in
the development of certain lung diseases, including asthma and chronic obstructive
bronchopneumopathies (ISO, 2007). These differences in dust distribution in the lungs may have
major consequences on the health effects of inhaled ultrafine particles and on the elimination
mechanisms involved (Schiller et al., 1988; Kim and Jaques, 2000; Jacques and Kim, 2000; Daigle
et al., 2003; Oberddrster, 2005a, 2005b; Zhang et al., 2005b).

6.2.2 Elimination of Dusts Deposited in the Lungs

The human body has different defence mechanisms for eliminating these undesirable foreign
objects. Various processes are involved (Ostiguy et al., 2006a, 2008), which can be divided into
two main categories: chemical elimination and physical elimination. The AFSSET (2006) has
produced a synthetic table in this sense, which we reproduce here, adapted to our literature review.

Table 4 : Elimination of Dusts Deposited in the Lungs (Synthetic Table)

Nasal region Bronchotracheal | Alveolar region
region

Physical elimination
Mucociliary movement X X
Phagocytosis by macrophages X X
Epithelial endocytosis X X X
Interstitial translocation X X
Lymphatic drainage X X
Blood circulation X X X
Sensitive neurons X

Chemical elimination
Dissolution X X X
Leaching X X X
Protein fixation X X X

NP and UFP can be eliminated chemically by three major mechanisms: total dissolution, partial
dissolution (leaching) or protein fixation. By total dissolution the effects become equivalent to
those of larger particles, which are also soluble. Soluble NP and UFP will act on the solubilization
site and will not be discussed here, since the effects are highly variable and normally well
documented depending on the dust composition. Leaching allows partial solubilization of the
particle and part of the effects observed may come specifically from this soluble part. For example,
this could be the case for effects observed for CNT associated with the presence of certain partially
soluble metals. Finally, other NP or UFP may become fixated to proteins.

The largest particles, which deposit mostly in the upper parts of the lungs, mainly in the trachea
and bronchi, are eliminated by different mechanisms including the mucociliary elevator
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mechanism where the mucous membranes of the trachea and bronchi are covered with ciliated
epithelial cells.

They form an elevator and repel the mucus containing the particles to the digestive system.
Normally this is an efficient mechanism that eliminates particles, even ultrafine particles, in less
than 24 hours (Kreyling et al., 2002).

At the alveolar level, macrophages will take charge of insoluble particles with a phagocytosis
mechanism, whereby the macrophages will surround the particles, digest them if they can and
direct them solely to the mucociliary elevator for elimination. This process is relatively slow and
has a half-life of over 100 days in humans (HSE 2004a, 2004b; Oberdorster, 2005b). However, the
efficiency of phagocytosis largely depends on the particle’s shape, number and size. If there are
too many particles, the mechanism may become saturated. Several studies seem to show that the
unagglomerated ultrafine particles deposited in the alveoli are not phagocyted efficiently by the
macrophages (Renwick et al., 2001, 2004). However, macrophages are very efficient in the one to
three micrometre range, and thus for much coarser particles (Tabata and Ikada, 1988, Green et al.,
1998). Pulmonary macrophages cannot efficiently take over fibres longer than 20 micrometres.
Once they are deposited, insoluble NP normally can remain in the lungs longer than bigger
particles because of reduced clearance and greater retention of particles. Table 4 summarizes the
different clearance mechanisms in relation to the pulmonary regions.

The sometimes inefficient takeover of ultrafine dusts by macrophages can lead to a substantial
accumulation of particles if exposure continues and to a greater interaction of these particles with
the alveolar epithelial cells and bronchi. Studies have shown that some ultrafine particles can pass
through the epithelium (epithelial endocytosis) and reach the tissues by interstitial translocation
(Oberdorster et al., 1992, 2000; Kreyling and Scheuch, 2000). This phenomenon seems to be more
significant for higher species, such as dogs and monkeys, than for rodents (Nikula et al., 1997,
Kreyling and Scheuch, 2000). Once the particles pass through the epithelium, a fraction can reach
the lymphatic nodules (lymphatic drainage) or blood vessels (blood circulation) by interstitial
transport (Ferin et al., 1992; Nemmar et al., 2002a). Translocation in the human body, meaning
transport from one location to another, for NP particles that are insoluble or only slightly soluble,
was demonstrated by means of radiomarked carbon NP (Nemmar et al., 2002a, 2002c) while
iridium NP show that only a small fraction of the particles are moving (Kreyling et al., 2002).

Two other mechanisms are now recognized for ultrafine particles of nanometric dimensions
(Oberdorster, 2005a, 2005b). Ultrafine particles can penetrate the extrapulmonary organs via the
bloodstream. Moreover, certain particles can be transported along the axons of the sensitive nerves
to the central nervous system. These two mechanisms could play a major role in the development
of certain cardiac or central nervous system diseases, but these phenomena have yet to be clearly
demonstrated in humans. Katz et al. (1984) described the neuronal transport of 20 to 200 nm
microspheres from the nose to the brain. The inhalation of 35 nm radiomarked carbon particles led
to a significant accumulation in the olfactory bulb of rats seven days after exposure. Several
studies showed that when rats are exposed to dusts or welding fumes containing manganese, a
manganese fraction could cross the hematoencephalic barrier by circulating directly from the nose
to the brain via the olfactory nerves, thus allowing manganese to accumulate in the brain. Such
studies were also performed on various insoluble metals and led to the same conclusions (Tjalve
and Henriksson, 1999; Brenneman et al., 2000; Dorman et al., 2002; HSE 2004a, 2004b;
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Oberdorster et al., 2004a; Ostiguy et al., 2003, 2005; Salehi, 2005). Nonetheless, the sensitive
nerve translocation studies have mainly been performed in rats. The olfactory mucous membrane
occupies 50% of the total nasal surface in rats compared to only 5% in humans. The relative
importance of axonal translocation in relation to total absorption has not yet been established
clearly in humans. Hankin et al. (2008) clearly mention the lack of current knowledge and the
research needs regarding the different factors that influence translocation, particularly in the
pulmonary interstitium, other lung cells, the blood, the blood vessel walls, the placenta, the fcetus
and the brain.

6.2.3 Effects of Inhaled Fine Dusts and Ultrafine Dusts

When particles are reactive or present in sufficient quantity, they can activate or destroy the
macrophages or the epithelium and produce an inflammatory mechanism that is pathogenic to
pulmonary function. In the event of high and repeated pulmonary dust exposure, the natural
defence mechanisms may no longer be enough to do the job. In their model developed in 2003,
Faux et al. explain how an overload of low solubility dusts can generate oxidizing free radicals,
lead to an antioxidant deficit, create oxidative stress and produce inflammation. A whole series of
reactions likely to lead to the development of occupational lung diseases are then triggered. Noél
and Truchon (2009), in their literature review, also conclude that the interaction between biological
material and UFP generates reactive species of oxygen and intercellular stress, which can lead to
different repercussions.

Since knowledge of pulmonary toxicity related to nanometric particles is limited, we will report
the principal known toxic effects related to respirable or ultrafine particles of up to a few
micrometres, i.e. up to over 1000 nm. We will then establish the knowledge level relating to
nanometric particles so that we can draw general conclusions.

Dusts found in work environments, often around one micrometre in size, can accumulate in the
lungs and lead to several occupational lung diseases, such as pneumoconiosis (asbestosis,
silicosis...), smelter’s fever, occupational asthma, berylliosis and lung cancer. Donaldson (2005a,
2005b) presents a review of the current knowledge in the field. On the pulmonary level, it clearly
appears that toxicity is related to oxidative stress caused by the presence of transition metals, an
organic fraction or deposited dusts with a very high specific surface. This oxidative stress can lead
to inflammation of epithelial cells.

The most common lung diseases are pneumoconioses, which can be caused by fibrous or non-
fibrous dusts and constitute an alteration of the pulmonary structure, resulting from dust
accumulation in the lung. This excludes asthma, bronchitis and emphysema (Faux et al., 2003).
Pneumoconiosis can vary greatly in severity, ranging from very mild to very severe. In mild cases,
dust accumulation in the lungs only causes benign effects to the lung structure without harmful
consequences. This is often the case, for example, with exposure to iron or tin dusts, which
eventually can lead to siderosis or stannosis (HSE, 2004a, 2004b, 2004c). In more severe cases, as
often occur following exposure to asbestos (asbestosis) and silica (silicosis), fibrotic changes in the
lung lead to major deficiencies in terms of gaseous exchanges. Lung capacity then is greatly
reduced and the disease can be fatal. In some cases, these substances, silica and asbestos, have led
to the development of lung cancers. Exposure to asbestos fibres can also lead to the development
of mesothelioma (HSE, 20044, 2004b).



IRSST - Engineered Nanoparticles: Current Knowledge about Occupational Health and Safety Risks and 31
Prevention Measures

Dusts or aerosols reaching the lungs can also cause occupational asthma. In the case of asthma, the
lung becomes hypersensitive and subject to constriction, which obstructs the airway. The reaction
is often allergic. Bronchitis is a bronchial inflammation, which can also be due to dust
accumulation in the bronchial region. This condition can also obstruct the airway, and bronchitis is
characterized by a major secretion of mucus (HSE, 2004a, 2004b). Emphysema, often related to
cigarette smoking, but which can also result from dust exposure in the work environment, is
characterized by the breaching of certain alveolar walls. The direct consequence is that gaseous
exchange becomes more difficult, since the available surface for these exchanges is diminished.

Oberddrster et al., (1992) showed a translocation of nanoparticles to the pulmonary interstice. This
phenomenon was greater with TiO, nanoparticles compared to carbon black. The authors
associated this difference with the relative facility of deagglomeration of nanoparticles in the
lungs. As already mentioned, surface treatments can totally alter the toxicity of nanoparticles,
regardless of whether they are found in the lung in the form of unitary particles or agglomerates.
Oberddrster (2001) also showed that surface treatment of TiO, nanoparticles substantially altered
their toxicity. Several pharmacological studies aimed at the development of new drugs exploit this
characteristic.

As described in the section on elimination of dust deposited in the lungs, certain nanoparticles can
pass through the pulmonary barrier, become systemically available and cause effects elsewhere in
the body. The toxicity of these nanoparticles circulating in various organs is not totally known
(HSE, 2004a, 2004b, 2004c; Donaldson, 2005a, 2005b; Oberddrster 2005a, 2005b). Nonetheless,
animal studies of ultrafine particles have shown pulmonary inflammation with pathological change
and translocation of particles to extrapulmonary tissues.

Several studies suggest possible systemic effects of nanoparticles and ultrafine particles (HSE,
2004a, 2004b, 2004c; EPAQS, 2001; Ibald-Mulli et al., 2002; Donaldson 1998, 2000, 2005a,
2005b, 2009). According to some authors, the fine fractions of polluting particles, those in the
nanometric field, would pass directly from the lung into the bloodstream, alter blood viscosity and
thus be responsible for the effects observed (EPAQS 2001; MacNee et al., 2000).

Other studies suggest that metal fume fever appearing after acute exposure would also be related to
nanometric particles produced during smelting and welding operations and containing different
metals, such as zinc or cadmium (Oberddrster et al., 1995). The translocation of inhaled ultrafine
particles into the bloodstream could affect the endothelial function and promote thrombosis and
other circulatory system problems, including increased blood coagulation (Elder et al., 2000, 2002,
2004; Kreyling et al., 2002; Nemmar et al., 2002a; Zhou et al., 2003a, 2003b). This phenomenon
has been shown in hamsters (Nemmar et al., 2002b, 2003) but the situation in humans remains
ambiguous.

6.2.4 Epidemiological Studies

Many epidemiological studies have shown a representative statistical link between UFP exposure
and different health effects. For example, in a literature review pertaining to diesel engine
emissions, Ostiguy et al. (1998) had identified several epidemiological studies showing a
relationship between exposure to diesel emissions and different effects on exposed workers:
cardiovascular symptoms, neuropsychological symptoms, mutagenic effects, bladder cancers and
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lung cancers. More recently, Steenland et al. (1998), Garshick et al. (2004 et 2006), Hart et al.
(2006) have also found a link between exposure to diesel fume emissions and lung diseases,
including cancer and neurological effects in workers exposed to diesel UFP. Many studies also
showed links between exposure to welding fumes containing a large proportion of UFP or ashestos
and lung diseases.

On the cardiovascular level, in human beings, at the cardiovascular level, epidemiological studies
and studies of volunteers have shown that the level of inhaled particles has direct effects on
cardiovascular physiology, with alterations of health rhythm and arterial diameter. Moreover,
several epidemiological studies (Peters et al., 1997; Wichmann et al., 2000; Penntinen et al., 2001,
Pekkamen et al., 2002; Mills et al., 2009) identified a direct relationship between exposure to
ultrafine dusts of nanometric dimensions and respiratory and cardiovascular effects. Several
epidemiological studies have established significant relationships and shown that an increase in
fine particle air pollution, originating mainly from vehicle emissions, led to a rise in morbility and
mortality of more fragile populations with respiratory and cardiac problems (Pope et al., 2002,
2004; Schwartz et al., 1991, 1993, 1995, 1996; Dockery et al., 1993; Romieu 1996; Pekkanen,
1997; Penttinen et al., 2001; Timonen et al., 2004; Bruske-Hohlfeld et al., 2005; Ruckerl et al.,
2006). Controlled clinical studies in the laboratory have shown deposition of ultrafine dusts
throughout the pulmonary tree, accompanied by cardiovascular problems (Brown et al., 2002a,
2002b; Daigle et al., 2003; Oberdorster, 2005a, 2005b, Frampton et al., 2006). Studies of coal
miners exposed to ultrafine dusts have proved the accumulation of such dusts in the liver and
spleen (Donaldson, 2005b). The accumulation was higher in miners displaying severe pulmonary
problems, thus suggesting that damaged lungs or lungs with major deposits favour the passage of
ultrafine particles into the circulatory system.

To summarize, ultrafine dusts of the same dimensions as nanoparticles enter the body mainly by
inhalation and are deposited in the lungs; some of them can reach the brain directly via the
olfactory nerves. The lungs do not necessarily succeed in eliminating these undesirable particles,
which then cause pulmonary inflammation, potentially leading to the development of certain lung
diseases. Moreover, some of these very fine dusts can pass through the various protective barriers
of the lungs, reaching the circulatory system; they are then distributed to all parts of the body,
where they can cause different kinds of damage. It is not yet very well known how the chemical
and physical properties of NP influence translocation. Because of their small size, some NP pass
through the cell membranes and interact with the cell structures, such as mitochondria. Oberdorster
(2005h, 2007) summarizes the effects on the body of inhalation of ultrafine dusts of nanometric
dimensions (Figure 6, reproduced with the authorization of Dr Gunter Oberddrster, (2005b)). The
translocated particles can them become mediators, causing various effects on the body.
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Figure 6 : Potential Effects of Inhaled Ultrafine Particles

6.2.5 Discussion on the Health Risks

Despite the limited information on the health risks related to engineered NP, plenty of knowledge
exists on the toxicity of the risks related to UFP of nanometric dimensions. Thus, the biological
pulmonary response mechanisms, such as oxidative stress, inflammation, production of chimiokins
and cytokins and the cellular growth factors seem to constitute a common response to the two
types of NP (Knaapen et al., 2004; Oberdorster et al., 2005a; Donaldson et al., 2005a, 2005b). The
pulmonary effects related to the presence of metals also appear to be similar in both cases (Kagan
et al., 2006). These similarities make it possible to hypothesize that even if the compositions and
the physicochemical characteristics of NP and UFP can be substantially different, the knowledge
resulting from the UFP studies could be extrapolated to the synthesized NP in a first

approximation.
The CNT studies have shown pulmonary inflammation and fibrogenic reactions formation of

granulomas and mesothelial tumors in animals, suggesting potential behaviour similar to asbestos,
in which the effects are mainly related to the length (NTC longer and more toxic), the diameter and
the biopersistence of the fibres (Lam et al., 2004, 2006; Muller et al., 2005, 2006; Shvedova et al.,
2005, 2008; Poland et al., 2008; Takagi et al., 2008; Donaldson et al., 2009; Castranova, 2009).
Moreover, the agglomerates generated granulomas, while the dispersed structures produced
progressive interstitial fibrosis (Mercer et al., 2008; Shvedova et al., 2008; Poland et al., 2008).
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During the INNO-09 conference, Geraci (2009) mentioned that Hubbs et al. reported, at the 2009
Conference of the U.S. Society of Toxicology, that MWCNT can penetrate the pleura and cause
persistent inflammation and fibrosis. Lindberg et al. (2009) demonstrated dose-dependent
genotoxic effects following in vitro exposures of bronchial epithelial cells to CNT.

However, it must not be forgotten that any surface alteration is likely to alter toxicity substantially.
Cytotoxic studies in vitro of quantum dots also showed that the surface coating significantly
altered cellular viability (Shioara et al., 2004; Lovric et al, 2005; Hoshino et al., 2004).

Translocation is another NP property that must be taken into account, because some NP will pass
through the organism’s different protective barriers. Thus, captured at the nasal level, they may
follow the olfactory nerves and penetrate directly to the brain. Several studies have also shown that
NP have the property of infiltrating the pulmonary epithelium much faster than coarse particles,
and passing into the nearest lymphatic and blood circuits, from which they can circulate
throughout the body and be retained by certain target organs. They can also penetrate the different
tissues and the cells. This invasion by NP can generate acute inflammatory responses, resulting in
the release of certain chimiokins, cytokines and fibrogens. Moreover, the activation of
macrophages and neutrophils is associated with the production of active oxygen species, which
will be destroyed by antioxidants. If the mechanism becomes overloaded, it can also trigger a
persistent inflammatory response, leading to the development of diseases.

Many epidemiological studies have shown a strong link between exposure to particles of
nanometric dimensions and the development of occupational diseases. Oberdorster (2007,
Figure 6) provided a good summary of the known and supposed potential impacts of such
exposures. Although the scientific and medical evidence is insufficient to recommend specific
medical detection in workers potentially exposed to NP, this in no way prevents medical
surveillance (NIOSH, 2009a) by employers interested in implementing a precautionary approach.
If NP have the same chemical composition as a bulk product for which specific medical
surveilance exists, it should then be applied to the NP.

6.3 Safety Risks Linked to Nanoparticles

Another risk linked to NP is the occurrence of catalytic reactions or violent reactions, which can be
very dangerous (Pritchard, 2004; Biswas and Wu, 2005; Lamy, 2005). Catalytic reactions depend
on the composition and structure of the NP (NIOSH, 2006, 2009b). For example, NP and porous
materials of nanometric dimensions have been used for years as a catalyst to increase the speed of
reactions or reduce the temperature necessary for reactions in liquids or gases (NIOSH, 2006,
2009b).

Pritchard (2004) produced a literature review on the explosion risks associated with NP and found
that this aspect has not been documented in the literature to date. We must therefore extrapolate
based on knowledge related to fine and ultrafine powders. He points out that this extrapolation of
behaviours of larger particles to NP cannot be achieved with certainty, given the major changes of
chemical and physical properties of particles smaller than 100 nm. For coarse dusts, the tendency
to explosion and the ease of ignition increase as particle size diminishes. Indeed, because of the
very fine granulometry, dust reactivity is increased, as are the explosivity parameters. The finer a
dust is, the greater the pressure rise and the lower the ignition energy. On the other hand, for some
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dusts, this tendency fades and reaches equilibrium when the dust reaches a few tens of
micrometres. Normally, the energy required to detonate dust is greater than the energy necessary
for gas. NP thus could exhibit a high explosion risk (Pritchard, 2004).

Nonetheless, for the same product mass, combustible NP could present a higher explosion or fire
risk than larger particles because of their greater specific surface, the possible decrease in ignition
energy and the increase in the combustion rate. Thus, a relatively unreactive particle could become
highly combustible when it is encountered at nanometric dimensions. Among the rare data
available, Granier and Pantoya (2004) showed that an Al/MoQj3 alloy of nanometric dimensions
catches fire more than 300 times faster than the same alloy of micrometric dimensions.

This explosive potential depends on the substances used (type, composition or particle surface
characteristics, dimension, etc.), their different nanometric characteristics (solid or liquid state, in a
mixture or in bulk) and the quantity of particles produced or present in the air (quantity between
the upper and lower explosive limits), and the environmental conditions (oxygen concentration,
source of ignition, temperature) (Pritchard, 2004; Proust, 2005). Proust (2005) specifies that dust
clouds can explode as long as the particles present are capable of burning in air. He adds that NP-
related accidents are considered major because of their high destructive potential. Many scientific
projects have been devoted to the study of dust explosions: cloud formation mechanisms,
triggering and propagation processes, induced pressures effects, etc. In particular, this has opened
the way to accident modelling and the perfecting of risk prevention techniques.

Pritchard (2004) mentions that the maximum size of the particles that can form an explosive dust
cloud is 500 um, while there is no lower limit. Thus, most combustible NP would have the
possibility of exploding. The particle surface will accumulate electrostatic charges which, in an NP
cloud, can become their own activation energy. In reality, the dust concentration, the composition
of the particle, the minimum activation energy (usually between 1 and 10 mJ), the degree of
dispersion, the initial conditions (temperature, pressure, particle turbulence), the oxygen
concentration, the humidity rate (the higher it is, the less severe the explosions will be) and the
solvent rate (increasing the severity), the presence of other substances (altering the particles
flammability) and the possibility of forming an airborne particle cloud are all factors capable of
influencing the production of an explosion (Pritchard, 2004). The higher the temperature will be,
the more the explosion risk will actually increase because the minimum energy will be easier to
attain. However the power of the explosion will be reduced (Pritchard, 2004). Two conjugated
factors, the low spark ignition limit and the natural production of charges during handling, create a
high a priori risk that electrostatic sparks will trigger an explosion. This could necessitate the
development of specific explosion and firefighting measures (Proust, 2005).

With micrometric particles, the upper explosion limit is often situated around a concentration of 2
to 3 kg/m® and the lower limit around 50 to 100 g/m®. In fact, the particle clouds must be dense
enough for the different particles to influence each other or be influenced by an external activation
source (Biswas and Wu, 2005; Pritchard, 2004). Closed, cramped or confined areas are especially
dangerous for explosions because particles have less space to disperse and thus more chances of
having a high concentration and an accumulation of electrostatic charges (Dinyer et al., 2005). The
explosion can then occur within pipes or equipment. The available space is a key factor, because a
process will have more chance of exploding in a closed vessel or a sealed container than in a large
space, because the particle concentration is greater. The accumulation of charges on a particle may



36 Engineered Nanoparticles: Current Knowledge about Occupational Health and Safety Risks and - IRSST
Prevention Measures

cause calcination of this particle which, in releasing energy in a confined space, will stimulate the
same reaction in the neighbouring particles and trigger a chain reaction, which can end in an
explosion or a fire.

To summarize, the combined reaction of two or more types of particles and the capacity of
substances (or particles) to ignite spontaneously in the air can create an explosion or a fire. The
type of process (if there is a risk of ignition) and cleaning (more risk of explosion by vacuuming
than by cleaning with water and an inert solvent) are other factors which can lead to an explosion
(Dinyer et al., 2005).

The different processes (particularly particle drying), the type of storage (two incompatible
substances, one beside the other, can be dangerous, particularly if there are leaks, poor
maintenance, containers lacking a tight seal, or even contact by means of the ventilation), the
handling (transport, transfer) will influence suspension and formation of particle clouds. A draft
above a deposit or a first explosion (elsewhere in the factory) could result in suspension of
particles, if ventilation is ineffective. This suspension could trigger a first or second explosion
(Pritchard, 2004). The explosion risk with NP can persist over a long period of time if the particle
cloud is not dispersed or removed, given that particles smaller than 1 um have a longer deposition
time (Pritchard, 2004). Thus, an explosion is triggered by the formation of a particle cloud that
persists for a varying length of time, but long enough to suffer the effects of an ignition source
coming from the cloud itself (electrostatic charge, self-warming and pyrophoricity) or from an
external source (spark, fire or hot surface) (Biswas and Wu, 2005). Finally, the presence of a fire in
the same room or an explosion in another part of the building can trigger an NP explosion, either
by a rise in temperature (source of activation) or by suspension of particles triggering the
formation of a second explosion (Pritchard, 2004; Kirby, 2005).

Particles of nanometric dimensions have long been used on a large scale as catalysts. Depending
on their composition and their structure, some nanomaterials can initiate catalytic reactions and
increase the risk of explosion or fire, which normally would not be anticipated based on their
chemical composition alone (Pritchard, 2004).

If an explosion occurs, even in the hypothesis of small-scale processes, it is likely to destroy all or
part of the process, especially the weakest components, such as the filters. Apart from the direct
effects of pressure and eventual projected debris, there is reason to fear dissemination in the
atmosphere of a large quantity of NP propelled by the force of the explosion. A toxic dimension is
then added, aggravating the overall risk. The explosion hexagon (Figure 7) summarizes the
conditions required for an explosion to occur, while Figure 8 summarizes the main situations that
can favour such an explosion.
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7. NANOMATERIALS AND THEIR AIRBORNE BEHAVIOUR AND
DETECTION

The previous chapter showed that, from now on, the mere measurement of the mass of an NP to
which a worker is exposed is no longer a sufficient parameter to assess the toxic risk. However,
there is too little information at present to determine the appropriate exposure parameter linking
the exposure to the risk and thereby to determine the exposure characterization techniques most
suitable for implementation.

In a recent literature review, a group of international experts (Council of Canadian Academies,
2008) concluded that the current scientific knowledge no longer makes it possible to answer
fundamental questions, such as what physical properties are most appropriate to measure that
allow occupational exposure to be linked to a nanomaterial’s biological interactions. Thus, they
recommend that multiple measures be applied to characterize a material during exposure: size,
mass, composition, surface area, shape and morphology, crystallinity, surface charge, surface
chemistry, solubility in lipids or in water, aggregation and agglomeration. They also conclude that,
in most cases, the traditional measuring tools are deficient and limit scientific progress.

NP characterization, which may differ from the characterization normally used in occupational
hygiene, requires a specific instrumentation, which must measure a minimum number of
parameters, including mass, number, size and granulometric distribution of NP and agglomerates,
chemical composition and specific surface. The characteristics of NP surface properties would also
have to be documented more. Only these additional data will eventually allow NP exposure to be
linked to toxic risk. However, given that the techniques necessary for measurement of these
toxicity-related characteristics are not available today for sampling at employee workstations,
certain instruments will have to be developed. The OECD (2008), the 1SO (2009), Warheit (2009)
and the SCENIHR (2009) propose the parameters recommended for characterization of engineered
NP (see paragraph 6.2).

All of these factors combined go far beyond the objectives of our report. This chapter thus will be
limited to summarize the characteristics of different instrumental techniques which can help
document some of their specific parameters and contribute in the characterization of NP3, The next
chapter, complementary to this one, will focus on the development of strategies capable of
documenting occupational exposure based on the available instruments.

7.1 Definition

As already mentioned, there is now unanimity in the scientific community on the dimensions of
manufactured NP: at least one of their dimensions ranges between one and 100 nm and they have
different properties than larger-diameter particles made of the same material (ASTM, 2006; BSI,
2008; 1SO, 2007, 2008). Figure 9 allows the aerodynamic diameter of some aerosols to be
compared, allowing NP smaller than 100 nm to be positioned relative to other particles.

® This aspect was discussed in detail in the first edition of this document. Only a brief summary is presented here. A
reader interested in more information is invited to consult Ostiguy et al. (2006b).



40 Engineered Nanoparticles: Current Knowledge about Occupational Health and Safety Risks and - IRSST
Prevention Measures

Particle diameter, microns (um)

0.0001 0,001 0,01 0,1 1 10 100 1000 10000
2 94s68| 2 94568l 2 34sem| 2 9esen| 2 34ses| 2o3esen| 2oaeses| @ oaesem| @
f#— Collophane fumes —H+ . l— Fertilizers, chalk —¥|
H— Oil fumes —w¢—— Flyingashes ———
j4—— Tobacco fumes —w— Coal dusts —H
— Metallurgical dust and condensation fumes —H
' . 4 Cementdusts ¥
Condensation fumes
' Ammonium chloride fe— Beachsand
[+ Carbon black —H | ¥—— Crushed coal —H
Sulfuric acid
Concentrator mist
0, O, Collg Sulfuric acid
Mist (contact process) .
Hy| K| Cl, SN Minerals
\ #-  Paintpigments - = flotati —H
Typical . Gaz Condensation fumes |, Insecticide otation
. =5 . — dusts
particles (Molécules) Zinc oxide I
™ . Plant spores
and N, | CH, |80, u—w  H——— Milk powder ——¢-""-
aerosols COH,0 HCI CHyp Colloidal silica — Pollens—|
Molecular diameter_s ) Aitken
;flgy(l:atedfromawscosny 177" huclei ——H +—— Ground flour ——
——————————— —  Atmospheric dusts = :——-—--———+--¥
|
Sea salt Nebulizer 5
Condensation nuclei droplets
‘_Combustion
nuclei i
Lung damaging
el
dusts
Human red blood cell
Yirus ‘ | Bacteria Human
| hair,

Figure 9 : Distribution of the Diameters of Particles Commonly Found in Workplace Air

7.2 Formation and Behaviour of Nanometric or Ultrafine Particles

We will summarize here the different diffusion, coagulation, aggregation, agglomeration,
gravitational sedimentation, as well as resuspension processes involving NP.

Diffusion is normally the principal mode of transport of nanoparticles. Diffusion always occurs
from the highest concentration to the lowest. The smaller the particle, the more rapidly it disperses.
At 1nm, a particle’s diffusion coefficient is about 5% of the diffusion coefficient of gases
(Maynard and Kuempel, 2005). Thus, NP will not remain localized in the zone near a leak in the
work environment. They will diffuse rapidly over a great distance and potentially will expose
many individuals far from the leak. In many situations, including during inhalation by the worker,
the diffusion speed is much greater than that of the air current in which the NP is found, so that the
NP will have a very random trajectory (Brownian motion), strongly influenced by its collisions
with gas molecules, vapours or other dust particles.

The primary aerosol nanoparticles that come into contact will adhere to each other to form
aggregates ou agglomerates. The usual difference between these two terms is the following. In
aggregation, the particles bind strongly to each other such that their total surface is less than the
sum of the surfaces of the individual particles. Aggregates are difficult to take apart.
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Agglomeration normally means that the particles are weakly bound to each other, are relatively
easy to separate, and that the total surface area of the agglomerates is identical to the sum of the
surfaces of the individual particles comprising them (ISO, 2007). NP have a natural tendency to
agglomerate, which is even stronger because the diffusion produced by Brownian movement
promotes collision between them. Thus, there is an increase in the aerodynamic diameter of
aggregated or agglomerated particles, and thereby a decrease in the number of particles (Maynard
and Kuempel, 2005). The speed at which these particles will agglomerate (called the coagulation
rate) will depend on their numerical concentration and their mobility, which is inversely
proportional to their diameter. Figure 10 shows the relationship between the numerical
concentration of airborne particles and the time required for coagulation of monodispersed
aerosols.
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Figure 10 : Relationship between the Numerical Concentration of Particles and the Time
Required to Coagulate

An aerosol’s primary particles will adhere to each other to form aggregates strongly held together
by ionic/covalent bonds and difficult to disperse again by mechanical means (BSI, 2005; NIOSH
2006, 2009b). Preining (1998) showed how the aggregation speed of particles is linked to their size
and their airborne concentration. Table 5 clearly illustrates how 10 nm particles may need a few
milliseconds for 50% of them to coagulate if their concentration is around 1 g/ms3. On the other
hand, also for particles of this size, the time required for 50% of them to coagulate will increase to
11 minutes if the concentration is 1 ug/m®,

Aggregates can bond to each other to form weakly bonded agglomerates. They tend to adhere to
each other due to Van der Waals forces, which act only over short distances, and to electrostatic
forces present in the particles and the surface tension related to the adsorbed liquids (BSI, 2005;
NIOSH 2006).

The coagulation is thermal when caused by Brownian movement and kinetic when caused by an
external force such gravity, electrical forces, or aerodynamic effects. On the terminological level
(1SO, 2007), the elementary nanoparticle, which has a diameter smaller than 100 nm, can form a
larger agglomerate called a "nanostructured particle”, while NP aerosols or nanostructured particle
aerosols are called "nanoaerosols".
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Table 5 : Nanoparticle Coagulation Time as a Function of their Size and Concentration

Particle Half-life Time

Diameter (nm) 1g/m® 1 mg/m® 1 pg/m® 1 ng/m®
0,5 0,39 us 0,39 ms 0,39s 6,5 min

1 2,2 us 2,20 ms 2,2s 36,67 min

2 12 us 12 ms 12s 3,34 hours

5 0,12 ms 0.12s 2 min 33,34 hours
10 0,7 ms 0,7s 11,67 min 8,1 days

20 3,8 ms 3.8s 63,34 min 43,98 jours

The coagulation of very small particles (including those ranging from 1 to 100 nm) thus will lead
to the formation of bigger, less mobile and less numerous particles to attain a state of equilibrium,
in which their growth will be much slower. As they reach a size of around 100 nm, they will grow
less rapidly up to a size of about 2,000 nm. This slowed growth range, between 100 and 2,000 nm,
is called “accumulation mode”.

The larger the dimensions of the particle, the heavier it becomes in relation to air, and the greater
effect that gravity will have on its movement. In fact, some particles suspended in the air can be
deposited (on the ground, on workers, on equipment, tools, walls, beams, work surfaces). This is
the phenomenon of gravitational sedimentation. Under identical air turbulence conditions, the
heavier the particle, the faster the settling rate will be.

All of these phenomena lead to the conclusion that the smaller the particles, the longer distances
they can travel, with their dimensions slowly increasing and their composition evolving over time
through impacts with other particles. They will end up being heavy enough for sedimentation. The
time required for the NP to grow in size and the considerable distances that it can travel before
settling in no way represents an effective approach for controlling its concentration in the air.

Several processes are used for preparation of NP in the form of powders, which can be
resuspended in the air at different stages of the industrial process, such as synthesis, transfer,
drying, bagging, unbagging, handling... They can also be resuspended during maintenance or
repair operations or during accidents involving an overturned vehicle or a spill. Poor maintenance
of the workplace can result in resuspension of deposited dust by drafts or by human or mechanical
activities.

The propensity of particles to resuspend is extremely complex. Several factors specific to NP can
influence this, particularly size, shape, electrostatic charge of particles, their surface characteristics
and ambient humidity. External energy (mechanical energy, agitation, drafts, etc.) can play a major
role in resuspension of dust particles already sedimented. Maynard (2004) (see subsection 8.2)
showed that CNT resuspension could prove relatively difficult due to certain properties inherent to
the initial products, while it is very difficult to weigh nanometric silica or titanium dioxide because
the slightest draft can resuspend these substances in the air very easily.
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7.3 Detection of Nanoparticles

The three main absorption routes for workers exposed to NP are inhalation, ingestion and
cutaneous absorption. As in the case of other dusts, inhalation normally is the main NP absorption
route. The different strategies for assessment of occupational exposure will normally target the
inhalation route first.

Different motivations lead occupational hygienists to sample NP in order to protect workers. The
quantitative evaluation of exposure and adequate characterization of engineered NP aerosols
currently represent a serious challenge. Figure 11 represents certain variables and physicochemical
characteristics of NP, which must be taken into account in the risk assessment and which
consequently must be specified when assessing occupational exposure (FIOH, 2007; Ostiguy et al.,
2008, 2009).

Figure 11 : Variables and Physico-Chemical Characteristics of Nanoparticles Useful for Risk
Assessment
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Moreover, any environment of the industrial establishments already contains an often complex
mixture of UFP in the indoor and outdoor air, regardless of whether these UFP are of natural origin
or whether they come from industrial processes. Through this mixture of particles of different
granulometries and various compositions, the content of the targeted engineered NP must be
determined and they must be characterized.

Different instruments or techniques allow measurement of parameters for particles suspended in a
given liquid or gas volume, in general, the particulate concentration in mass, number or surface.
These instruments or techniques are also capable of obtaining the granulometric distribution of
aerosols, i.e., the measurement of these parameters for the different sizes of particles present in the
aerosol. Figure 12 summarily illustrates a few of these techniques and their field of applicability.

With the development of well characterized reference materials in the nanometric size, calibration
of instrument will be possible.

Contrary to our first edition (Ostiguy et al., 2006b), we have chosen to present, very briefly, the
different types of instruments based on the NP parameter allowing correlation of exposure to the
health effects and by referring the reader to this first edition for additional details on the
performances of these instruments as well as a partial list of the commercially available equipment.
This orientation is similar to that of the ISO technical reports (2007, 2008b), among others, which
have the objective of characterizing UFP aerosols, NP aerosols and nanostructured aerosols.
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Figure 12 : Some Techniques Usable for Airborne Dust Characterization
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Ideally, as in the case of other contaminants, NP exposure should be assessed with portable,
practical instruments, easy to use in the work environment while not necessitating very advanced
expertise. Among the characteristics sought, in addition to portability, we note the possibility of
collection in the breathing zone and measurement of different parameters (number of particles,
mass, specific surface, charge, granulometric distribution, degree of aggregation, spatiotemporal
variations, etc.) essential to the establishment of the relationship between exposure and the health
risk. Moreover, they should be able to discriminate between engineered NP and dust particles of
the same size present in the work environments and coming from natural sources (volcanic
activity, erosion, marine aerosol, etc.) or anthropic sources (incomplete combustion of fossil fuels,
welding fumes, etc.) and be robust, reliable, low-cost and autonomously powered whenever
possible. As we will see, such instruments are not yet available. The 1ISO (2007) standard mentions
that no perfectly conforming granulometric selector with a 100 nm cut-off diameter is currently
available on the market.

The main NP parameters that can be measured by the instruments we describe here are mass
concentration, number of particles, their specific surface and their granulometric distribution.

¢ Mass concentration

Even though the mass concentration does not represent the best parameter for assessing NP
exposure, determining this parameter nonetheless can provide valuable information. In the absence
of a selective instrument measuring the parameters of particles with a 100 nm cut-off diameter,
several instruments can help document this concentration. Impactors allow separation of aerosol
particles into different granulometry brackets. Impactors offer the advantage of allowing
gravimetric determinations and subsequent laboratory analysis of particles on the collection
substrates. A wide range of impactors exists but some have been developed specifically for
ultrafine particles. They have a lower detection limit and can classify particles from 10 nm. Among
them, the electrical low pressure impactor (ELPI) simultaneously measures the granulometry and
the number of particles in each granulometry range.

Tapered element oscillating microbalances (TEOM) allow the determination of the mass of NP. In
a TEOM, the particles are sampled on a collector substrate located on the tip of an oscillating glass
tube. The oscillation frequency depends on the mass of dust particles sampled on the collector
substrate. These instruments, frequently used continuously to determine environmental dusts, are
reliable and show a detection limit of around 0.01 ug for a one-hour collection time. They require a
pre-filter carefully chosen to eliminate excessively coarse particles and an efficient collector
substrate for quantitative NP filtration. These instruments are widely used in environmental studies
for evaluation of PMyg, PM, 5 and PM;.

The piezobalance allows direct deposition of dust on a crystal by impaction or electrostatic
precipitation. The deposited dust can be measured by determining the crystal resonance frequency.
In the case of this balance, the dust deposition efficiency depends on the granulometry and some of
the properties of the dust particles, which makes them more difficult to quantify in the work
environment. The piezobalance is substantially less sensitive than the oscillating microbalance and
the detection limit is around 100 pg/m?®. On the other hand, the concentrations measured can reach
a few percentages and the response time is short, within one minute.
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Devices using electrical mobility (DMA, Differential Mobility Analyser) make it possible to
classify particles by granulometric sizes. The mass can also be indirectly determined by using a
few instruments in tandem. For example, determination of the size distribution, coupled with the
determination of the number of particles, would allow an approximation of the mass by knowing
the density of the product. SMPS (Scanning Mobility Particle Sizer) and FMPS (Fast Mobility
Particle Sizer) are examples of equipment for indirectly determining the mass of particles by size
fractions. The particles are classified by means of an electric field, and counted with a
condensation nucleus counter (CNC) in the case of an SMPS, and with an electrometer in the case
of an FMPS. Cumbersome and hardly portable, these instruments are, however, among the best
instruments available for analyzing particles larger than 2-3 nm (1SO 2008a).

¢ Numerical concentration

Numerical concentration of particles is another essential parameter to measure to characterize NP.
Condensation nuclei counters (CNC) count particles. However, this detection is not based on
particle size. Serially coupled to a granulometric preselector such as the Differential Mobility
Analyser or a diffusion battery (Ostiguy et al., 2006b), CNC can provide real time measurement
and detect particles as small as 2-3 nm, give information on the number of particles and the
particle size distribution. An electrometer can also be used (Ostiguy et al., 2006b). Finally,
electron microscopy can accumulate information, during a subsequent laboratory analysis, on the
numerical concentration of particles and their size and shape.

¢ Surface concentration

The ELPI, which was described above, is capable of real-time detection, based on size, of the
surface concentration. The SMPS and the FMPS can establish the size which can be related to the
surface of particles, under certain conditions. Electron microscopy also has the possibility of
providing certain information on the surface of the particles in relation to their size. The diffusion
battery allows real-time measurement of the surface of the aerosol particles when coupled to an
appropriate preseparator. The epiphaniometer, developed specifically for the measurement of
nanoparticle, is another instrument capable of measuring the total surface of particles between 10
and 1000 nm.

¢ NP characterization based on size

The SMPS, which is currently the instrument most widely used for the determination of NP, was
covered in the section discussing the mass concentration of NP. The FMPS, a new-generation
instrument, should be able to obtain the same type of information as the SMPS, but with a quicker
response time. The SMPS is able to determine NP granulometric distributions from 3 to 1000 nm
(1SO, 2007a; TSI, 2009), with a rapid response time, and presents the advantage that the mobility
diameter is almost equivalent to the projected particulate surface diameter. It thus can estimate not
only the granulometric distribution but the particulate surface area. On the other hand, it is difficult
to use in the work environment because of the size of the instrument, its cost, the fact that several
instruments may be necessary to cover the entire range of granulometries to be evaluated, and
finally its complex operation. Its radioactive source could require a trip permit in certain situations.

The diffusion batteries can determine the continuous granulometric distribution of an aerosol based
on the measurement of the NP diffusion coefficient, which can be converted into the NP diameter.
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Used serially with a condensation nuclei counter, these batteries make it possible to determine a
granulometric distribution by number of particles.

Cascade impactors, also described above, have the possibility of determining the granulometric
distribution of an NP aerosol by inertial deposition, with different aerodynamic cut-off diameters.
Several models exist that allow personal sampling, but in granulometric domains greater than
200 nm. However, cascade samplers are available for NP, with a minimum cut-off diameter of
10 nm, but only for fixed station collection. Given that the cascade impactors measure the mass
granulometric distribution of NP, normally unquantified hypotheses regarding their shape and
density must be elaborated to estimate the granulometric distribution by number of particles or
surface area.

The electrical low pressure impactor (ELPI) allows inertial collection coupled to electrical
detection in almost real time for particles bigger than 7 nm. Thus, each stage of the impactor,
linked to a narrow range of aerodynamic diameters, is attached to an electrometer to measure the
accumulated charge directly associated with the active surface. If the efficiency of aerosol
charging is known, the ELPI data can establish the granulometric distribution by number of
particles and by mass. Since the ELPI allows accumulation of particles on the impactor’s different
levels, they could be analyzed subsequently by complementary techniques, such as microscopy, to
confirm their size, number or shape, or chemical analyses capable of searching for an atom, such
as a metal specific to the NP.

¢ Other types of NP characterization

It may prove important to determine the physical and chemical properties of NP, which can be
linked to human health effects. Parameters such as size, shape, surface, composition, crystallinity,
solubility and biopersistence provide basic information on exposure and toxicological assessment
of new nanomaterials. Surface coating and electrical charge will have a significant impact on the
aggregation level, which in turn will influence physical behaviour, the pulmonary deposition site
and ultimately the biological response. However, the determination of these parameters and the
study of the surface properties exceed the objectives of this document. They will not be discussed
here.

¢ The need for developing new measuring instruments

Several research groups and companies are actively working on the development of portable
instruments for directly measuring the surface of NP. For example, TSI has been offering for a
short time now the AEROTRAK™ 9000 Nanoparticle Aerosol Monitor, which is a diffusion
battery coupled to an electrometer. This portable instrument, powered by rechargeable batteries,
allows the direct reading of the surface of particles from 10 to 1000 nm in size that could deposit in
the tracheobronchial and alveolar regions of the lungs. Fissan et al. (2007) developed a method for
determining in real time the total specific surface of NP from 10 to 100 nm by modifying an
electrical detector for aerosols with an ion trap already used for routine examinations in
workplaces. The current obtained is proportional to the surface of the particles studied. The
instrument provides a direct surface measurement for NP larger than 10 nm with a range of
application from 0 to 10,000 um*cm?® (Shin et al., 2007). Other instruments are also being
developed, evaluated, or are already available commercially. These include an instrument using the
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ionization technique coupled with an optical approach (Litton et al., 2004; Edwards et al., 2008),
the Nano-ID developed by Particle Measurement Systems (2009), and the NanoCheck (Spielvogel
et al., 2009).

The question about the necessity of developing new instruments adapted to the specific
characteristics of NP to make up for the shortcomings of existing measuring instruments in
occupational hygiene is actually the subject of consensus in the scientific community. It is similar
to the question, as a corollary, about the development of multiple NP standards that can be used for
instrument calibration (Stefaniak et al., 2009).
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8. NANOPARTICLE EXPOSURE ASSESSMENT

Occupational hygienists have different reasons for sampling NP:

e personal exposure assessment in terms of compliance with the standards in force or with a
specific action threshold for implementation of control measures;

e personal exposure assessment eventually allowing exposure to be linked to health effects;
e identification of the main emission sources to establish an emission control plan;
e assessment of the effectiveness of the control measures put in place.

The assessment strategies and the choice of collection and analysis techniques then must be
adapted to the specific objectives of the intervention. Assessment of occupational NP exposure of
the breathing zone should allow measurement of the aerosol NP parameters associated with the
inhalation health risks and thus favour characterization of the particles dispersed in the aerosol.
Whenever possible, this assumes the use of personal collection methods from portable instruments
installed in the worker’s breathing zone (Agence nationale de recherche, 2005).

Consequently, it is appropriate to think about the possible approaches to achieving a better
characterization of NP in a context in which several of the instruments available reveal significant
limitations, making it difficult to measure some parameters directly. Among the main limits on
occupational exposure assessment, we should mention the unsuitability of most instruments to
measurement in the breathing zone and their inability to accumulate data for the entire workshift.
The intrinsic properties of NP, such as the tendency to agglomeration, may also lead to substantial
spatiotemporal alterations of the aerosols inhaled by the worker in terms of the mass, number and
granulometric distribution of the particles, the lung deposit site or even their toxicity.

It has been clearly shown that measuring mass concentration alone is not enough to characterize
NP (see Chapter 6). As a minimum, it is also essential to assess the particle concentration in
number and surface area and the granulometric distribution. It would be no less prudent to
establish the current aerosol mass exposure by granulometric fraction to have maximum
information allowing exposure characterization.

The 1SO standard (2007) mentions that no perfectly appropriate granulometric selector, with a
100 nm cut-off diameter is currently available on the market. Worker exposure measurements are
usually taken in the breathing zone. However, they can be deduced very prudently from samples
collected at fixed sites. Indeed, notable variations of numerical and granulometric concentration
have been reported in the literature, even for short distances (variations in time and according to
the distance from the source) (Brouwer et al., 2004). These authors also conclude that personal
exposure concentrations are normally higher than fixed site environmental concentrations.

As already mentioned, two major factors contribute to the changes in properties observed for NP
compared to more voluminous materials: a much greater relative surface per unit of mass and a
predominance of quantum effects. The first factor is responsible for reactivity changes, while the
second, observed for particles of a few tens of nm, is responsible for changes in optical, electrical,
electronic and magnetic properties. Indeed, 30 nm particles have 5% of their atoms on the surface,
compared to 20 % for 10 nm particles and nearly 50% for 3 nm particles. The hygienist thus will
have the challenge of producing an adequate assessment of occupational exposure.
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Airborne sampling strategy

Fixed site sampling does not account for the workers’ different activities, their location in relation
to the emission sources, their work methods and any other factor which can influence their
exposure. The choice of sampling site (or sites) is of primary importance and must account for
factors including emission sources, occupational activities, air currents and other particles present
in the workplaces capable of influencing measurements. The instruments currently available are
normally not NP-specific and consequently produce results for all the aerosols present.
Nonetheless, while accounting for the limits of this approach, a good assessment strategy can
allow an occupational exposure estimate. The combined use of fixed site instruments and short-
term individual sampling, as part of an adapted sampling strategy, could provide very useful
information on NP exposure.

To obtain a good idea of airborne NP concentrations, several organizations and authors (Brouwer
et coll., 2004; NIOSH, 2006, 2008a, 2009b; 1SO 2007, 2008a, 2008b; AFSSET, 2006; Ostiguy et
coll., 2006b, 2009; Harford et coll., 2007; OCDE, 2009; Kuhlbusch et coll., 2004, 2006, 2008,
2009; Chow et Watson, 2007; Maynard et Aitken, 2007; HSE, 2006; CSA, 2010.) propose a
sampling strategy that simultaneously incorporates several methods and calls on different ways of
measuring NP. To find out workers’ exposure, they recommend that the main NP characteristics be
documented.

Quantitative exposure assessment currently poses an additional challenge, because every
environment already contains an often complex mixture of UFP present in the indoor and outdoor
air of industrial establishments. Both in rural and urban settings, environmental air can contain
millions of particles of nanometric dimensions per litre of air. Through this mixture of dust
particles of different granulometries and various compositions, it is essential to determine the
content and characterize the manufactured NP, in a context where the natural background noise
can substantially contribute to the instrument reading.

Another important element in exposure assessment is to determine the desired granulometric
fraction. Indeed, the behaviour and deagglomeration capacity of agglomerates is a determining
phenomenon in pulmonary toxicity, but one that currently is relatively undocumented. In the case
of complete deagglomeration, it is logical to believe that the biological impact would be identical
between the agglomerate and the individual particles, for the same total mass and the same lung
deposit site. Consequently, even though individual NP, by definition, are smaller than 100 nm,
agglomerates may be substantially more voluminous and their exposure would need to be
documented.

The OECD (2009) recommends starting the evaluation by identifying potential NP emission
sources from a review of the type of process applied and the different operations, the materials
involved as well as the tasks and work methods. The information available (MSDS, literature, etc.)
is analyzed in order to better understand the characteristics of the NP produced or used: chemical
composition, size, shape, solubility, reactivity, toxicity, explosiveness, flammability, etc.

Once the potential emission sources have been identified from a review of the process and the
available information, the hygienist:
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e conducts an observational walkthrough survey of the production area and processes to locate
potential sources of emissions;

e determines the frequency and duration of each operation and the personnel involved;

e documents the type of equipment used for handling NP and identifies potential leakage
sources likely to promote the emission of NP;

e documents the implemented means of emission control (insulated room, closed circuit,
enclosure, ventilation at source and general ventilation, etc.), data on performances and their
maintenance, and potential leakage sources;

e documents the process zones where containment is deliberately breached: opening of access
door for preventive maintenance, repair, cleaning, etc.

The first step of an assessment strategy is to identify the potential outdoor UFP sources and all the
other sources of UFP in the workplace contributing to background aerosol concentration, and
susceptible to mask the presence of engineered NP. In the second place, studying the ventilation
(air change rate), movements and air currents and the presence of aerosols will provide
indispensable information on the transport of environmental particles (natural background), and of
engineered NP. This is why the use of smoke tubes is not recommended, given that the release of
small particles into the environment could distort the collection results (Brouwer et al., 2004).
Thirdly, before measuring NP released by the processes, it is necessary to estimate the ambient
UFP concentration to know the background aerosol concentration in the work environment.
Finally, study of workers’ movements should help find the best location to place the measuring
instruments. Then it only becomes relevant to quantify the emission sources and types of particles
released or transported. Most of the resuspended dusts should consist of relatively large particles
which, in return, could play a role in future airborne NP. The fixed site measuring instruments
must be placed strategically for the most precise idea possible of workers’ exposure.

NIOSH (2008a), the OCDE (2009) and the CSA (2010) suggest the initial determination of the
background at different locations and workstations close to the equipments before starting the
processes producing or using NP. They suggest determining the number of particles of small size
by means of a CNC (condensation nucleus counter), and of larger size with an OPC (optical
particle counter). If there is a large number of measured particles (the values are relative and a
function of the process and site), it would then be appropriate to check for the presence of a source
of particle generation in the environment: natural gas consumption units, vacuum pumps,
gasoline/diesel/propane lift trucks, combustion sources or heat or atmospheric pollutant generating
activities such as welding or heat sealing. The recirculation of unfiltered air could also become a
source of UFP, just like the resuspension of deposited particles following activities involving the
movement of equipment and personnel. Measurement of the aerosol level will be reevaluated after
operations involving NP. The interpretation of measurements of the NP level during operations
will take into account these control values before and after the operations. In the situation where
the background levels are stable before and after the NP are handled, and the NP levels measured
during the operations are high compared to this background level, then the concentration of NP
generated by the application of different processes can be determined from the difference.

During operations involving NP, the concentration of the airborne particles and their dimensions
are measured simultaneously with a CNC and an OPC close to the identified or potential emission
sources (e.g., opening of reactor, packaging, handling of powders). Parallel sampling on filters for
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subsequent electron microscopy analysis is also recommended in order to confirm the presence of
NP and to determine their shape. The concentrations are determined before, during and after each
task or operation in order to identify the factors that could affect the concentrations of airborne
particles. This information will then be used to determine the situations where additional
complementary samples will be required in order to properly characterize the exposure.

All this preliminary information is necessary for defining a detailed strategy for evaluating worker
exposure. In the current context, in which scientific knowledge cannot establish clearly which
parameter is the best able to correlate NP aerosols to their toxicity, Warheit (2009), SCENIHR
(2009) the OCDE (2009), and ISO (2008a, 2008b) recommend accumulating the maximum
information on exposure concentrations. Incidentally, the instruments should be reasonably priced,
transportable and robust (Maynard and Kuempel, 2005).

Table 6, inspired, among other sources, by technical reports from 1SO (2007, 2008a, 2008b),
AFSSET (2008), and Harford et al., (2007) lists some examples of instruments and techniques
allowing characterization of NP aerosols. For more detailed information, Chow and Watson (2007)
produced an exhaustive review of all the ultrafine particle measuring methods available and
applicable to the NT field.

Table 6 : Examples of Instruments and Techniques Allowing Characterization of NP
Aerosols

Parameter Instruments Remarks

Berner cascade impactors or MOUDI or Nano-MOUDI Micro-Orifice
Cascade impactors | Uniform Deposit Impactors allow gravimetric analysis of stages finer

Direct mass than 100 nm during individual assessment.
measurement The Tapered Oscillating Element Microbalance (TEOM) preceded by a
TEOM granulometric selector can be used to determine the mass concentration of

nanoaerosols. This method is sensitive and allows real-time measurement.

Filters, equipped with appropriate preselectors as needed, can be used to
Filters sample NP to determine the mass or to perform subsequent laboratory
analyses.

Real-time detection by size and active surface concentration gives a
granulometric distribution of aerosol particles. If the charge and density
ELPI of the particles are known or assumed, the data then can be interpreted in
terms of mass concentration. The samples from each stage then can be

'Y_'asst analyzed in the laboratory. Lower limit: 7 nm.
estimate . . . - :
Detection of the numerical concentration based on size and real time
SMPS / EMPS gi\{es a granulometric distribl_Jtion of the_ aerosol. Knovx_/ledge_ or
estimation of the shape and density of the particles then makes it possible
to estimate the mass concentration.
MOUDI/nanoMOUDI The Mlcro-Orl_flce_ Uniform Deposit .Impact_or (MOUDI) can determine
the aerodynamic diameter by cascade impaction.
Condensation nucleus counters (CNC) allow real-time measurement of
. the numerical concentration of particles within the particle diameter
Direct . - : - . .
number CNC dete(_:t!on limits. WIthOUj[ a _granulometrlc selector, this mstrumept is r!ot
measurement specific to the nanometric field. The TSI P-Trak offers preselection with

an upper limit of 1000 nm and a lower limit of 20 nm. Using the TSI
3007, the lower limit of detection drops to 10 nm.




IRSST - Engineered Nanoparticles: Current Knowledge about Occupational Health and Safety Risks and

Prevention Measures

53

Parameter

Instruments

Remarks

Optical counters

Optical counters give a real time measurement of particles with diameters
from 300 nm to 10,000 nm. These instruments, which do not detect
individual NP, can nevertheless be very useful for determining
agglomerates of NP and measuring the background of the work
environment.

SMPS and FMPS

The Scanning Mobility Particle Sizer (SMPS) Spectrometer and the Fast
Mobility Particle Sizer (FMPS) Spectrometer allow real-time detection
based on the electrical mobility diameter (related to size) and the
numerical concentration.

Electron microscopy

Analysis by electron microscopy can provide information on the shape,
granulometric distribution and the numerical concentration of the
particles constituting the aerosol.

Estimating
the number
of particles
by
calculation

ELPI and
MOUDI/nanoMOUDI

Real-time detection by size or active surface concentration gives a
granulometric distribution of aerosol particles. If the charge and density
of the particles are known or assumed, the data then can be interpreted in
terms of number of particles. The samples from each stage then can be
analyzed in the laboratory.

Direct
specific
surface

measurement

Diffusion battery

Commercially available diffusion batteries allow real-time measurement
of the aerosol’s active surface and have a response in relation to the active
surface of particles smaller than 100 nm. These instruments are NP-
specific if they are used with an appropriate pre-separator. The TSI
Aerotrak 9000 is an example of an instrument that allows real-time
measurement of the surface and the concentration.

ELPI and
MOUDI/nanoMOUDI

The ELPI allows real-time detection of the aerodynamic diameter
according to the size and the active surface concentration. The samples
from each stage then can be analyzed in the laboratory.

Electron microscopy

Analysis by electron microscopy can provide information on the surface
of the particles in relation to their size.  Transmission electron
microscopy provides direct information on the projected surface of the
particles analyzed, which can be linked to the geometric surface for
certain shapes of particles.

Specific
surface by
calculation

SMPS / FMPS

The SMPS and the SMPS allow real-time detection based on the
electrical mobility diameter (related to size) and the numerical
concentration. Under certain conditions, the data can be interpreted in
terms of specific surface.

SMPS and ELPI used
in parallel

The differences in measurement of aerodynamic diameters and mobility
can be used to deduce the fractal dimension of the particle, thus allowing
subsequent particle surface area estimating.

HSE (2006) emphasizes the importance of evaluating the performance of instruments in the
laboratory before their use in the work environments, because abnormal responses and
discrepancies were observed, particularly in mobility analyzers with ultrafine CNT and

agglomerates or with NP < 10 nm.

In its NanoAlerts series (2006, 2007a, 2007b), the HSE tracks new analytical developments. Table
7 summarizes a few microscopic techniques that can be used (HSE 2006).
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Other laboratory instruments can also contribute to NP characterization, including flame or

graphite furnace atomic absorption spectroscopy and

spectrometry (ICP-MS).

inductively coupled plasma mass

Table 7 : Types of Electron Microscopes which Can Contribute to NP Characterization

Parameter Instruments Remarks
The shape and granulometric distribution can be determined by the fractal
. dimension of the agglomerates. The individual NP composition can be
Trapsmlssmn electron documented by coupling the TEM to energy-dispersive X-ray spectroscopy

Dimension, | ¢ 0>cOPY (TEM) (EDX) or electron energy loss spectroscopy (EELS). High resolution
shape, microscopes can analyze particles smaller than 1 nm.
surface, The shape and granulometric distribution can be determined by the fractal

chemical dimension of the agglomerates. The individual NP composition and the
composition Scanning electron | average composition (mapping) can be documented by coupling the SEM to
microscopy (SEM) | energy-dispersive X-ray spectroscopy (EDX) or electron energy loss
spectroscopy (EELS). High resolution microscopes can analyze particles

smaller than 1 nm.

Dimension T_he sh_ape and granulometric distribution can be _dete(mined. Th_e fractal
shape " | Field emission gun- | dimension _of th_e agglomerates can be determined with hlgh—r_egolutlon FI_EG-
surfacé, scanning electron | SEM. The individual NP composition and the average composition (_mapplng)
chemical microscopy (FEG- |can be documented by c_ouplmg the; FEG?SEM to energy-dlsperswe_X—ray

o SEM) spectroscopy (EDX). High resolution microscopes have a resolution of
composition around 1-2 nm.

Cutaneous sampling strategy

Bibliographical research did not allow identification of articles dealing with the problem of
assessing cutaneous NP exposure. The established cutaneous sampling methods must therefore be
adapted to other chemical substances (Hoang, 1992; Brouwer et al., 2000; Viau et al., 2004; CEN,
2005; Ignacio et al., 2006).

Cutaneous exposure assessment can be performed by measuring the quantity of NP in contact with
the skin for a certain time period. The existing methods are based either on recovery of dusts
accumulated on the skin, or by interception of this dust during contact. However, the first method
may raise uncertainty related to the difficulty of quantitative dust recovery and necessitates an
evaluation of the contact time. The precision of the interception method is likely to be affected by
the adherence characteristics of the collection material, which may not mimic the interactions with
the skin exactly.

Recovery of dusts deposited on the skin

Three main experimental approaches allow recovery of NP deposited on the skin:

e Several solvents can be used to wash the skin and the solutions obtained can be analyzed
subsequently;

e Solvent-impregnated materials can also be used to wash the skin and the recovered dusts are
analyzed subsequently;

e The use of adhesive paper applied repeatedly to the skin ensures recovery from the surface and
the superficial layers of the skin (Tsuji et al., 2006).
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Regardless of the recovery method, the collected samples are then characterized by using a whole
battery of laboratory tests, particularly those discussed previously.

Dust interception before cutaneous deposit

Three main experimental approaches allow interception and capture of NP before they are
deposited on the skin:

e Various materials (cotton, polyester, polyurethane foam, etc.) can be applied to different places
on the body to collect NP dusts. This approach remains qualitative. In general, capture
efficiency is considerably lower by recovery than by interception. These approaches reflect the
quantity of dusts accumulated better than the exposure level;

e Absorbent gloves can also allow capture of NP likely to come into contact with the hands.
Maynard (2004) used cotton gloves, which were slipped over the worker’s gloves, to assess the
CNT concentrations to which the skin is exposed.

e Dosimetry of the entire body can be considered by using coveralls; the main deficiency is the
difficulty of recovering the NP trapped in all this fabric.

8.1 Risk of Occupational Exposure during Nanoparticle Synthesis by
Conventional Processes

Any evaluation of exposure to particles should follow a rigorous procedure by applying the
guiding principles described in chapters 8, 20 and 21 of the Occupational Hygiene manual edited
by Roberge et al. (2004). To study the risks associated with NP exposure, several factors which
can influence exposure must be considered, including the risks related to the raw materials used,
the intermediate products formed during the processes and the end products. All the production
steps, from the arrival and storage of the starting materials to the shipping of the final product,
must be examined. The state of the material (fine powder, granular, in suspension, in a liquid, etc.),
the processes used (in closed reactors under vacuum, in open tanks, production in gas or liquid
phase, etc.), the degree of confinement at each step in the process including collection, handling
and packaging of NP the total quantity of material handled, the possibility of aerosolization and the
ability of particles to become airborne or land on work surfaces, ventilation efficiency, workers’
exposure time, work and storage methods, and waste management are a few of the parameters to
be retained.

There is an exposure risk for the vast majority of NP production processes, including synthesis,
recovery and handling of synthesized materials (ICON 2008). The risk level can vary enormously
depending on the specificities of the work environment. During synthesis, exposure can be caused
by a leak or by frequent starting and stopping of the process (Biswas and Wu, 2005). On the other
hand, the nature and level of exposure are likely to differ greatly depending on the process used
and its stage. The means of prevention implemented must therefore take these variables into
account. Referring to the major process classes described above, Table 8 summarizes the main
exposure risks during NP synthesis (Aitken et al., 2004; ICON 2008).
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Table 8 : Risks of Exposure to Nanoparticles during their Synthesis

Synthesis process

Inhalation risks caused by
or during

Cutaneous absorption or
ingestion risks caused by or
during

Gas phase condensation

Reactor leak

Product recovery
Post-production treatment
Bagging, unbagging

Shipping

Maintenance / cleaning of
production and ventilation sites
and equipment

Accidental spill

Resuspension

Sedimentation

Product handling

Shipping, maintenance / cleaning of
production and ventilation sites and
equipment

Accidental spill

Vapour deposition

Reactor leak

Product recovery
Post-production treatment
Bagging, unbagging

Shipping

Maintenance / cleaning of
production and ventilation sites
and equipment

Accidental spill

Resuspension

Sedimentation

Product handling

Shipping, maintenance / cleaning of
production and ventilation sites and
equipment

Accidental spill

Colloid formation and chemical
precipitation processes (low risks)

Product drying

Spill / drying

Agitation / transfilling
Maintenance / cleaning of

Spill

Solution handling

Shipping, maintenance / cleaning of
production and ventilation sites and

Product recovery
Post-production treatment
Product recovery

Bagging, unbagging

Shipping

Maintenance / cleaning of
production and ventilation sites
and equipment

Accidental spill

production sites and equipment | equipment
Accidental spill
Mechanical attrition processes Reactor leak Spill

Product handling

Shipping, maintenance / cleaning of
production and ventilation sites and
equipment

Accidental spill

In gas phase processes, NP are found in suspension in a gas in reactors. During a leak, NP can
escape, especially if the reactor is operated under positive pressure. The nature of the aerosol NP
then would depend on the location of the leak. At the beginning of the process, primary NP
especially could be released into the air. Subsequently, these NP would appear increasingly in
aggregated or agglomerated form. At the end of the process, agglomerated NP could be emitted in
the work environment (Aitken et al., 2004).

There is little likelihood that vapour phase deposition processes release NP during the synthesis
phase because they form directly on a substrate by vapour deposition in a controlled thickness
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film. In some processes, the product is recovered from the substrate by an automated or manual
mechanical process. It is then possible that agglomerates will leak into the ambient air.

Gas phase and vapour phase deposition processes may cause exposure, especially if the
workstation is not isolated (confined) and if NP can disperse and thus expose workers in other
sectors.

In some chemical processes, colloids are formed in solution so that inhalation exposure during the
synthesis process is less probable. Inhalation exposure of a worker affected by a wet process
(colloid formation) would occur mainly during agitation and transfilling (NIOSH, 2007, 2009b).
An inhalation risk then would exist via aerosol droplets containing NP, although we had little
information on the subject at that time (Maynard and Kuempel, 2005). In some processes in which
the product is recovered by vaporization in an evaporation chamber, there is a risk of inhalation
exposure to agglomerated NP, especially in case of a leak.

Several processes can be used to produce NP from larger sized particles. Some of them crush large
particles until they reach nanometric dimensions. These operations, particularly if they are done
dry, can generate significant quantities of inhalable particles. Just the handling of powders can
release particles into the air. They must therefore be handled and stored properly.

In general, recovery, post-recovery treatments, as well as the packaging of a dry finished product
and equipment maintenance represent some potential sources of exposure. Depending on the
efficiency of the existing recovery system, individual NP, aggregates or agglomerates can escape
and be found in the ambient air, and then be carried by the ventilation system. Nonetheless, the
inhalation exposure risk will depend on the process used, the product’s characteristics and its
airborne resuspension potential.

Regardless of the approach to NP production, there is always a risk of exposure via the cutaneous
route or ingestion when a worker touches contaminated surfaces following spills or atmospheric
emissions, or when he handles the product during packaging, shipping or at the time of a spill.
Equipment maintenance work and general maintenance of the workplace are other occupational
exposure situations where, both pulmonary and cutaneous exposure can occur (NIOSH, 2007,
2009b). Colvin (2003b) adds that many NP are prepared and handled in water, which can cause
cutaneous or digestive absorption. Poor personal hygiene will favour NP ingestion (Aitken et al.,
2004).

In conclusion, rigorous management and risk reduction at the source are required to limit the
occupational exposure risk. Workers, like researchers and their students, must be very prudent
when handling NP, whether in production, handling, conditioning, transferring, packaging, storage,
receiving or use of these products, scrap disposal or maintenance and cleaning of sites and
equipment. Exposure to dusts containing NP is also possible during operations on nanomaterials:
cutting, machining, sanding, etc. Several work situations could require the wearing of personal
protective equipment (see Chapter 9). A best practices guide was developed to facilitate the
assumption of responsibility for identification and management of different health and safety risks
for workers and researchers (Ostiguy et al., 2009).
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8.2 Measurement of Occupational Exposure during Synthesis of
Nanoparticles by Conventional Processes

Currently there are a limited number of published studies for estimating or determining the level of
occupational exposure to NP. In this sense, HSE, in collaboration with the Health and Safety
Laboratory (HSL), produced an excellent literature review at the end of 2006 (HSE, 2006). At that
time, these authors had identified fewer than 10 studies published since 2000 on NP occupational
exposure or dispersion: these studies dealt with exposure to carbon black, inks, titanium dioxide,
silica fumes and CNT (HSE, 2006). Updates were produced twice in 2007 (HSE 2007a, 2007b).
Among these studies, HSE (2006) reports a study by Moehlmann (2005) in different settings:
offices, silica fusion, plasma torch cutting, metal grinding, pastry shops and airports. In an
assessment program begun in 1998, the Institute for Occupational Safety and Health of the German
Berufsgenossenschaften (BGIA) and the Institute for Hazardous Materials Research (IGF)
obtained UFP levels in concentration fields from 108 to a few thousand particles measuring from
10 to 500 nm/cm?®. These outcomes included agglomerates. In another study of fine carbon black,
fine nickel powder, precious metal black with high specific surface, titanium dioxide, metal fumes
and metal oxides, zinc and zinc oxide coming from metallurgical and refining processes, welding
fumes and steel smelters, Wake (2006) reports that the concentrations found outdoors were equal
to or greater than those encountered near workers operating the processes, including those in the
packing section. During some light metal or carbon pellets packing operations, the concentrations
could increase substantially. Remember that the direct reading instruments used in the work
environments currently cannot discriminate between NP and UFP.

In 2006, Kuhlbusch et al. reported carbon black UFP measurements in three plants. One plant did
not show any excess number of particles compared to outdoors, while a second plant had peaks in
the reactor and pellets formation sections, although these peaks could be linked to outdoor
vehicular traffic. Only the third plant showed high concentrations of ultrafine particles, also in the
reactor and carbon pellets formation section. The reactor was in closed circuit operation and the
authors hypothesized that the dusts measured could be linked to the oil and grease fumes emitted
during maintenance operations. In the pellets section, the authors conclude that the high number of
UFP is linked to a leak in the production line.

Maynard et al. (2004), to our knowledge, are the first to have studied certain characteristics of
exposure to single-walled CNT subjected to mechanical agitation, first in the laboratory and then
in the work environment, to determine the pulmonary and cutaneous exposure risk factors. Two
synthesis techniques were studied, which lead to production of single-walled CNT, metal catalyst
particles and other forms of elementary carbon, all of nanometric dimensions. Under the specific
conditions of their study, Maynard et al. (2004) reported air concentrations of CNT between 0.7
and 53 pg/m°. Examination of the samples showed that several of the particles were compact
rather than having a low-density structure. Also noted were clusters of non-inhalable materials.
Their estimation of the total CNT found on the gloves that were used for the various manipulations
varied from 217 to 6,020 pg, with most of the material being found on the parts of the glove in
direct contact with the surfaces.
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By applying the same experimental conditions in the laboratory to alumina fumes, the airborne
concentration generated exceeds that of CNT by about two orders of magnitude (Maynard et
al., 2004). In a more recent study, Han et al. (2008) measured MWCNT concentrations as high as
0.4 mg/m® containing 194 MWCNT/cc in a laboratory making CNT. The installation of control
measures made it possible to reduce the concentration to undetectable gravimetric levels and to
0.05 MWCNT/cc. Fujitani et al. (2008) assessed fullerene exposure in a production plant. They
measured few modifications of particle concentrations of nanometric dimensions before and during
the process. However, during weighing and packaging, they measured a higher concentration of
particles bigger than 1,000 nm. The use of a vacuum cleaner increased the concentration of
particles <50 nm but not the concentration of particles > 1 000 nm. An examination by electron
microscopy showed that the biggest particles consisted of fullerene aggregates. They could not
reach a conclusion on the origin of particles < 50 nm.

These studies provide preliminary indications of the propensity of CNT to form nanometric
aerosols during the process. It is prudent to reduce workers’ pulmonary and cutaneous exposure
risk, provided that these fine particles normally contain metals used as catalysts, particularly
nickel, which is recognized as carcinogenic. Carbon black aerosol emission measurements during
bagging operations showed mass concentrations of PM10 up to 20 times higher than the ambient
concentrations, with most particles having diameters bigger than 400 nm, while particles < 100 nm
were mainly attributed to sources other than carbon black (Kuhlbusch et al, 2004). Gray and
Muranko (2006) studied the behaviour of carbon black and amorphous silica agglomerates. They
concluded that a severe mechanical process caused a midscale breakdown of the biggest
aggregates and released very few elementary particles. Hsu and Chein (2007) studied the emission
of TiO, nanopowder, which had been used as a coating material on different substrates. They
proceeded with accelerated aging tests (ultraviolet radiation, fan, human contact simulated by a
rubber knife). The highest emissions were measured on tiles coated with titanium dioxide (22,000
particles of 55 nm/cm®). The emission rate for the tile coating increased again after two hours of
experimentation, while it had decreased substantially after 60 minutes on polymer film and after 90
minutes on wood.

Demou et al. (2008) used a gas phase process to estimate the airborne NP concentration
(unspecified nature) in a pilot production unit. The study confirmed that the highest exposures
were in the production unit and that the NP concentration pattern was directly correlated to the
process phases. The maximum concentration was equivalent to about four times the UFP
concentration measured when the process was not in operation. Vacuum cleaning also represented
a situation in which the airborne dust level increased. However, handling of particles and the
process during postproduction operations did not lead to a significant increase in the particle level.

8.3 Occupational Exposure during use of Nanoparticles

The use of NP in aerosol-generating processes can increase the risk of inhalation or skin
absorption. The spraying of disinfectants, air fresheners, paints, dyes and products to impregnate
fabrics or porous materials are some occupational exposure situations where significant amounts of
NP can be emitted into the air (Hett, 2004). The steps in handling powders, mainly regarding the
reception and application of NP, are other potential exposure situations, but the studies allowing
these exposures to be characterized and quantified are still very limited.
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Powders have a natural tendency to become suspended in the air, particularly if they are finely
divided. Some nanopowders are specially treated to prevent the formation of agglomerates. The
potential for air dissemination and for long-term suspension is then greatly increased. Highly
reactive particles or ones with a long biopersistence period can be particularly hazardous for an
exposed worker. Schneider et al., (2007) report that handling nanomaterials generates dust
particles, which vary in quantity and granulometric distribution according to their handling
scenarios and the properties of the materials. Several dust generation protocols have been
developed, using different approaches to simulate actual nanomaterial handling conditions. In
particular, the dust generation level is a key determinant in explosion risk assessment. At this time,
however, there does not seem to be a consensus on the best test to use. The adoption of a test by a
laboratory nonetheless would allow comparison of the dust generation rate for different NP under
equivalent experimental conditions. Thus, Schneider et al., (2007) have developed a new test and
report the results of a few laboratory tests. Under identical experimental conditions, 18.6 nm TiO,
particles generated about 300 times more dust than 170 nm particles. A much higher exposure risk
can thus be forecast for TiO, NP compared to larger NP. Consequently, it is necessary to institute
stricter safety procedures if larger particles are replaced with smaller particles.

The use of NP, like their production, necessitates rigorous management and reduction of the
factors to limit the occupational exposure risk. Workers must therefore be very careful in handling
NP, whether it involves their storage, use, or the elimination of waste or even the maintenance of
equipment and the premises. Aitken (2004) had reported high exposure levels over short periods
during certain maintenance operations. Indeed, suspension or resuspension of NP during handling
and maintenance can contribute to workers’ respiratory and cutaneous exposure risk. Equipment
and work activities can also trigger resuspension of airborne particles, just like vibrating pipes or
movement of workers or vehicles. Wearing personal protective equipment thus should be required
in several work situations, particularly for maintenance or as long as the effectiveness of that at-
source elimination and ventilation measures implemented is not proved.

Recently, Bello et al. (2009) assessed the exposure to particles of nanometric dimensions and
fibres during dry and wet machining of composites containing CNT. Wet machining did not
significantly increase the exposure level compared to the environmental concentrations already
present, and exhaustive electron microscopy research did not reveal the presence of CNT.
However, dry machining led to concentrations of 2 to 4 fibres per cubic centimetre, depending on
the type of composite used.

Peters et al. (2009) used two approaches to differentiate the concentration of NP in the workplace
from that of the other airborne particles in a company producing metal oxides of lithium and
titanium. By specifically analyzing the metals involved by ICP, the researchers determined that the
concentration of respirable dusts was low (< 50 ng/m®) and contained less than 10% titanium, and
therefore mainly consisted of atmospheric particles at all workstations except where the NP were
extensively handled. The mass concentrations could then go as high as 118 ng/m®and contain up to
39% lithium and titanium. Electron microscopy analysis determined that the sampled particles
consisted of agglomerates of NP larger than 200 nm made up of elementary particles from 10 to 80
nm (Peters et al., 2009). These researchers also used direct-reading instruments to determine the
concentrations of particles < 300 nm. They concluded that the measured concentrations did not
show an apparent correlation with the work activities, but that the concentration peaks coincided
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with the loading of supply bins or the replacement of nanomaterial filter bags. They concluded that
the concentrations of airborne NP are dominated by point sources.

Geraci et al. (2009) used direct-reading instruments (condensation nucleus counters and optical
counters) to evaluate the exposure of workers in approximately a dozen American companies that
produce and use NP, and also collected samples on filters for subsequent laboratory analysis.
These studies made it possible to document the occupational exposure level and to demonstrate
that the usual means of controlling exposure can be very effective. The results of several studies to
determine occupational exposure levels were recently presented at the 4™ International Conference
on Nanotechnology Occupational and Environmental Health held in Helsinki from August 26-29,
2009. The levels of NP exposure are extremely variable, depending on the processes used and the
phase of the NP: solid or in solution (Riediker et al., 2009; Brouwer et al., 2009; Mark et al., 2009;
Berges et al., 2009; Ichihara et al., 2009; Tsai et al., 2009; Chou et al., 2009; Huang et al., 2009a,
2009b; Shinohara et al., 2009; Koivisto et al., 2009; Jarvela et al., 2009; Kim et al., 2009; Evans et
al., 2009; Birch et al., 2009; Mohlmann et al., 2009; Ono-Ogasawara et al., 2009). Also, the
European observatory (Kaluza et al., 2008) summarized the knowledge on the levels of workplace
exposure by placing particular emphasis on the NP of silica, iron and silver, as well as on single-
walled CNT. For unpurified single-walled CNT, the authors (Kaluza et al., 2008) reported that
large aggregates visible to the naked eye are generated in the laboratory but that they contain very
few small particles. Laser ablation synthesis processes generate few particles smaller than 100 nm,
while the process using carbon monoxide at high pressure generates particles smaller than 100 nm
that have not been characterized. It is therefore impossible to determine whether they are CNT,
particles of catalyst, or non-fibrous carbonaceous particles. Finally, we should mention that Kaluza
et al. (2008) reported that the measured generation of single-walled CNT aerosols was two orders
of magnitude smaller than that for alumina fumes under the same experimental conditions. These
authors also reported the evaluation of the air contamination level in four companies that handled
CNT. Kaluza et al. (2008) concluded that there was no clear evidence of an increase in mass
concentration of aerosols during the handling of unrefined CNT.
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9. EXPOSURE PREVENTION AND CONTROL

A best practices guide to working safely with NP was published recently by our team (Ostiguy et
al., 2009). This guide provides a detailed description of the steps for assessing and managing
different kinds of risks and proposes a structured approach to characterize and control them, while
considering uncertainties related to toxic, fire and explosion risks and the workers’ exposure level.
The guide proposes a development and implementation approach for a workplace prevention
program. This chapter therefore will be limited to recapitulating some of the points contained in
the guide and to summarize the current knowledge on the efficiency of exposure control measures.
For more information, the reader is invited to read the best practices guide (Ostiguy et al., 2009)
and the Work Safe Australia document (2009a) on the efficiency of exposure control measures.

Risk assessment is an essential preliminary step to determine what control level must be
implemented to limit emissions of NP and prevent a toxic substance from affecting certain target
organs in workers. Thus, the control measures must be proportional to the documented, estimated
or potential risk and the uncertainties related to these risks. However, in the absence of adequate
knowledge of the toxicity and behaviour of airborne nanoparticles, and the absence of specific
standards, strict control measures should be put in place to minimize, as much as possible, the risk
to workers of pulmonary and cutaneous absorption. In the meantime, the knowledge acquired in
control of UFP can serve expediently as a guide to the NP field.

With nanoparticles that can become airborne and inhalable, there may be a potential for
occupational exposure, whether in production, use, equipment maintenance, recycling or waste
disposal. This occupational exposure is currently considered to be the leading source of population
exposure (Royal Society, 2005). Among the major factors contributing to NP exposure in the work
environment, we should mention the quantity of product handled, the duration of exposure and the
ease of airborne dispersion of powders, or the propensity of suspensions to form liquid aerosols.

This section discusses the general principles of prevention and control of worker exposure to free
and unbound NP. It is the user’s responsibility to decide what means should be applied, depending
on the risk assessment in particular situations. Special attention must be paid to nanoparticles that
involve substantial or unknown health risks and have little or no solubility in biological fluids. We
must also remember that although different studies have shown certain toxic effects in animals
after acute exposure, there is practically no knowledge of the chronic risks associated with NP
(NIOSH, 2006, 2009b; Ostiguy et al., 2008). In such a situation of uncertainty related to the
toxicity of nanomaterials and their exposure level, prudence in limiting occupational exposure is
appropriate. SCENIHR (2007) and Maynard (2006) conclude that the risk assessment must be
conducted case by case and that the toxicity of new substances cannot be predicted based on
current scientific knowledge.

9.1 Prevention

It seems opportune, before discussing how to eliminate or at least reduce and control the risks, to
remember that protection of worker health and safety is imperative for corporate development.
Production and use of NP can signify different types of risks: toxic products, chemical
incompatibility, fire, explosion, electrical risks, high temperatures, etc. It is essential that the senior
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management of every establishment make OSH an action priority, especially since the Canadian
federal Bill C-45 now holds corporate executives criminally responsible if they fail in their
responsibility or act negligently regarding their obligation to protect their workers’ health and
physical integrity (Department of Justice, 2005). Quebec also has an Act respecting occupational
health and safety and various regulations that must be followed. The employer controls the
management and supervision of the employees, equipment and work methods. The employer thus
has an obligation to adopt all reasonable means to ensure that its employees work in safety. In this
regard, it is essential to establish the responsibilities of the individuals in the company clearly and
ensure that each person performs specific mandates. This approach also applies to universities and
non-university research centres.

The development and implementation of a prevention program specific to the establishment or the
research laboratory thus will have to cover different aspects of the question, including
identification and assessment of the risks specific to the NP used or produced, assessment of the
occupational exposure levels, the criteria and procedures allowing installation of engineering
controls, information and training for workers (risks, work procedures, use of equipment, handling
of NP, preventive measures and use of personal protective equipment, etc.) and assessment of the
performance and effectiveness of the different exposure control strategies. The form of material
(powder, suspension or inclusion in a matrix) and the known specific risks (toxicity, high
reactivity, flammability, explosivity) must also be integrated into the prevention program,
particularly based on the study of the suppliers’ Material Safety Data Sheets, the information
contained in the literature and the information accumulated in the work environment.

Remember that ongoing information and training for workers represent an essential step in the
implementation and maintenance of preventive measures and good work methods. Relying on
experts, particularly occupational hygienists can largely help establish a complete and effective
prevention program, adapted to the work environment. In Québec, the CSST, the joint sector-based
associations, the prevention mutuals, certain consultants, the local health and social services
network development agencies and the local health and social services centres (CSSS) can support
the development of a prevention program.

The prevention program established should be evaluated and improved regularly to integrate new
scientific knowledge and the new elements to be implemented (or the elements already
implemented but which must be improved when they do not respond adequately to the stated
objectives). Given the wide range of situations that can arise in research laboratories and in
companies, the specificities of the prevention program should be adapted case by case (Ostiguy et
al., 2009).

9.2 Toxic Risk Assessment

The toxic risk assessment could be considered the estimate of the potential health effects which
could result from uncontrolled exposure to certain chemical substances.

Here are the elements, step by step, of a classic health and safety management approach:
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e ldentify the hazard:
- Characterization of the particles (physical shape, appearance, diameter, specific
surface, surface properties, solubility in water, chemical composition);
- Emissions (production volume, flow of materials, potential leak);
- Health effects (animal and human studies) according the potential exposure routes;
- Environmental effects (persistence, bioaccumulation, transportation over long
distances).
e Characterize the risk:
- Epidemiological studies of the workers, the exposed populations and the
CONSumers;
- Invivo studies: acute, chronic, of different species, exposure routes;
- Invitro studies: different types of cells, models (lung, skin, systemic, etc.).

e  Assess the risk:

- Potential exposure routes depending on the processes: inhalation, cutaneous,
ingestion, implementation, parenteral, etc.;

- Environmental assessment and biological availability;
- Occupational exposure assessment and means of control in place;
- Fire and exposure risk assessment.

e Prevent and control the risk;

e Evaluate the effectiveness of the control measures.

A clear distinction must be made between risk and hazard. Hazard is a property inherent in a
substance or a situation with the potential to cause effects when an organism, a system or a
population is exposed to this agent. Risk is the probability that effects will occur in an organism, a
system or a population in specific circumstances (llling, 2006).

Risk assessment, the process by which the risk is estimated, assumes a good knowledge of the
identity of the hazard and the toxicity of the products (dose-response relationship), exposure levels
and characterization of the hazards at the various workstations (Herber et al., 2001; Illing 2006;
Knight 2006; Ostiguy et al. 2009). Integration of all this information and comparison of the
dangerous properties and the estimated effective dose based on the exposure levels allows an
assessment of the risk level (llling 2006; Knight 2006). In the case of NP, the previous sections
shed light on the major deficiencies in knowledge related to several of these aspects. In the absence
of adequate toxicological data on NP, it remains possible to document the known risks for the
same substance of a greater size. This should provide minimal information on the potential toxicity
of NP. Figure 13 summarizes the information and knowledge normally necessary for risk
assessment where:

Risk oxic = Toxicity X Exposure
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It must be noted that, for each and every element to be quantified, the current data are insufficient
to assign a number to the significance of this parameter.
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Figure 13 : Classic Approach to Risk Assessment

Thus, it clearly appears that with the substantial limitations of current knowledge, quantitative
assessment of the risks related to NP poses a special challenge and will lead to a high level of
uncertainty in many situations (Kandlikar et al., 2007; Ostiguy et al., 2009). As in the case of any
chemical substance, the risk assessment uncertainty models are based on three categories:

e the uncertainty related to chemical and physical characterization, including selection of the
best NP characterization parameters, the characteristics of the particles that can affect
toxicity, their evolution and their transport in the organism or in the environment;

e the uncertainty related to the dose and the health effects for various exposure routes, the
representative parameters that should be measured, the translocation mechanisms to the
different parts of the organism;

e the uncertainty related to the lack of knowledge of toxicity mechanisms and disease
development.
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In each of these fields, there are currently competing hypotheses and models, on which scientific
consensus is not yet established. We are not talking here about parametric uncertainties to be
included in a model, but uncertainties regarding fundamental choices of the causal mechanisms
themselves and the variables that must be introduced in the model. Nonetheless, some authors,
including Kuempel (2006a, 2006b), propose human risk assessment models based on extrapolation
of data in rats. In default of the ability to apply a quantitative risk assessment model to all NP and
in the absence of epidemiological studies, the logical alternative is to apply the judgment of
experts or groups of experts in the field and to look for the most plausible trends (Kandlikar et al.
2007).

Among these trends, we find that NP toxicity probably can be correlated better to the total surface,
the biologically active surface area, the number and size of the particles, and the reactive properties
of particle surfaces rather than their total mass. Thus, the danger of NP must be identified
according to the special characteristics of the particle in question, namely the type of particle, the
size, the structure, its properties and its chemical structure (Tsuji et al., 2006). On the other hand,
each assessment will be specific to a particular type of NP and not exportable to other NP, not even
to NP of the same type produced under different conditions. As already discussed in detail in
Chapter 6, the results of many studies show that, at identical mass, NP often show greater toxicity
than larger particles with the same chemical composition. The Material Safety Data Sheets
(MSDS) may also be available for certain NP, but in view of the lack of current scientific
knowledge specific to NP, the risks and preventive measures identified in these MSDS must be
interpreted very prudently. In most situations, the MSDS of the majority of NP indicate the same
properties and the restrictions as for bulk materials (Colvin, 2003a).

Risk assessment includes the exposure assessment and the toxicity assessment, which must be
studied for the different particles in question, depending on whether or not a dose-response
relationship is present. In some cases, volatility, carcinogenicity, flammability, toxicity and
persistence in the environment are taken into account for the risk analysis studies (Ogilvie
Robichaud et al., 2005). The proportion of respirable particles which can separate from the NP
agglomerates must also be considered (Lam et al., 2006).

Faced with multiple unknowns and given that it seems impossible to estimate a Lowest Observable
Adverse Effect Level (LOAEL) or a No Observable Adverse Effect Level (NOAEL), it appears
preferable, as a precaution, to minimize occupational exposure in order to prevent the risk of
overexposure and the development of occupational diseases. Indeed, the precautionary principle,
currently recommended by many countries and OHS research institutes, is based on two general
criteria (Vineis, 2005):

. an appropriate action should be taken to respond to limited, plausible and credible
evidence of a substantial risk;

« the burden of proof is reversed, from showing the presence of a risk to proving the
absence of risk.

Moreover, in safety matters, the clouds of organic and metallic NP or of any combustible
substance will offer major catalytic, fire or explosive potential. This fact is mainly related to the
large reactive surface areas presented by NP. Consequently, the fire or explosive potential must
always be considered (Pritchard, 2004).
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The optimum risk reduction approach consists of implementing effective control strategies while
accounting for the differences between NP and larger particles. We must not forget that individual
NP behave like airborne vapours and can travel great distances without sedimentation. On the
contrary, agglomerated particles behave more like solid aerosols and airborne dispersion and
sedimentation depend on the agglomeration level and ambient conditions. The control strategies
may include many elements studied and selected for their adaptability to the treated situation
(Roberge et al., 2004).

Moreover, with use of a greater quantity of inert gases, there is a risk of asphyxia in certain
processes involving production of NP or their incorporation into value-added products. There is
also a risk of electrocution in high voltage and high current processes.

A committee of international experts recently came to a conclusion about the evaluation of the risk
of NP (SCENIHR, 2009). This excellent document reviews the main data from the scientific
literature, and summarizes the scope and limitations of our current knowledge. Thus, it clearly
shows that many hazards have been demonstrated for different synthetic NP. Of these, the toxicity
of several NP has been shown, for the environment as well as for humans. However, it should be
remembered that not all NP induce toxic effects. As examples, titanium dioxide and carbon black
have been used for a long time and have shown only slight toxicity. The hypothesis that the
smaller a particle is, the more toxic it is, is not supported by current scientific knowledge. Along
these lines, NP are comparable to other chemical products: some are toxic, and others are not. In
this matter, a case-by-case approach is therefore recommended (SCENIHR, 2009). Furthermore,
recent studies propose results of risk assessment for different substances: titanium dioxide
(NIOSH, 2005; Hanai et al., 2009), CNT (Kobayashi et al., 2009) and fullerene Cgo (Shinohara et
al., 2009a).

9.3 The Control Banding Approach

While quantitative risk assessment is impossible at this time in most situations involving NP, a
new approach of European design, known as control banding, is emerging in North America.
Developed for small and medium businesses, this concept is useful to determine the control levels
to be established for substances or mixtures of substances for which the toxic risks are not well
known (AIHA, 2007). Thus, the approach is based on exposure control in the absence of standards
or sufficient knowledge of toxicity. Paik et al. (2008) report they have developed a control banding
tool applicable to nanoparticles and have used this approach successfully several times in
laboratories. More recently, Zalk et al. (2010) also used this approach. The application of this
approach is described in detail in the best practices guide (Ostiguy et al. 2009) and will not be
recapitulated here. Different international organizations including 1SO (TC229, WG7) are
currently working on the development of a standard based on this approach, while NIOSH recently
published a review on the potential of using this approach in North America (NIOSH, 2009c).

9.4 Risk Control and Nanoparticle Control Strategies

In general, there are five main approaches to controlling UFP risks and exposure: elimination,
substitution, engineering techniques, administrative means and personal protective means and
equipment. These complementary approaches developed for UFP can serve advantageously as a
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starting point for NP. The information that served to produce this chapter and the best practices
guide mainly comes from expert documents from various countries, including: Ménard, 2004;
Ostiguy et al., 2006b, 2009; Aitken et al., 2004; Bruschi and Thomas, 2006; NIOSH, 2006, 2009b;
ICON, 2006; 1SO, 2007, 2008b; Pritchard, 2004; Begin and Gérin, 2002; Gérin and Bégin, 2004;
US Department of Energy, 2007; BAUA, 2007; Ellenbecker, 2007; Harford et al., 2007; AFSSET,
2008.

While the means of control are relatively well known for UFP, such as welding fumes, control of
NP exposure faces a special challenge, namely that the clientele targeted by this control is not
necessarily familiar with UFP control technologies. The people potentially at the greatest risk, at
least in Québec, are currently found in research laboratories or in businesses newly created to
synthesize these products, or users of these products, such as the textile and plastic sectors. Some
of these work environments have no experience controlling UFP emissions.

The leading risk control approaches are illustrated in Figure 14. In fact, to minimize workers’
exposure risks, the control measures should be considered during design of a research laboratory’s
facilities or industrial processes, activities and even workstations (Ménard, 2004; Ostiguy et al.,
2009). It is the responsibility of the designer and the principal to recognize the risk factors specific
to the processes and production modes and plan how to eliminate or at least reduce these risk
factors. They must also design and recommend control measures and ensure the effectiveness of
the measures put in place (Ménard, 2004).

Given the current absence of standards and the many uncertainties related to toxicity and the safety
aspects of NP (fires, explosions), as discussed in the section on risk assessment, it is recommended
that a precautionary approach be adopted to NP production, handling, storage, transportation and
use control plans. For all situations in which risk assessment cannot be effective based on current
scientific research, it is suggested that an ALARA (as low as reasonably achievable) approach be
used to reduce exposure to a minimum concentration. In the future, when the risks are better
discerned and better understood, it will be possible, in some specific situations, to opt for
preventive measures that are less strict. But it must never be forgotten that the risks are related to
many factors, among which chemical composition is a key element. We have already seen that NP
composition can vary infinitely. Also, the processes used for their development, production and
use can be very different. Finally, the knowledge relating to the hazards following occupational
exposure remains fragmentary. In such a context, the uncertainty relating to the risks associated
with the many particular situations found in the workplace should be managed until the magnitude
of the occupational exposures and risks is better documented. What is required is a structured
prevention approach for identifying the hazards presented by NP, the evaluation of their health,
safety and environmental risks in relation to the processes used and the particular conditions of the
work methods, and the implementation of effective measures for controlling these risks. The
importance of regularly verifying the effectiveness of the implemented preventive measures must
be emphasized. Each situation thus will require a distinct analysis.

Since the different risk control approaches were discussed in detail in the best practices guide
(Ostiguy et al., 2009), the reader interested in the description of each of these approaches and the
assessment of their effectiveness is invited to read the guide available on the IRSST’s website
(http://www.irsst.qc.ca/files/documents/PubIRSST/R-599.pdf). The parts dealing with engineering
control aspects and administrative measures will be discussed very briefly.
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In general, approaches that achieve a dust contamination as low as possible must be favoured.
These approaches include, for example, the use of automated sealed systems, the use of NP in the
liquid phase rather than the solid phase, the collection of emissions at source, filtering of the air
before its recirculation or release into the general environment, and the use of personal protective
equipment as needed. Training and informing workers, and preventive maintenance of equipment
and workplaces represent a few of the many administrative measures necessary for the sound
management of NP exposure control.

Although personal protection is the last aspect to be considered, the information provided in the
guide is limited. In such a context, more detailed information is presented in this document.

— > Design

> Elimination / Substitution

Engineering techniques
> Isolation/ Confinement
- » Ventilation

—» Information / Training
—>  Work procedures
Administrative measures ——»  Cleaning and equipment

—  Personal hygiene

—>  Work periods

Personal protective 4" Respiratory protection
equipment

HI Skin and eye protection, etc.

Figure 14 : Risk Control Hierarchy Applied to NP

The effectiveness of these different approaches to exposure control has already been proven with
ultrafine particles. A document summarizing current knowledge in this field was recently produced
by Safe Work Australia (2009a). Overall, the effectiveness of the usual different approaches is
confirmed. Nevertheless, in a context where it is often impossible to quantitatively assess the risk
as well as the occupational exposure, it is recommended that a precautionary approach be used, as
suggested in the IRSST’s good practices guide (Ostiguy et al, 2009;
http://www.irsst.qc.ca/files/documents/PubIRSST/R-599.pdf). The authors also raise concerns
relating to the quality and the accuracy of labelling and the content of safety data sheets, which
could incorrectly orient the choice of means of protection.
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More specifically, the report (Safe Work Australia, 2009a) emphasizes that elimination is
impossible, since the use of NP is essential in the development of new products. Substitution
(product, equipment, work method) is not yet widely used. However, the modification of
nanomaterials (fullerenes, CNT, quantum dots, metals and metal oxides) has reduced the toxicity
of some products. Current evidence is that properly designed enclosure and confinement
substantially reduce or totally eliminate the workers’ exposure to the NP that can be aerosolized.
These methods, just like many others, are normally used with administrative measures and PPE.
Ventilation at source as well as filtration with HEPA filters can significantly reduce or totally
eliminate exposure to NP.

9.4.1 Personal Protection

As already mentioned, personal protective equipment is normally used as a last resort, and only
when all others means of control have been implemented without being able to protect the worker
adequately. Personal protection cannot claim to be a substitute for engineering techniques and
administrative means when they do not protect the worker adequately. On the other hand, it may
prove to be essential, particularly in handling powders, in equipment maintenance operations or
when installation of engineering measures is not completed.

The exposure assessment instruments and techniques described in Chapter 7 can help us determine
the effectiveness of the means of protection put in place and the necessity of personal protection.
We should note that there are currently no NP-specific standards, even though standards exist for
several of these chemical substances in larger dimensions. Moreover, since quantitative risk
assessment is often impossible, the decisions on wearing respiratory protection equipment, gloves
and protective clothings must often be based on a qualitative risk assessment.

We must not forget that, in general, the risk assessment studies show that, at equal mass, NP can
be substantially more toxic than the same particles of larger dimensions. In the guide published in
2007, the U.S. Department of Energy (U.S. DOE, 2007) recommends wearing standard wet
chemical laboratory equipment: closed shoes, long pants without cuffs, long-sleeved shirts and lab
coats. Several situations will also require the wearing of respirators.

A recent study by the IOM (2009) carried out for the British HSE reviewed the wearing of
respirators. The conclusions of this review can be applied to all PPE. Several factors influence the
use of PPE and their effectiveness: knowledge about the hazard, perception of the risk, the
perceived effectiveness of the protection, the attitudes of upper management and supervisors, and
the prevention culture of the company and the workers are the main ones. The researchers (IOM,
2009) also identified some factors that limit the appropriate wearing of PPE. Personal health
problems can increase sensitivity to the risk or even make the wearing of PPE more difficult, and a
lack of training, respiratory resistance caused by a respirator, a lack of thermal comfort, or
discomfort related to pressure, difficulty communicating, and the incompatibility of PPE (making
task performance more difficult) represent the main obstacles to the efficient use of personal
protective equipment by workers.

It is also clear that management is responsible for the implementation of personal protection
programs. Managers must:
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« Recognize the importance of prevention and the protection of workers’ health;

« Recognize the requirements for personal protection;

« Ensure that a program for PPE is developed;

« Accept their role in making the program effective;

« Ensure that the appropriate equipment is chosen;

« Ensure that the equipment is available in sufficient quantity;

. Play their role to ensure effective implementation and supervision, mainly by setting an
example;

. Plan for appropriate cleaning, maintenance and storage.

Several aspects must also be considered regarding the workers, namely:

« A good knowledge of the hazards and an appropriate perception of the risks;
« Involvement of the worker and responsible behaviour;
« The application of the recommendations of the PPE program.

Respiratory protection

In situations where it is necessary to wear respiratory protection, the Quebec Regulation respecting
occupational health and safety (2007) makes it mandatory to develop and implement a respiratory
protection program.

According to Lara et al. (2010), the main elements of a respiratory protection program are:

e Training personnel in the risk, the protection levels, maintenance and storage of respirators, use
of respirators according to the manufacturer’s recommendations;

e If possible, assessment of their protection factor”;
e Fitting tests;
e Environmental control;

e Written procedures (for selection, use, training and test performance) related to the different
aspects of this program.

This program, approved by the company’s upper management, also requires the appointment of a
program administrator and assessment of the program’s effectiveness, at least once a year, with the
objective of ensuring that it is applied adequately by all respirator users.

Depending on the desired respiratory protection level, several classes of respirator exist, which
offer different degrees of protection, provided that the worker uses them properly. Table 9
summarizes the assigned protection factors (APF) associated with different respirators by OSHA
(USACHPPM, 2006). However, we must not forget that the main limits of respiratory protection
most often are the partial seal between the mask and the skin, discomfort and suboptimal

* The protection factor (PF) is defined as the quantitative measurement of the seal adjustment of a specific
respirator for a specific person. This is the ratio of concentration of a contaminant present in the work
environment to its concentration in the air inhaled by the respirator wearer. The assigned protection
factor (APF) expresses a protective safety index offered by the respirator. The higher this factor, the
greater the protection (Lara and Vennes, 2003).
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maintenance of the equipment, much more than the filtration efficiency. Therefore it is necessary
to distinguish the often substantial variance between the protection factor (PF), which is the
protection coefficient in a real work situation, and the assigned protection factor obtained under
ideal laboratory conditions. In this way, Grinshpun et al. (2009) demonstrated, on a group of 25
subjects, that for particles from 30 to 1000 nm, the particles that penetrate the respiratory system
are mainly due to an inadequate seal between the skin and the respirator. Thus, for N95, between
seven times more particles (40 nm) and 20 times more particles (1000 nm) entered as the result of
an inadequate seal compared to the particles entering through the filtering medium (Grinshpun et

al., 2009).

A complete guide to respirator selection and use, produced by the IRSST, is available on the
following websites: www.irsst.qc.ca/fr/_publicationirsst_673.html and www.prot.resp.csst.gc.ca.

Table 9 : Comparison of Assigned Protection Factors of Respirators (USACHPPM 55-011-

1106)
ANSI
OSHA29CFR ANSI
: NIOSH Z88.2
Type of respirator 1910.134 Z88.2 .
(2006) (2004) (1992) © (working
document)

Air-purifying respirator — quarter mask 5 5 10 5
Air-purifying respirator — filter 10 10 10 5
Air-purifying respirator — adjusted half-facepiece 10 10 10 10
Air-purifying respirator — adjusted full facepiece (if filter d
- N-P-R 100) 50 10 100 50
Air-purifying respirator — adjusted full facepiece (if filter d
= N-P-R 100) 50 50 100 50
Powered air-purifying respirator — adjusted half-facepiece 50 50 50 50
Powered air-purifying respirator — adjusted full facepiece 1000 50 1000 b 1000
Powered air-purifying respirator — helmet 25/1000 * 25 1000 b 1000
Powered air-purifying respirator — loose-fitting facepiece 25 25 25 25
Supplied-air respirator (SAR)- on demand - half-mask 10 10 10 ---
Supplied-air respirator (SAR)— on demand - full mask 50 50 100 ---
Supplied-air respirator (SAR)- continuous flow - half- 50 50 50 250
mask
Supplied-air respirator (SAR)- continuous flow — full 1000 50 1000 1000
mask
Supplied-air respirator (SAR)- continuous flow — helmet 25/1000? 25 1000 1000
Supplied-air respirator (SAR)- continuous flow — ????? 25 25 25 25
Positive pressure SCBA with supplied air-line — half- 50 1000 50 250
mask
Positive pressure SCBA with supplied air-line— full mask 1000 2000 1000 1000
Demand open circuit SCBA — half-mask 10 --- 10 ---
Demand open circuit SCBA - full mask 50 50 100 ---
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ANSI
OSHA29CFR ANSI
: NIOSH Z88.2
Type of respirator 1910.134 Z88.2 .
(2006) (2004) (1992) © (working
document)
Demand open circuit SCBA — helmet 50 --- --- ---
Positive pressure SCBA*— full mask 10,000 10,000 10,000 ¢ 10,000 ¢
Positive pressure SCBA*— mask 10,000 -- --- 10,000 ©
Combiped _air-line SCBA with auxiliary positive pressure 10,000 o L 10,000 ¢
open-circuit full mask

SAR: Supplied-air respirator

*: Positive-pressure SCBA often identified as SCBA (Self Contained Breathing Apparatus).

a: The employer must obtain certification from the manufacturer that the device has a protection level of 1000 or more.
b: For HEPA filter if used for protection against particles; if non-HEPA filter, APF = 100.

c: For emergency only.

d: With quantitative fit test (QNFT), or else APF = 10 with qualitative fit test (QFT).

e: Repealed in 2003.

It is also possible to consult the NIOSH document (NIOSH Respirator Selection Logic) at the
following address: www.cdc.gov/niosh/docs/2005-100/default.html. The information from the
NIOSH site are also available in French on the IRSST web site.

Four parameters normally contribute to the efficiency of the air purification elements of a
particulate filter, chemical cartridges and filter canisters: interception, electrostatic attraction,
diffusion and gravitational sedimentation (Chen et al. 2006b) (See Figure 15). Electrostatic
attraction is also possible for charged particles because the manufacturing process for certain filters
generates static electricity.

It is well known that particles larger than 300 nm are collected on the filters mainly by phenomena
of inertial impaction, interception and gravitational deposition, while the smallest particles are
collected mainly by diffusion and electrostatic attraction.
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Figure 15 : Parameters Contributing to the Efficiency of Air Purification Elements

This situation means that the 300 nm particles should be the ones normally captured with the least
efficiency, thus making them the most penetrating (Hinds, 1999). For particles bigger or smaller
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than 300 nm, filter efficiency should increase rapidly. Thus, for example, the efficiency of
filtration due to diffusion increases as particle size decreases. Moreover, on the nanometric scale
(<100 nm), diffusion is the dominant filtration mechanism (Chen et al., 2006a). This trend
continues until the particle is so small (a few nm) that it almost behaves like a vapour. When the
particle becomes so small, it is theoretically possible that filtration efficiency could decrease and
that the particle would rebound from the fibre without being held by the Van der Waals force. The
current studies show, for particles larger than 2.5 nm, that filtration follows the theoretical models
and that no thermal rebound is observed experimentally, while filtration efficiency continues to
increase down to 2.5 nm, which represents the smallest particle measured (Wang et al., 2007; Kim
et al., 2007; Heim et al., 2005; Pui and Kim, 2006). Thermal rebound was observed by Kim et al.
(2006) for particles smaller than 2 nm.

Wang et al. (2007), Japuntich et al. (2007), Pui and Kim (2006), Thomas et al., (2008) and Kim et
al., (2007) also established that the filtration efficiency of nanoparticles follows the theoretical
Brownian capture models resulting in reduced penetration as nanoparticle diameter decreases.
Bémer et al., (2006) report that the efficiency of charged filters increases when the charge is high
and the gas speed is low. These variations in filtration efficiency also have a significant impact on
the dimensions of the most penetrating particles. Thus, Bémer et al., (2006) concluded that the
most penetrating particles for an electrically charged filter are 50-60 nm instead of 300 nm for an
electrically neutral filter and that, in addition, the filter-particle adhesion, temperature, air flow,
pressure and clogging status of the filtration layer alter a filter’s efficiency.

However, laboratory experiments have shown that the most penetrating size may vary according to
the type of filtering material used, the air flow used and the general conditions of the respirators.
Thus, VanOsdell et al. (1990) and Dhaniyala et al. (1999) have established that, for HEPA filters,
the most penetrating particles could range between 100 and 300 nm, while for other researchers,
they range respectively between 50 and 100 nm (Martin and Moyer, 2000; Richardson et al., 2006)
or between 30 and 70 nm (Balazy et al., 2006; Chen et al., 2006a; Eninger et al., 2008a, 2008b) or
between 50 and 60 nm (Bémer et al., 2006). Beyond these diameters, the filtration efficiency
increases due to diffusion of the particles striking the filtration material. In another study,
Rengasamy et al. (2009) show that the most penetrating monodispersed particles range between 30
and 60 nm and are captured mainly by an electrostatic mechanism, with all filters showing
“electret” characteristics. Pretreatment of these filters with isopropanol to eliminate static
electricity accumulated during the manufacturing process shifted the minimum filter efficiency
between 200 and 300 nm. All of the eight filters tested conformed to the expected performance.

Rengasamy et al. (2008) evaluated the efficiency of filtration of different approved N95 and P100
filters with sodium chloride (NaCl) and silver NP of different granulometries from 4 to 30 nm in
diameter. All the filters conform to the expected performance levels but the nature of the NP, NaCl
or silver, influences the efficiency of the filters. Balazy et al., (2006) and Grinshspun (2006)
performed tests to validate the use of N95 respirators on mannequins when the respirator was
sealed and airtightness was ensured. Certain tests by Balazy (2006) were performed with sodium
chloride aerosols in a chamber simulating the working conditions of an indoor environment, at
flow rates of 30 L/min and 85 L/min. The other two studies used MS2 bacteriophages. The authors
conclude that, as a general rule, the use of N95 respirators conform to their APF except under
certain conditions, when the penetration rate exceeds 5%. Indeed, depending on the workers’
respiratory rate, the size of the NP and the type of respirator used, the retention efficiency may be
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less than 95%. The results obtained showed that when the respiratory rate is at its highest value
(85 L/min), the penetration is greater than that obtained at a flow rate of 30 L/min. Also, for a
respirator whose filters are charged with static electricity, the penetration rate is greater than 5%
for particles ranging in size from 30 to 70 nm, while for uncharged filters, the maximum
penetration is around 300 nm (Balazy et al., 2006; Grinshspun 2006).

These outcomes are compatible with those of Bémer et al. (2006) for filtration systems. The
percentage penetration by the particles would increase in proportion to the respiratory flow. At a
flow of 85 L/min, penetration thus would be greater than at 30 L/min (Balazy et al., 2006;
Richardson et al., 2006). The evaluated filters were composed of charged polypropylene fibres
(electret medium) (Balazy et al., 2006). In the Balazy study, the proportion of N95 filters not
conforming to the expected performance levels was as high as 90% at a flow of 85 L/min. The
increased quantity of particles in the filter and the leaks caused by a lack of tightness can also
increase NP penetration. The lack of tightness can be explained, in particular, by the quantity of
particles accumulated in the filter, increasing the loss of charge (Balazy et al., 2006). The Balazy
filters consisted of three filtration layers. One filter had three polypropylene layers while the other
contained two polypropylene layers and one inner polyethylene layer. For the neutral filters, the
maximum penetration was obtained at 300 nm. This fact leads to the suggestion that, whenever
possible, uncharged filters should be used to minimize exposure to NP under 100 nm. The
electrostatic charge comes from the material used and the manufacturing process.

Richardson et al. (2006) also tested N95 and P100 filters and conclude that the penetration rate
exceeds the NIOSH requirements (<0.03% for the P100 filters and < 5% for the N95 filters) at
high flow conditions for the majority of the filters tested. Penetration rates of up to 20% were
measured at high flow with N95 filters and 50 nm particles. The efficiency of a charged filter
would increase when the charge is high and the gas speed is low (Bémer et al., 2006). Like Lavoie
et al. (2007) for microorganisms, Balazy et al., (2006) and Grinshspun (2006) do not recommend
wearing surgical masks, because their laboratory tests showed penetration rates between 20.5%
and 84.5% for 80 nm NP at a flow of 85 L/min.

It seems important to recall that the practical efficiency of respirators is not only linked to the APF
but that other factors have a direct impact on this efficiency in the work environment. Thus, the
tightness of the interface between the respirator and the skin is essential to prevent the direct
passage of dust. Leaks in this interface can be linked to improper adjustment, poor choice of
respirator for the worker’s physionomy, duration, type of work to be performed or filter charging.
User comfort and maintenance represent key factors that favour good performance of respiratory
protection.

Often the practical efficiency of respiratory protection in the work environment is more related to
acceptability by the worker, tightness, comfort, work methods and respirator maintenance than to
the filtration medium’s performance. This is why the use of a positive pressure self-contained
breathing unit (SCBA) with a facepiece, instead of type N, P or R, 95, 99 or 100 disposable
respirators, will increase the comfort level and the level of protection, particularly by ensuring
positive pressure inside the mask, which will minimize the negative impact related to an imperfect
fit between the respirator and the skin.
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In most situations, unless contraindicated after a detailed analysis of the risks in the work
environment, wearing an SAR respirator with P100 cartridge should offer adequate protection. If it
is impossible to perform a quantitative risk analysis, the IRSST recommends considering NP dusts
to be highly toxic and favours wearing an SAR respirator with very high-performance filters for all
potential exposure situations. In situations where this level of protection is still insufficient or there
is an immediate risk to the worker’s health or life, supplied-air respirators or self-contained
breathing apparatuses allow maximum protection.

Cutaneous protection

The development of new knowledge in industrial hygiene is increasing our awareness of the
importance of taking into account cutaneous absorption in aggregate exposure risk assessment. The
nature of industrial nanoparticle synthesis processes is such that there is a strong probability of
cutaneous exposure during the production, handling and use stages or from surface contamination
during maintenance and repair of equipment. The product recovery and packaging stages, and
general maintenance of workplaces and equipment, all provide opportunities for contact with the
skin. Some products that make up nanoparticles can penetrate the skin by dissolution. However, it
seems that even certain insoluble products that make up nanoparticles could penetrate the
epidermis and possibly end up in the bloodstream, where they can travel throughout the body.
Chapter 6 on health risks shed light on the insufficiency of knowledge in this field. Despite the fact
that there is currently no cutaneous protection standard, it is preferable, as a precaution, to
introduce controls that minimize cutaneous exposure.

Schneider et al. (1999, 2000) proved that there are many factors that contribute to the inefficiency
of skin protection equipment. The main factors limiting this equipment’s efficiency include,
notably: (i) direct penetration of solid material or permeation of a liquid through the materials
making up the equipment, and (ii) the transfer of substances through direct contact between the
equipment surfaces and the skin. Penetration of the equipment by nanoparticles is likely to be even
greater than by larger particles, for which tests have shown a high penetration rate. The
characteristics of the different NP will influence the penetration rate in the protective equipment,
which would be greater in stitches, zippers, sleeves or extremities (Mark, 2005a; Bureau of
National Affairs, 2004). The literature does not currently allow the actual efficiency of such
equipment to be determined. Because of the small diameters of NP, it is very likely that the
effectiveness of some of this equipment is very limited.

Maintenance of skin protection equipment is also an important aspect to consider. Given the
context, and as a precaution, it would be desirable, when possible, to use disposable clothing,
which normally provides excellent skin protection. For example, the use of Tyvek® hooded
coveralls, aprons and shoe covers may provide good skin protection, though the information
currently available cannot guarantee absolute effectiveness. The same principle applies to gloves,
which are available in a wide range of sizes and resistances to various chemicals, cuts and
perforations. The BSI (2008) recalls that selection of gloves must account for the risk and the
conditions of use. Gloves must be well adjusted and consider the ergonomic requirements and the
user’s specific health conditions. Finally, they should prevent exposure without increasing the
overall risk. As in the case of respirators, a glove management program should be implemented.
This accounts for the tasks, exposure, and selection of the gloves, ergonomics, training of users
and foremen, maintenance and safe disposal methods.
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Until we can have NP-specific cutaneous protection equipment, it is possible to use the equipment
designed for other substances, on condition that certain modifications are made to it (for example,
reduce static electricity of clothing to avoid attracting NP) (Bureau of National Affairs, 2004). The
Massachusetts Institute of Technology (MIT, 2006) gives an example of nitrile gloves as a
cutaneous protection device, which could be used for handling during short-term contact. For
longer handling, two pairs of gloves can be worn, one over the other. The U.S. DOE (2007)
recommends wearing gloves when NP and particles are handled in a solution and selecting them so
that they resist NP and the solvent used. Changing the gloves regularly is recommended to
minimize the exposure risk. The contaminated gloves must be put in sealed bags and stored in the
hood until their disposal according to the regulations in force. Wash the hands and arms
thoroughly after wearing gloves should always be part of the cutaneous protection program.

Since the list of existing means of control is relatively imposing, it is suggested that readers
seeking more information consult an industrial hygienist or refer to recent manuals on occupational
hygiene, processes, chemical engineering or ventilation. Only a few means of control have been
described briefly in this chapter. The efficiency of cleaning and decontamination of cutaneous
protection equipment poses a real challenge. It is therefore recommended, whenever possible, to
use disposable equipment, which will be discarded safely, as previously discussed. Gloves should
be used in all cases of NP maintenance or decontamination work.

Ocular protection

For ocular protection, it is recommended that closed safety glasses, safety eyewear or face shields
be worn. One company reports a ban on wearing contact lenses in its laboratories (ICON, 2006).
The use of a respirator with a full facepiece allows respiratory and ocular protection
simultaneously, as well the possibility of wearing corrective or contact lenses.

Ingestion prevention

Ingestion in the work environment normally results from direct transfer during hand-to-mouth
contact. In the case of dust particles such as NP, a portion of the NP accumulated in the upper
respiratory system will be transferred to the digestive system by the mucociliary elevator.

Medical suveillance

Currently, the body of scientific knowledge and medical evidence is insufficient to be able to
recommend specific medical screening, and thus have NP-exposed asymptomatic workers undergo
specific medical examinations (Nasterlack et al., 2008). In this context, the Department of Health
and Human Services - NIOSH (2007, 2009a) recently published an interim discussion and
improvement guide specifically on medical screening in workers potentially exposed to NP. Even
though the evidence is currently insufficient to recommend specific monitoring of workers, it is
possible to consider screening in specific situations. For example, if specific medical detection
exists for the same substance in larger dimensions, this could also apply to NP. We should mainly
consider all existing knowledge relating to biological exposure monitoring of the workers, which
could, in some situations, allow a response to be detected by the body and lead to a certain level of
vigilance.

For work environments where workers are potentially exposed to NP, these authors recommend:
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e Taking measures to control workers’ exposure to NP;
e Monitoring the risks based on implementation of control measures;

e Considering the establishment of medical surveillance approaches to help assess the
effectiveness of the means of control and identify the health effects and the new or
unrecognized problems related to occupational exposure.

The main elements of medical surveillance include an initial medical examination coupled with
documentation of each employee’s medical and occupational history and periodic medical
examinations at regular intervals, including specific medical detection tests. As needed, depending
on the test results, more frequent detailed medical examinations could be recommended or do
biological exposure monitoring; in the case of higher than normal exposure, after an uncontrolled
spill, for example, post-incident examinations and medical screening could be performed. When
the risk becomes well documented, a written medical report must be produced; the workers’
training then allows them to recognize the symptoms better. After identification of specific risks,
the employer must take action immediately to control them. Nasterlack et al. (2008) propose
general medical screening with methods targeted to certain potential effects and also recommend
keeping exposure registers so that large-scale epidemiological studies can be conducted eventually.

9.5 Prevention of Fires, Explosions and other Risks

Beyond toxicity and health risks, NP production can represent fire or explosion risks related to the
catalytic effects of these substances (Pritchard, 2004; Kirby, 2005). Many chemical processes are
catalyzed by small quantities of substances and catalytic efficiency normally depends on the
catalyzing agent’s surface area, composition and structure. Nanomaterials have large surfaces,
which play a catalyzing role and thus can lead to rapid, even violent and explosive reactions. In
processes using large quantities of inert gases, the risks of asphyxia and electrocution related to the
use of high voltage and high current methods are possible (Shakesheff, 2005). Some carbon
compounds or metal dusts represent substances which are easily explosive or flammable (MIT,
2006). A summary discussion of these aspects is covered in the best practices guide (Ostiguy et al.,
2009) but will be developed more fully in this document.

9.5.1 Risks of Catalytic Reactions, Explosion and Fire

Section 6.3 describes the risks of catalytic reactions, explosion and fire. When the ideal conditions
are combined to produce an explosion, the main explosive or flammable substances are those with
a great propensity to catch fire or explode, namely pyrophoric substances, carbon compounds and
dusts of several hydrolyzable or oxidizable metals, some non-metallic inorganic substances and
organic substances reacting to air, moisture or other substances with which they can come into
contact (Pritchard, 2004; MIT, 2006; Biswas and Wu, 2005). Aluminium, magnesium, zirconium
and lithium are some examples of substances with high explosive potential (Shakesheff, 2005).

NIOSH (2006, 2009b) affirms that the risks of fire or explosion are greater for a combustible
material of nanometric dimensions compared to larger-scaled substances, for the same mass
concentration. This phenomenon is explained by the increase in the surface area and potential
properties of NP. In fact, reduction of the size of a particle of a combustible compound can reduce
the minimum ignition energy and increase the combustion potential and rate (NIOSH, 2006,
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2009b). This can induce the possibility that a relatively inert compound will become a combustible
material.

9.5.1.1 Key Factors

For a fire to occur, three factors must be present: a combustible material (wood, metal, dust, etc.), a
substance or a gas which can cause it to burn (oxygen, peroxide, air, etc.) and an ignition source
(heat, flame, spark, reaction between two substances) (INRS, 2005). The last factor is the most
conclusive because, in most cases, the first two factors are almost always present. These aspects
were already discussed in section 6.3.

9.5.1.2 Risk Characterization

According to Dinyer et al. (2005), explosion risks can be characterized by tests performed on the
different substances suspected of being explosive. Some must be performed under controlled
conditions, by accounting for the particles’ size, their concentration in water and the moisture in
the air, for example. One of the tests cited by the author is the minimum ignition energy test of a
substance, which reveals the minimum energy necessary to cause it to explode. Another is the
explosion severity test, which can provide a virtual prediction of the scope of the damage.
However, it is not always possible to perform these tests because, due to the cost, the necessary
quantity of NP (500 g) is not constantly available (Dinyer et al., 2005). Therefore, these tests are
more or less useful for several NP. Some reference methods exist: ASTM E2019-99 (Standard Test
Method for Minimum Ignition Energy of a Dust Cloud in Air) and ASTM E1226-00 (Standard
Test Method for Pressure and Rate of Pressure Rise for Combustible Dusts (Dinyer et al., 2005).
Proust (2005) affirms that analytical methods and techniques exist to characterize explosion risks,
but they apply to larger particles.

Granier and Pantoya (2004) proved that a nano-scaled Al/MoQO3 alloy ignites 300 times faster than
the same alloy of micrometric size. More recently, Bouillard et al. (2008) of INERIS showed that
certain aluminium dusts of nanometric dimensions, although previously passivated with air and
partially agglomerated, led to an explosion much more violent than those observed with the same
product of larger size.

Nano-scaled particles have long been used as catalysts on a large scale. Depending on their
composition and their structure, certain nanomaterials thus could trigger catalytic reactions and
increase the risk of explosion or fire, which normally would not be anticipated solely from their
chemical composition (Pritchard, 2004).

9.5.1.3 Risk Reduction / Explosion Prevention

Explosions can generate enormous pressures and cause damage to workers and physical structures.
They can project debris almost everywhere and possibly release particles into the outdoor air. The
reduction of these risks depends on their identification and seeking means to prevent them:
processes modification, use of more resistant materials, reduction of the number of workers, etc.
Kirby (2005) mentions that the explosions, which caused the most losses of human life and
damage to equipment and buildings were secondary explosions.
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This reduction is possible, but to achieve this goal, it is essential to know the characteristics of the
NP used (size of particles, composition, state, minimum activation energy, etc.) and the conditions
of the work environment (ambient temperature, space available, etc.). The composition of the
particles also requires attention, because they can contain solvents or other substances capable of
changing the activation energy necessary to produce an explosion (Pritchard, 2004). These two
factors combined — the low spark ignition threshold and the natural production of charges during
handling — automatically increase the risk of trigging an explosion by electrostatic sparks. This
phenomenon could require the development of special methods to combat it.

The reduction of the explosion risk depends on control of the three components necessary for an
explosion — oxygen, the combustible material and the ignition source (flames, heat, friction, etc.).
Control of the comburant material (oxygen) involves its elimination or reduction of its
concentration in the risky environments, while keeping the workers’ safety in mind (especially if
they have to enter risky locations). Dinyer et al. (2005) affirm that it is possible to prevent
explosions with an oxygen concentration of less than 8%. However, they recommend adding a 3%
safety factor and maintaining the risky locations at an oxygen concentration of 5% or less by
adding other gases such as nitrogen or carbon dioxide. The INRS (2005) also mentions this method
for fire prevention, particularly by a reduction of the oxidation reactions with certain substances.
Given that it is impossible for workers to work under such conditions, they will have to be applied
in closed-circuit processes or in controlled-access storage areas.

It is more difficult to control the combustible material because the dusts present in the environment
are usually the raw material. However, a good knowledge of the characteristics of the substances
present and their dangers can minimize the risks. Finally, if they are not eliminated completely, the
ignition sources must be identified clearly and controlled. For example, it is possible to modify the
process, isolate the sources in precise locations, connect and ground them to avoid charging them
with electricity, or ensure that the equipment is always in good working order (Dinyer et al.,
2005). Installation of electrically insulating materials can help reduce the risk of triggering an
explosion by static electricity.

Moreover, methods such as process modification, regular equipment maintenance and capture at
source can reduce the number of particles which can accumulate in the environment. Regular
maintenance can prevent accumulation and resuspension of particles, particularly by vibration of
the pipes. In addition, the storage method must be designed to limit the release of airborne NP,
reduce the danger of products mixing in the event of leaks in the containers, and finally, control the
environmental conditions (temperature, ventilation, oxygen rate) (Dinyer et al., 2005 and
Pritchard, 2004). Kirby (2005) summarizes the main means of prevention as follows:

e prevent dust accumulation outside the equipment;

e use dustproof mechanical and electrical equipment whenever possible;
e prevent dust emissions from open bins and drop points;

e maintain the highest workplace maintenance standards;

e eliminate the ignition sources;

¢ isolate the risky operations, either by distance or by construction;

¢ install explosion vents on the equipment and buildings;
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e ensure adequate fire protection;
e store these materials in sealed containers or tanks;
¢ handle the materials in closed and sealed tanks or pipe systems;

e the disposal systems must prevent formation of dust clouds and accumulation in the
workplaces and on the work surfaces;

e train the employees in the risks of combustible dusts and the prevention measures.

In case of explosions, more specifically, the consequences can be reduced by installing materials
resistant to the released pressures, anti-explosion panels and explosion-resistant containers
(Peters, 2005b; Whitaker, 2005). Peters (2005b) and Whitaker (2005) affirm that it is possible to
install systems capable of detecting pressure rises and releasing stabilizing products (such as inert
powders) when the pressures are too high. Installing an explosion vent is also a method to prefer
(Shakesheff, 2005, Whitaker, 2005). Whitaker (2005) adds some protection methods regarding
pharmaceutical powder explosions as an antistatic dust collector or a device allowing ventilation
outside the collector or neutralization of the effects of the explosion (pressure, dusts, gas and fire
due to the explosion). The last method reported by Whitaker (2005), which would only rarely be
used, consists of containing the explosion in the dust collector.

9.5.1.4 Risk Reduction / Fire Prevention

To prevent a fire from occurring, it is important to identify the dangers properly — i.e., identify and
characterize the products likely to produce fires (physical state and physicochemical
characteristics). This information should be contained in the Material Safety Data Sheets of the
products used and made available to the workers. It is then essential to know the conditions of
storage and use of the substances: temperature, volume, type and tightness of the containers,
ventilation, access control, separation of the products, lighting, construction materials, etc. (INRS,
2005). The environmental conditions where the substances are handled should also be known, as
well as the quantities used, transported or stored and the identification of the potential fire sources
(or activation sources): thermal (heat sources), electrical (sparks, heat release), electrostatic
(sparks), mechanical (heat), climatic (lightning, sunlight) and chemical (reactions with heat
release) (INRS, 2005).

Maintenance of apparatus and systems can avoid production of heat or sparks originating fires. The
analysis of possible effects of an equipment operating error can also indicate potential fire sources.

Fire prevention involves several stages. Above all, risks must be avoided. If this is impossible, it is
essential to try to control them. Replacement of combustible products (often impossible with
nanoparticles) with products of little or no combustibility can prevent the outbreak of a fire. The
oxygen concentration can also be reduced by replacing it with an inert gas, but it is then essential
to pay attention to the fact that workers may need to enter the oxygen-deficient locations.
Precautions for their safety must be taken. It is also necessary to analyze the different processes to
detect places where a fire can start and its probable consequences (breakage, collapse, explosion).
Once the inflammation sources are identified, it is imperative to establish the means of reducing
the risks: for example, by installing a cooling process for heat sources, by optimizing the means of
control, by adding detectors or instituting regular maintenance and inspection of machines and
pipes. It is also possible to add certain procedures or modify the equipment to make it safer.
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The layout of the sites and the construction materials used must allow limitation of the potential
effects of a fire: materials chosen according to their fire resistance or their reaction to fire,
obstacles to propagation of the fire by addition of firewalls, isolation of risky premises. It is also
essential to ensure that the exits are easily accessible and equipped with alarms and that the
premises are accessible to rescuers. Detectors (smoke or temperature) must be installed. Finally, it
is indispensable that the means of detection and extinction are in good condition, that the
emergency exists are clearly identified and that the personnel are trained for emergencies with the
protocols to follow in case of disaster.

The extinguishers present in the workplaces must be chosen according to the types of materials
used and the risks related to their use. But other means can also be used. Shakesheff (2005)
suggests putting powders that are burning or on the verge of burning in a steel container capable of
reducing the oxygen concentration and ensuring their transport to a safer place. Whitaker (2005)
adds that it is possible to use rapid closing valves or chemical barriers with inert powders.

Fire prevention should account for the regulations in force, particularly concerning electrical
installations. Given the very low granulometry of NP and their very long sedimentation time, the
electrical equipment should be protected against dusts, and even be vapour-tight in some cases.
Additional precautions should also be taken regarding their operating temperature and the
increased risks of self-ignition of NP.

The consequences of a fire can concern humans (burns, asphyxia, poisoning, crushing by
structures and stress) as well as materials (destructions) and buildings (collapses). The substances
used to extinguish the fire are also capable of causing damage to buildings and the environment.
Finally, the costs may be high. Thus, it is more advantageous to prevent fires than to repair the
damage.

In the scientific literature, no NP-specific documentation is found regarding firefighting. However,
the principles that generally apply to pulverulent materials should be adopted for NP, with special
caution for easily oxidizable metallic dusts.

The choice of extinguishing product will consider the compatibility or incompatibility of the
material with water (Ostiguy et al., 2006b). The metallic dusts react with water to form, among
other products, hydrogen, which ignites easily and deflagrates. Chemical powders are available to
extinguish metallic dust fires. During a metallic dust fire extinguishing operation, it is essential to
ensure not to create major air movements that would have the effect of putting the metallic dust
into suspension and thus increasing the risk of deflagration. Finally, to reduce the risks, it may be
necessary to use a controlled-atmosphere production and storage process (carbon dioxide, nitrogen
or inert gas).

9.5.1.5 Catalytic Reactions

Another NP-related risk is the possibility of triggering catalytic reactions or violent reactions,
which can be very dangerous (Pritchard, 2004). Catalytic reactions depend on the composition and
structure of NP (NIOSH, 2006, 2009b). For example, NP and porous materials of nanometric
dimensions have been used as catalysts for years to speed up reactions or reduce the temperature
necessary for reactions in liquids or gases (NIOSH, 2006, 2009b).
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9.5.2 Storage

Protection of the properties of products and control of the risks related to the reactivity of certain
particles are specific aspects of nanomaterial storage. The tanks must be very tight to prevent leaks
and contamination of the sites (dispersion, slow sedimentation) and to allow different NP reactivity
and granulometric characteristics to be taken into account. Layouts similar to those used for gas
storage must be considered.

Storing nanoparticles also involves special protection to conserve the products. The small size of
the particles, which often tend to agglomerate, provides a very large surface area in contact with
the surrounding air, thereby facilitating chemical reactivity. To protect against loss of NP-specific
properties, oxidation, and even explosion in the case of certain metals, different preventive
procedures will avoid any deterioration of the product and any risk of fire or explosion. Among the
possible solutions is storage in the presence of an inert gas or under anhydrous conditions so as to
protect certain metals from oxidation and even explosion. In other situations, NP can be coated
with a protective coating composed of salts or different polymers, which can then be eliminated
before the product is used.

9.5.3 Routine Maintenance and Workplaces

Regular workplace maintenance is necessary to eliminate dust on the floors, work surfaces,
equipment and walls and avoid the risk of airborne resuspension or explosion. The equipment
should be cleaned thoroughly, simultaneously using appropriate administrative measures such as
padlocking; this preventive maintenance will minimize the risk of emergency interruption of
production and will ensure a safer operation.

The workplaces should be cleaned at the end of each shift, using a vacuum cleaner with a HEPA
filter, installed correctly and replaced regularly, or wet methods according to the specific
conditions of the process and the products involved and their respective risks: explosibility,
flammability, incompatibility with water, etc. The efficiency of such systems must be evaluated. In
some cases, the electrostatic charge of the NP will be taken into account to select the best system.
Use of a compressed air spray or a broom which could resuspend dust, should be rejected as in any
dry process. In all cases, however, the cleaning procedures must avoid any contact between the
worker and the scrap, which will be disposed of in accordance with the laws and regulations in
force.

Whenever possible, it is recommended to use wet cleaning methods with soap or cleaning oils.
Commercially pre-moistened or electrostatic microfibre wipes can also be used. The wipes and
other materials used for cleaning must be disposed of as hazardous waste and not reused to avoid
any possibility of resuspension of airborne dusts. Finally, the establishment’s prevention program
should determine which personal protective equipment is to be used during cleaning or during
product recovery operations in case of spills or accidents.
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9.5.4 Spills

Currently there does not seem to be any guide to the procedures to follow in case of an NP spill.
Consequently it would be prudent to base our strategies for spills and contaminated surfaces on the
existing best practices, while considering the available information on risks and potential exposure
routes, depending on the type of NP. Since NP tend to disperse in the air, it is necessary to wear
respiratory protection equipment (with a high-efficiency filter) and a cutaneous protection device
during handling. Among the usual procedures for liquid or solid spills, and depending on the
nature of the NP, we note the use of vacuum cleaners with HEPA filters, humidification of dry
powders, use of wet wipes to clean up powders and application of absorbent materials (NIOSH,
2006, 2009b). As in the case of housekeeping, it is absolutely essential to avoid procedures, such
as use of an air spray or a broom, which could resuspend dusts. Finally, waste handling and
disposal must be performed in accordance with the laws and regulations in force.

9.5.5 Waste Disposal

Any waste disposal from processes using NP should conform to the by-laws, regulations and
standards in force at the municipal, provincial and federal levels. Since the real risks to the
environment related to NP are not documented in the vast majority of situations, it would be
prudent to consider NP, and the objects that served to clean them (wipes, gloves, etc.) as hazardous
materials and dispose of them in an environmentally safe manner. Currently, disposal of
nanomaterials depends on the type of original substrate in the waste (MIT, 2006). Waste
management companies can assist the establishment or the university in this task; others prefer to
treat their waste themselves. Among the possible strategies are in-situ chemical treatment of
nanomaterials before their disposal, recycling or returning nanomaterials to the suppliers and
incineration of organic NP.

9.5.6 Other Aspects of Prevention

We could discuss several other aspects of prevention, but we will not do so here, given their
specificity to the products used, synthesized or handled and to the processes implemented.
Furthermore, the literature tells us nothing about the specific measures to be put in place with NP.
Among others, consider the preventive aspects to be developed and implemented for asphyxia,
electrocution, emergency protection equipment and first aid.
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10. REGULATION AND RECOMMENDATIONS

One of NT’s distinctive features resides in the fact that in many cases, the physical and chemical
characteristics of substances, as well as their potential health impacts, may be altered, deliberately
or unintentionally, not by changing their chemical composition, but by changing their physical
structure or surface properties. In such a context, specifically regulating nanoparticles represents a
major challenge. This is why several countries are simultaneously forming expert committees to
review current scientific knowledge and advocating the development of voluntary standards
coupled together with the application and adaptation, wherever possible, of the regulations
currently in force (Bartis and Landree, 2006; Balbus et al., 2006, Mantovani et al., 2009). Also,
several major multinational companies, including insurance companies, are very concerned by the
risk of prosecution should NP cause health problems (Bartis and Landree, 2006). Thus, several of
them are hoping that standards and regulation will be developed. Recently, Mantovani et al. (2009)
and Hansen (2009) reviewed actions taken across the world to develop NT regulation. The
European Community is recommending an incremental approach including various actions and
initiatives to develop regulation appropriate to NT. Thus, it recommends supporting research
initiatives in health, safety and the environment, promoting risk assessment during the entire
product life cycle, defining and implementing appropriate regulation, establishing a dialogue with
all actors and developing international coordination (Mantovani et al., 2009). Many countries are
now recommending a precautionary approach.

10.1 Necessary Ethical Rules

In the absence of sufficient knowledge on the health risks and effects of exposure to NP, it is
essential for employers, workers, investors, lawmakers, health authorities and the general
population to provide itself with ethical rules to guide decision making (Schulte and Salamanca-
Buentello, 2007; Obadia, 2008; Mantovani et al., 2009; Sander, 2009). Moreover, at the moment
several organizations in a number of countries are working out “voluntary standards” with a view
to setting up guidelines for the safe and responsible development of NT.

The risks associated with the toxicity and spread of NP, currently impossible to quantify in many
situations, dictate a responsible and precautionary stance. Thus, the UN maintains that the
international community should adopt rules restricting NT use to avoid possible abuses in fields
such as the right to privacy and military uses.

In the case of OSH specifically, a number of issues raise ethical questions. These include risk
identification and communication by employers, scientists or authorities, risk acceptance by the
employee, selection and monitoring of control methods, medical screening programs and even
investing in research on evaluating toxicity and controlling exposure (Schulte and Salamanca-
Buentello, 2007).

After the Conseil Général des Mines (General Mines Council) and the Conseil Général des
Technologies de I’Information (General Council on Information Technologies) published a report
including 13 recommendations in November 2004, France’s CNRS gave its view in October 2006,
(Dupuy and Roure, 2004); an NT working group was created as part of the Comité Consultatif
National d'Ethique (CCNE, National Consultative Ethics Committee for Health and Life
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Sciences). In Great Britain, the Royal Society and the Royal Academy of Engineering (2004), and
in the Netherlands, the Academy of Arts and Sciences (Levelt, 2004) indicated, amongst other
things, the importance of examining NT-related ethical problems. The United States, the EEC and
many Asian countries also raised this concern.

In Québec, the Commission de I’éthique de la science et de la technologie (Science and
Technology Ethics Committee) examined all ethical aspects of NT and nanomaterials and
presented a report to the Government of Québec in the autumn of 2006 (Commission de I’éthique
de la science et de la technologie, 2006). It recommended in particular: a) the application of the
precautionary principle in all phases of the product life cycle and inclusion of this principle in
governmental policy in order to avoid all harmful health and environmental effects; b) intervention
at the federal government level so that monitoring agencies can evaluate the toxicity of
nanotechnology products before authorizing their marketing; c) assurances that the ethical research
committees are properly equipped and have received the support needed to evaluate research
protocols on the use of nanotechnological substances and products in the medical field; d) prior to
their marketing, the setting up of a system to track the potential effects of nanotechnological
products on the environment, as well as a procedure for withdrawing them in case deleterious
effects on the environment are observed; e) the beginnings of a completely open process of
information exchange with the population to properly define the scientific, economic, social and
ethical issues associated with NT development; f) the creation of a multidisciplinary research
program on the impacts of new technologies and risk management; g) the taking into account of
NT development in the area of employment and employment training; h) the creation of an NT
information portal for the general population.

10.2 Regulation in European Nations and the European Community

It should be noted that by the time NT action plan for 2005-2009 was published (in 2005), the
European Community had indicated its commitment to promoting the responsible development of
NT. This action plan clearly noted the need to provide a high level of public health, safety,
protection for the consumer and the environment, as well as the need to include social dimensions,
the development of standards, appropriate regulatory approaches, the application of a code of
conduct and international cooperation.

The European parliament (2009) made a series of 37 recommendations to the Commission and the
member states. The first recommendation emphasizes that the European parliament “is convinced
that the use of nanomaterials should respond to the real needs of citizens and that their benefits
should be realised in a safe and responsible manner within a clear regulatory and policy framework
(legislative and other provisions) that explicitly addresses existing and expected applications of
nanomaterials as well as the very nature of potential health, environmental and safety problems.”
Among the other sections, it is clear that the European parliament does not legitimize the position
of some countries with the sole application of the regulations currently in effect without taking into
account the specificities of the risks related to NP. The European parliament (2009) hopes that
provisions will be developed that target nanomaterials in a specific way, and invites the
Commission to review all the legislation within two years.
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Regulation is being revised or questioned in many countries in Europe, Asia and America. For
further information, readers may refer to Mantovani et al (2009), Hansen (2009), Knebel et Meili
(2010) and the following website: http://www.innovationsgesellschaft.ch/nano_regulation.htm. In
Europe, NP procedures are currently subject to laws and regulations in force relating to chemical
substances. Nevertheless, lawmakers in several countries are clearly calling for the adoption of a
precautionary approach to carefully evaluate and balance NT risks and benefits (Hock et al., 2008;
Obadia, 2008; Mantovani et al., 2009; NIOSH 2009b; Hansen, 2009).

In conformity with directive 67/548/CEE (articles R.231-52 and following of France’s Code du
travail, arrété du 20 avril modifié), the person in charge of marketing substances must perform an
evaluation and make a report to the competent authority of the member State involved. For a
product that has never before been marketed, this directive applies regardless of the production or
import tonnage (even if simplified files are anticipated for the production of less than one ton per
year per manufacturer). Thus, the regulation facilitates evaluating the nanomaterial so that is
tailored to the actual production and the taking into account of dangers specifically related to its
nanostructure form. In light of the requirement to create a safety data sheet for all production over
one ton, the evaluation will give rise, among other things, to statutory labelling warning about the
dangers of the substance. For substances marketed after 1981, directive 67/548/CEE (article
R.231-52-12 of the Code du travail) holds that the notifying party must inform the competent
authority about all new knowledge on the health effects of the substance and about its new uses
(AFSSET, 2006).

NP from chemical substances must meet the requirements of REACH regulation (Registration,
Evaluation, Authorisation and Restriction of Chemicals). This regulatory framework of the
European Union came into force in 2007. A key REACH component, based on a precautionary
principle, is that the burden of proof regarding their safety and non-harmful effects on health is
now on manufacturers, importers and producers, rather than legislators (Mantovani et al., 2009).
The principal objective of this new program is to provide a higher level of protection for human
health and the environment, while allowing European markets in the chemical industry to function
efficiently.

The European obligation to protect production, marketing, transport and use of new materials
concerns manufacturers who must determine the properties and potential exposure resulting from
the production and use of nanomaterials. Manufacturers will produce a new Derived No Effect
Level (DNEL) in the context of REACH and this value will serve as a threshold limit value (TLV)
when developing safety data sheets for substances that have no TLV. The European Nanobusiness
Association is a body whose mission is to promote professional development for NT industry and
trade in Europe. Among the activities of this association are the drafting of standards, providing
information to the public, analysing legislation and providing expert testimony for political leaders
and decision makers. Several other bodies, both in the pharmaceutical and agri-food industries,
have been formed and are evaluating the impact of the introduction of new products (European
Nanotechnology Gateway, 2004).

Different approaches are also anticipated in the planning of European regulation. In particular,
insurance and reinsurance companies are playing a greater role. The legal repercussions of the
effects of asbestos prompted them to make representations to the government to demand the
implementation of a regulatory framework for nanomaterials. Two approaches in particular emerge
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in this regard: one advocating self-regulation and the introduction of voluntary programs by the
“NT” community, and the other recommending the addition of a regulation that would be
complementary to the REACH directive in Europe. Other regulations must also be taken into
account including those relating to the Agence medicale européenne, the European Food Safety
Authority, aspects of health and safety in the workplace, and the environment (Mantovani et al.,
2009). Until now, the only amendment to be introduced was to cancel the exemption status under
REACH for carbon and graphite, since it was considered inadequate in taking into account the
potential risks and current uncertainties of carbon-based nanomaterials (Hansen, 2009).

Without being a regulatory organization, the British BSI (2008), basing itself upon knowledge
relating to larger sized particles, made specific recommendations for threshold limit values (TLVSs)
by classifying NP in four major categories:

» Fibrous materials: It is recommended that the TLV currently in effect (0.01 fibres/mL) be
applied by doing the counting by electron microscopy and by retaining the usual counting
criteria (length greater than 5y, length/width ratio > 3);

= For carcinogenic, mutagenic or reprotoxic substances, it is recommended that TLVs ten
times smaller than those currently in effect be adopted,;

= For insoluble nanomaterials, the BSI recommends that the same relationship that NIOSH
proposed for titanium dioxide be applied to all insoluble NP, namely to reduce the existing
standard by a factor of 15 while retaining a TLV based on the mass of the NP. They also
suggest a TLV of 20,000 particles per millilitre while differentiating these particles from
the natural background for UFP;

= Finally, for soluble NP, it is proposed that a TLV be applied that represents half of the TLV
of a particle with the same chemical composition but of larger dimensions.

This British position, proposed at a meeting of an international 1ISO committee, has not been
retained for now.

10.3 Asia-Pacific Region

Due to its economic and commercial status, Japan is the leader in NT development in the Asia-
Pacific region: it accounts for half the total R & D budget in the field. However, the uneven
economic status of Asian countries influences the regulatory measures proposed to protect
populations and workers. Indeed, the policies of poorer countries, such as India, Pakistan, Sri
Lanka and Nepal are not as strict as those of more developed countries, such as Japan, Taiwan and
Singapore when it comes to protecting populations and the environment (Lorrain and Raoul,
2004). Of course, NT can provide tremendous benefits to populations. However, they can have
potentially devastating effects unless all factors are taken into consideration. Australia considers
responsible NT development a priority. They closely follow the development of knowledge in the
field and serve on numerous international committees of experts. Also, they consider their current
regulations sufficiently robust to deal effectively with NP problems, that is, without having to
introduce further regulatory changes (Harford et al., 2007).
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10.4 North America

10.4.1 The United States

To the best of our knowledge, there is currently no specific regulation for NT in the United States,
except for the law on R & D in NT in the XXI century (Public Law 108-153) promulgated in 2003.
New mandates have just been entrusted to various institutions to examine, and if necessary modify,
the existing regulation on NP and nanostructures (Marburger and Connaughton, 2007). On the
other hand, there are federal regulations on evaluating and regulating the workplace and the
environment, as well as on the health risks of materials and new technologies. An October 2005
workshop organized by the Rand Corporation, at the request of NIOSH (Bartis, Landree, 2006),
and discussed by Kuzma (2007), revealed four worrisome situations in the area of regulation:

o a lack of knowledge regarding risks, associated with institutional responsibilities, that can
slow down the development and marketing of new products;

o efforts to evaluate occupational health hazards linked to specific nanomaterials may be
hampered by the lack of scientific knowledge on the major classes of nanomaterials;

o a low level of public and private investment in improving knowledge on OHS and the
environmental risks linked to these new materials, compared to the spectacular investments
observed in R & D for new products;

o the indispensable collaboration between federal agencies and the public and private sectors.

In November 2007, the Office of Sciences and Technologies Policies and the Council on
Environmental Quality (Marburger and Connaughton, 2007), came up with principles to monitor
nanomaterial-related aspects of OSH and the environment. They revealed that federal agencies
with regulatory functions, including the EPA, the FDA, the OHSA and the NIOSH are responsible
for setting up polices for protecting the environment and the health of populations. In addition,
agencies directly involved in nanotechnology R & D, or using NT as part of their job, must
monitor them properly. The message was fully understood and in an amendment to the Act setting
up the National Nanotechnology Initiative (NNI) and approved by the American House of
Representatives in June 2008, the NNI was required to coordinate the agencies more effectively so
that it could provide the resources required for the ethical, legal and environmental aspects of NT,
as well to ensure that other social concerns linked to NT were taken into account (Mantovani et al.,
2009).

Among the guiding principles are the need to transparently develop the knowledge required to
understand NT impacts, standardize and render coherent the practices of various governmental
agencies in the area of risk evaluation and management, encourage international cooperation,
support access to and sharing of information, and develop and introduce special laws and
regulations whenever a need is identified and supported by appropriate scientific knowledge
(Marburger and Connaughton, 2007). Lastly, these laws must promote NT development.

Today, the occupational health institutions to which Americans refer are NIOSH, OSHA, ACGIH
and the FDA. OSHA, NIOSH and ASTM select protective equipment according to established
criteria, and NIOSH (2007, 2009b) has developed a guide to best practices in the workplace. There
is no approval or certification for consumer products (except for food and medicine). The
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challenge is daunting because one might have to deal with a chemical product that comes in
different forms (diamond, carbon nanotube, graphite, carbon black, fullerene, carbon nanofoam);
or with materials in which the only difference is granulometric (such as TiO,).

The Environmental Protection Agency (EPA) has the authority to regulate nanosubstances via
various programs covering the entire product life cycle. These include, among others, the Toxic
Substances Control Act (TSCA), the Clean Air Act (CAA), the Comprehensive Environmental
Response, Compensation, and Liability Act (CERCLA), the Clean Water Act (CWA), the Federal
Insecticide, Fungicide, and Rodenticide Act (FIFRA) and the Resource, Conservation and
Recovery Act (RCRA). To date, it would seem that the TSCA has been the NT regulation most
often referred to by the EPA. In this context, the EPA adopted a new regulation taking effect on
August 24, 2009, and dealing with 23 chemical substances, including single- and multi-walled
CNT (The Synergist, 2009; USEPA, 2009).

In this context, it is possible that the EPA will view the production of nanomaterials as the
production of new chemical substances, with all the preventive measures that this implies, in
conformity with the laws and regulations in force. A notice period of 90 days could then be
required to allow the EPA to revise information associated with the new substances or with their
health, safety and environmental effects (Mantovani et al., 2009) before a manufacturer imports or
handles these products. For substances representing an unreasonable risk for human exposure, the
EPA requires that workers wear an N-100 respirator and protective clothing (The Synergist, 2009).
After study, the EPA could also decide to prohibit or limit the production or use of these
substances.

The FIFRA, the Federal Insecticide, Fungicide and Rodenticide Act, was applied in 2007 in a case
that became famous. In a controversial decision, the EPA deemed that the Samsung washing
machine, which, following the washing of each load, was found to be covered with silver
nanoparticles and releasing a certain quantity of silver ions, should be registered as a pesticide. In
November 2008, the EPA decided to classify NTC as “new products”. This meant that the latter
would have to be approved for use whereas this was not the case before since they had the same
chemical composition as graphite, a substance that had been approved for a long time. They had
made known their intentions in October 2008 (USEPA, 2008a). The EPA also issued new rules for
alumina NP modified by siloxanes (USEPA, 2008b). As previously mentioned, the EPA adopted a
new regulation taking effect on August 24, 2009, and dealing with 23 chemical substances,
including single- and multi-walled CNT (The Synergist, 2009; USEPA, 2009). The EPA is
currently in the process of reviewing the TSCA with possible implications for NP.

OSHA has various standards that are applicable to NT. For example, nanosubstance manufacturers
must provide material safety datasheets describing the properties of these materials, their health
effects and preventive measures to be implemented. If the monitoring techniques are inadequate,
protective respiratory equipment must be provided to the workers. Lastly, the OSHA moral
responsibility clause obliges employers to keep the workplace free of recognized hazards. In the
workplace, OSHA applies a regulation based on Permissible Exposure Limits (PELS), threshold
limit values for chemical substances regulated in the United States that currently have no specific
standards for NP (Mantovani et al., 2009). NIOSH recommends threshold limit values that do not
have the force of law, as does the ACGIH. As concerns personal protective equipment, OSHA
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applies the regulation, the American Society for Testing and Materials (ASTM) determines the
standards and NIOSH evaluates and approves the equipment.

With regard to food and drugs, the Food and Drug Administration (FDA) has significant regulative
jurisdiction. When, in July 2007, it published the report of a working group on the analysis of
NP-specific aspects of science and regulation (FDA, 2007), it had already approved 24 nano-drugs
and made note of 26 others in the clinical trials phase. The FDA considered the NP inserted into
sun cream as particles of reduced dimensions and not as new particles, and consequently not
requiring new approval. The same perspective seems to apply to nanoparticles added to food
(Mantovani et al., 2009).

10.4.2 Canada

Since NT constitutes a new field of research, its risks and benefits are continuously being
examined and evaluated. Thus, the Government of Canada continues to regulate (Health Canada,
Environment Canada, 2007). It recognizes the need to adopt a balanced management approach
allowing Canadian society to use NT responsibly. This ensures an integrated and coordinated
management of its economic, environmental, ethical, health and social concerns, while preserving
the high or improved standards in the areas of safety and the environment (Santé Canada,
Environnement Canada, 2007). To this end, Health Canada commissioned the Council of Canadian
Academies to set up a committee of national and international experts to determine what is known
about the properties of existing nanomaterials, and about their health and environmental effects,
and to support the development of regulations focussing on research, risk assessment and
monitoring needs (Conseil des académies canadiennes, 2008). This expert committee maintains
that current regulatory mechanisms should be strengthened. To ensure worker safety, its members
are recommending (a) the development of an interim classification of nanomaterials; (b) a revision
of the criteria determining if a new material or product needs to be examined from the standpoint
of its health and environmental effects and (c) the perfecting of standardized methods for handling
nanomaterials. The authors stress the importance of strengthening metrological approaches to
facilitate efficient monitoring of NP impacts on consumers, workers and the environment. They
recommend support for an open and enlightened public debate and, to avoid any duplication of
effort and the creation of incompatible regulations, emphasise developing a coordinated approach
among governmental agencies, as well as with our international partners (Conseil des académies
canadiennes, 2008).

Canada’s regulatory framework responded to the uncertainties through a precautionary approach
giving priority to health and environmental protection. With this in mind, the report of the Council
of Canadian Academies (2008) has already set out a partial list (reproduced here) of Canadian
regulatory measures that may be relevant in the area of nanotechnology.

Environment Canada

Canadian Environmental Protection Act, R.S.C. 1999, ¢.33: New Substances Notification
Regulations (Chemicals and Polymers), SOR /2005-247 and Persistence and Bioaccumulation
Regulations, SOR/2000-107.

Canadian Environmental Assessment Act, R.S.C. 1992, ch.37
Fisheries Act, R.S.C. 1985, c. F-14.
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Canada Agricultural Products Act, R.S.C. 1985, ¢.20.

Feeds Act, R.S. 1985, c. F-9

Fertilizers Act, R.S. 1985, c. F-10

Pest Control Products Act, R.S.C. 1985, c. P-9

Oceans Act, S.C. 1996, c.31

Arctic Waters Pollution Prevention Act, R.S.C. 1985, c. A-12
Canada Water Act, R.S.C. 1985, c.11.

Health Canada

Food and Drugs Act, R.S., c. F-27, Section 1. Food and Drug Regulations, C.R.C. ¢.870;
Medical Devices Regulations, SOR /98-282; Cosmetic Regulations, C.R.C., ¢.869; Natural
Health Products Regulations, SOR /2003-196

Consumer Packaging and Labelling Act, R.S. 1985, c. C-38

Hazardous Products Act, R.S.C. 1985, c. H-3: Controlled Products Regulations, SOR /88-66;
Ingredient Disclosure List SOR /88-64

Health of Animals Act, 1990, c.21

Workplace Health and Public Safety Programme: Workplace Hazardous Material Information
System (WHMIS).

Canada, Human Resources and Social Development

Canada Labour Code (R.S., 1985, c. L-2), H-3.3: Canada Occupational Health and Safety
Regulations, SOR /86-304; Provincial labour codes and OHS codes.

In February 2009, Canada became the first country to legislate on nanomaterials specifically. The
law obliges companies and institutions that have produced or imported more than ten kilograms of
certain identifiable NP (lithium phosphate, homopolymerized silane) to submit all the information
they have on these products: their physical and chemical properties, toxicological data,
manufacturing processes and uses. Health Canada and Environment Canada will use this
information in the evaluation and management of nanomaterial risks (Gazette du Canada, 2009).
The health and environmental departments are currently studying the NTC file and could
eventually make specific recommendations on legislation to the Government of Canada.

10.4.3 Québec

In Québec, application of the Act respecting occupational health and safety (AOHS) and the
Regulation respecting occupational health and safety (ROHS) cover general aspects of obligations
in terms of developing the workplace contaminant prevention and containment programs of
institutions. Several chemical substances contained in nanomaterials are already cited in
Appendix | of the ROHS, which clarifies standards for chemical contaminants. However, this
regulation does not take into account the granulometry of particles, or the possibility that toxicity
may vary according to this granulometry. However, particle shape and granulometry may be of
decisive importance in terms of a product’s absorption, its distribution and interactions and,
consequently, its toxicity.
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The Workplace Hazardous Materials Information System (WHMIS) is a Canadian system of
which Québec is a member and that obliges suppliers to label chemical substances and produce
material safety datasheets describing products; they must also provide their principal
characteristics, their health risks and the protective methods they require. Employers must ensure
that the MSDS are available and train their workers as to their implications. Several other
provincial and federal laws may apply to NP in the same way they apply to chemical substances,
as in the case of the transport of hazardous material, for example. However, to our knowledge no
Québec law deals specifically with NP.
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11. THE MAIN ACTORS IN QUEBEC

Quebec is highly involved in nanotechnology research and is the first Canadian province to have
developed an overall strategy to promote the development and commercial production of
nanotechnologies. NanoQuebec plays a major role in planning and structuring nanotechnology. It
is a non-profit organization co-financed by the Government of Quebec (via the ministére du
Développement économique, de I'Innovation et de I'Exportation, the ministere des Affaires
municipales et des Régions and Valorisation-Recherche Québec) and the Government of Canada
(via Canada Economic Development for Quebec Regions). Its objective is to create critical masses
of researchers and the synergy required for improving the research and status of nanotechnologies.
It bases its approach on consultation and networking, that is, getting the various actors in the field
of nanotechnology to interact (companies, researchers, governments, manufacturers and
financiers). All of its initiatives are geared toward eventual business and industrial applications.
Concerned by ethical, OHS and environmental questions, it created an Internet portal to circulate
information and educate the general population about NT issues
(http://nanoquebec.ca/nanoquebecwi/site/index.jsp).

It has already concluded several national and international partnership agreements to help
Québec’s strategic positioning and maintains several strict partnerships with the main Québec
universities (including Université de Sherbrooke, Université Laval, Ecole Polytechnique, McGill
University, Concordia University, Ecole de technologie supérieure, Institut national de recherche
scientifigue and Université de Montréal) and various colléges d’enseignement général et
professionnel (CEGEP, Colleges of General and VVocational Education).

Québec has an extensive university network, with over 50 research groups working in the area of
NT. Moreover, it is in research and teaching that we currently find the largest contingent of
individuals potentially exposed to NP, though about forty companies, several of which are in the
start-up phase, are also involved. To date, it is estimated that there is a total of about 2000
individuals producing or educate about NP, and this figure should increase with the development
of new NP products and applications. The proportion of these individuals who are potentially
exposed remains undetermined for now.

The IRSST and the CSST are developing a pool of NT expertise to assess existing knowledge on
OHS risks. This should help institutions take preventive action, and prevent accidents and
increases in occupational disease. To respond to the concerns of their partners, and in their
common interest, the IRSST, CSST and NanoQuebec have jointly produced and published a guide
to best practices in the workplace (Ostiguy et al., 2009). Also, the IRSST and NanoQuébec
recently launched a call for research proposals on various aspects of OHS. Four major projects
have been funded and are in progress. Although NanoQuébec has close ties with all actors in this
sector, we still do not know the extent of nanomaterial use in Québec, be they produced locally or
imported.






IRSST - Engineered Nanoparticles: Current Knowledge about Occupational Health and Safety Risks and 99
Prevention Measures

12. POTENTIAL AVENUES OF RESEARCH

The NP field is expanding rapidly and the research to date has focused mainly on technological
developments for production of new materials. However, the impacts of these materials on health
and the environment have only been established partially: this research is in its infancy and there is
a manifest lack of scientific knowledge.

Reading hundreds of documents for our literature review nonetheless allowed us to identify several
research teams in this field and detect many OSH-related research avenues, which are divided into
two sections in this chapter. The first section will offer a general, non-exhaustive vision of the
multiple identified or perceived needs. Some of these projects are already being implemented in
different countries and could allow further probing of various OSH aspects related to NP. The
IRSST eventually will be able to exploit this new knowledge by updating its literature reviews
(Ostiguy et al., 2006b, 2008, 2009) and by knowledge brokerage strategies with the organizations
possessing information necessary for the IRSST’s mission. In the second section, in view of the
potential research orientations (only part of which are reported here) and the requirements for
developing scientific knowledge, the authors of this report will propose research priorities to the
IRSST with the aim of enriching those described in its 2006-2010 strategic plan (IRSST, 2006)
and in its 2009-2011 research plan (IRSST, 2009) and of helping to transfer them to Québec work
environments and to the safe development of NT in Québec. The IRSST should also assume a
provincial coordinating role for research in this field, particularly through its involvement in the
Québec occupational safety and health research network community known as the (RRSSTQ -
Réseau de recherche en santé et en sécurité du travail du Québec), whose research is oriented to
nanotoxicity and covers broader aspects of OSH than those proposed in the second part of this
chapter.

12.1 The Main Orientations for Developing Research in the World

A very wide variety of NP are produced, each of which may display its own physical, chemical
and biological properties. These NP may follow different penetration routes into the body, some of
which are voluntary (drugs, diagnostic tools) and others involuntary (contamination of air, water,
soil, food, etc.) or directly related to the environmental conditions of the work environment.
Beyond voluntary injection, absorption can occur through the pulmonary, cutaneous or digestive
routes. Current knowledge suggests that alteration of their surfaces or of certain of their properties
has a direct impact on health effects and the environment, apart from the fact that some properties
may also change during the life cycle of products containing NP. The risks related to a specific NP
could also evolve over time, as could the means required to control them.

Effective risk management improves when risk assessment is exhaustive. This risk cannot be
concretized precisely, given the lack of essential information. For the time being, it is necessary to
fall back on precautionary approaches.

Regarding the inevitable needs for new knowledge in OSH, current or future research should
aspire to a better understanding of the fundamental parameters for assessing, managing and
controlling OSH risks. We will select the following studies, among others, as the main
orientations: Mark, 2005a, 2005b; Department for Environment, Food and Rural Affairs, 2005;
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DEFRA, 2007; NIOSH, 2008, 2009d; Hurt et coll., 2006; AFSSET 2006; Environmental Defense
— Dupont, 2007; Tran, 2006; National Science and Technology Council, 2007; ICON 2008;
Conseil des académies canadiennes, 2008; National Nanotechnology Initiative, 2008; Schulte et
coll,, 2009; Schuster, 2007:

Orientation 1: Harmonize the definitions and produce reference materials

2 Several organizations, including the ASTM and ISO, are currently working on the
development of a terminology specific to the nanotechnology field. This work must continue
and lead to an international consensus.

 The development of well-characterized reference materials (size, granulometric
distribution, specific surface, concentration, crystallinity, solubility, chemical composition,
electrical charge, morphology, structure, degree of aggregation, mechanical, electrical, magnetic
and optical properties, surface chemistry, solubility, etc.) is essential to a better understanding
of NP behaviour in the air and in the body. These reference materials must be made available
for all the major NP categories (nanotubes, fullerenes, quantum dots, metal oxides, etc.). They
will make it easier to compare the results of the future studies, particularly regarding health
effects and contribute to the calibration of equipements used in metrology.

Orientation 2: Produce a picture of the Québec situation

> One of the critical stages in risk control is to identify the clientele to be served. This
objective will be achieved by developing a detailed inventory of Québec research laboratories
and establishments producing NP, as well as establishments incorporating NP into their end
products. The challenge quite obviously will consist of keeping this inventory up to date and
identifying the establishments that purchase NP, and incorporating them into their production
processes.

2 In addition to inventorying, classifying and categorizing NP by type, volumes of
production or use and applications, extract the relevant data for Québec, including the number
of potentially exposed workers.

>» Determine the characteristics of materials/products produced/used (size, concentrations,
volumes, composition, structure, morphology, surface properties, explosive properties, etc.)
and their main uses.

2> Determine the main processes implemented in Québec and identify potential associated
risks.

“» Document the current working conditions, the means of prevention and their efficiency and
the good work methods already in place.

“» Establish a watch function to keep the data up to date.
Orientation 3: Document the toxicity of different NP

2= Unlike several gaseous, liquid or solid materials, the desirable properties of NP are closely
dependent on the dimensions, shape and physical or chemical structure of the material
employed and their unique properties at these dimensions. Similarly, it is likely that biological
activity is closely related to the physicochemical parameters of NP, thus leading us to
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reconsider the classical interpretation mode of toxicological studies. The current results of the
toxicological research on CNT, fullerenes, quantum dots, silica, titanium dioxide and other
oxides and metals that are insoluble or only slightly soluble reveal the need for painstaking
examination of methods for characterizing nanomaterials during assessment of their potential
biological activity. The classical interpretation of the observed effects directly correlated to
mass no longer facilitates understanding and explanation of the observed phenomena.
However, a better parameter (or series of parameters), which can link exposure to the observed
effects, has not yet been defined. In such a context, it will be appropriate to pay attention to the
most complete characterization possible of the NP studied.

 The use of reference materials should be advocated to facilitate comparison of the results of
different studies, given that the current studies suggest that absorption, distribution,
metabolism, excretion and toxicity depend on the physical and chemical characteristics of NP,
their functionalization, their coating, their dimensions and their degree of aggregation. The
often divergent results of various toxicity studies of the same products could be attributable, at
least in part, to the use of products with the same chemical composition but having different
properties. The often very summary characterization of the initial products cannot ensure that
the different teams really used equivalent products.

> Given the number and the very great diversity of the NP produced, continued development
of new approaches in toxicological research is suggested. The goal is to analyze these products
while meeting deadlines at reasonable costs, and to produce a first assessment and a summary
classification of toxicity. The normalization of the methods for detection and study of the
biological effects of NP would allow establishment of strict and reproducible methodologies,
the results of which would be comparable from one study to the next.

» Characterize the NP that will be put on the market, based on their reactivity and their
interaction with human tissues, so that categories can be established: inert NP, toxic NP by
direct interaction, or toxic NP by indirect interaction, such as through the release of toxic
metallic ions. Toxicological research would benefit from the perfecting of new ultrasensitive
dosing methods to detect ultratraces.

2 For each type of NP, document their capacity for penetration and absorption through
physiological barriers (intestines, lungs, skin, hematoencephalic barrier, placenta, cell, cell
nucleus), their translocation and the intercellular and intracellular transportation mechanisms
and their distribution in the organism, the molecular, cellular and tissular interaction
mechanisms between NP and the organisms, their biopersistence in the cells and tissues, the
elimination mechanisms (e.g.: how the NP are deposited and eliminated in the pulmonary
routes after intratracheal instillation, pharyngeal aspiration or inhalation exposure), their
transformation, generation of reactive oxygen species, induction of oxidative cellular stress
causing inflammation, followed by fibrosis and various pulmonary impairments, mutagenicity,
genotoxicity and cancerogenicity, cell damage (cytotoxicity and apoptosis) and their
circulatory effects. The epidemiological studies of UFP suggest specific study of the impact of
NP on the cardiovascular system and the brain after pulmonary absorption.

2 Determine not only the distribution in the various organs but also bioaccumulation,
biodegradation, biopersistence, location, biological fate and toxicity, for each target organ, of
the different types of NP in various types of animals following acute and chronic exposure via
representative routes of occupational exposure (inhalation exposure and cutaneous exposure).
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2 Document thoroughly the potential impact of these pulmonary or cutaneous exposures on
various types of NP in order to establish dose-response relationships that will facilitate
development of exposure limits in the work environment. This can be achieved by measuring,
among other factors, the nature and severity of lung damage, oxidative stress, inflammation
and fibrosis after pulmonary exposure to NP of different compositions, forms and
granulometries.

> For substances displaying toxicity, it is essential to determine the physical parameter best
correlated to the toxic effects measured: product mass, number of particles, size or specific
surface, charge, crystallinity, etc. It also seems important to approach the study of the effects
on model organisms of chronic absorption at low doses. Among the biological species to be
studied, some authors recommend paying special attention to those species for which the
genome has been sequenced and is accessible, and to genetic study to benefit from the
considerable advances of the genomics approach (functional genomics, transcriptomics,
proteomics, metabolomics).

“» Determine whether certain NP can achieve a transplacental passage and, if necessary,
document the eventual consequences.

2= Determine whether NP exposure has effects on the immune system, the central nervous
system or the reproductive system, or shows cancerigenic or genotoxic effects.

2» Determine how the shape, durability and chemical composition of NP affect their
translocation capacity and their biological activity.

2= Determine whether in vitro tests are predictive of in vivo effects and how in vivo tests on
animals can be extrapolated to humans, knowing, for example, that rats are much more dust-
sensitive than humans.

= Understand how chemical and physical modifications influence the toxicity of various types
of NP and establish the relationships between the structure and the activity.

“» Modelling the integration of various complexity scales (cells, organs, organisms, individual,
population) could eventually contribute to a better understanding of NP toxicity, once the
different parameters essential to application in the models have been determined
experimentally and the best practices retained. These models would allow description of the
relationship between the internal NP dose and the biological response and determine the
minimum doses that may cause potential human health effects.

Orientation 4: Development of risk assessment models and standards

As discussed above, quantitative assessment of NP-related risks is currently difficult, or even
impossible, for the vast majority of NP. To the best of our knowledge, NIOSH (2005a) is the only
body that has succeeded in producing such an assessment, and only in the case of titanium dioxide.
However, recent studies allow new questions to be raised about these conclusions (Warheit et al.,
2006, 2007, 2009). In this context, once essential information becomes available, we can envision
research on quantitative assessment of NP-related risks.

2> Develop statistical methods to consolidate the risk estimates for a certain number of
plausible dose-response models.
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2 |Investigate the application of risk assessment methods by using existing data as a base to
develop risk management strategies.

> Ultimately, the toxicological studies should make it possible to understand the action
mechanisms of different types of NP and establish dose-response relationships capable of
estimating safe exposure thresholds and standards for workers. They thus should establish the
measurable parameters of NP in the work environment, capable of relating the exposure doses
to the health effects.

Orientation 5: Determine the risks related to explosions and fires

2» Understand and determine the chemical and physical characteristics and properties of NP in
a state to trigger catalytic reactions, and thus to increase the fire or explosion potential and
develop methods for their assessment.

> Determine the dustiness related to different NP in the laboratory by normalized methods.
Orientation 6: Verifying safe work thresholds through epidemiological studies

The Québec researchers working in nanotechnology research have been clearly identified but we
have little knowledge of the composition of their teams. No information regarding the companies
and workers incorporating NP into value-added product manufacturing is currently available,
while information on those producing NP is only very partial. In such a context, the following
research avenues can be envisioned:

2 Conduct longitudinal epidemiological studies immediately, particularly among the cohorts
of young technologists being trained in NT. This would make it possible to determine the
“referential” health status of a population that could become exposed to NP, with each worker
potentially becoming his own control. However, this approach has many limits: limited cohort,
unspecified current and future NP exposure, totally unknown future health effects, very high
costs.

2 With increased NP production and use, conduct workplace epidemiological studies of users
and producers to isolate the measurable specific risks in the exposed workers. It will be
difficult to cover this aspect for many years, at least in Québec.

Orientation 7: Develop occupational exposure measuring devices and strategies

A research priority should be assigned to the understanding, prediction and quantification of the
physical and chemical properties and behaviour of NP in the air and in the body. In the short term,
it is necessary to have devices for detecting synthetic NP that can be used in an industrial setting,
in the environment and in toxicological studies. These devices should have sufficient sensitivity in
terms of size and concentration, good reliability and a low cost, be simple to use and have a spaced
maintenance frequency with the possibility of computer networking of surveillance. All this should
allow description and measurement of exposure levels with adequate parameters. However, there
are no devices adapted to the current industrial context. More specifically, but without limitation, it
is therefore proposed to:
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2 Develop new equipment accompanied by adapted strategies allowing specific measurement
of the NP exposure of workers and researchers, in relation to the measuring parameter(s) best
adapted to product toxicity assessment for all types of NP, whether particulate or fibrous. The
development of new methods for using existing techniques will allow characterization of the
relevant parameters of nanoparticulate aerosols with regard to the potential health effects. The
selection of well-characterized standards is recommended to develop reference protocols for
measuring the atmosphere in the work environment or in the generation chamber.

> Instruments are also required to monitor and characterize NP in toxicological studies and in
the body.

> Currently, several types of equipment exist that allow non-specific measurement of
different parameters (size, surface area, number of particles, etc.) in the laboratory and, with
more difficulty, in the work environment. They are normally bulky, heavy and not NP-specific,
lack sensitivity to particle size and the minimum measurable quantity, and often necessitate
very specialized expertise. Due to the lack of equipment that can be worn by the worker in the
respiratory zone, it is impossible to determine the specific surface of particles, the number of
particles, the size, the surface properties, the electrostatic charges or the airborne granulometric
distribution at the personal workstation in the work environment. Consequently, new portable
equipment will have to be developed to allow better aerosol characterization, particularly by
measuring the concentration expressed in specific surface and giving information on the
number of particles, the granulometric distribution, the composition and the charge of the
particles. ldeally, these instruments should be able to discriminate between NP and other
airborne contaminants. Finally, we should note that NP characterization will be facilitated by
the availability sought for reference products capable of allowing adequate calibration of the
instruments.

2 Ideally, develop more sensitive detection methods, specific to the engineered nanoparticles,
so as to free the readings from the high and fluctuating background noise of the UFP already
present. For example, these methods should be capable of detecting the constituent material or
a specific optical property of the particles of interest.

2 Until these ideal instruments exist, apply assessment strategies based on the best
knowledge available in seeking to characterize a maximum number of airborne NP parameters
and understand their airborne behaviour, including their agglomeration, displacement,
sedimentation and chemical and physical transformations in the atmosphere.

2 Develop and construct NP aerosol generation chambers allowing laboratory reproduction
of the anticipated concentration levels representative of work atmospheres in terms of
granulometry, concentrations and other characteristic parameters, such as agglomeration state,
form, density, electrical charge, chemical composition, etc. These enclosures should be
capable, in particular, of studying the behaviour of the different NP in controlled environments
containing NP, either alone or in the presence of other contaminants. They should also measure
different parameters simultaneously with different equipment; this will allow calibrating the
equipment and determining its performance. Finally, we should note that these enclosures are
necessary to expose animals through inhalation in a controlled environment.

> Develop knowledge of the chemical characteristics of NP for a better estimate of exposures
and risks. The development of chemical analysis methods coupled with sampling methods will
often constitute the only approach allowing a distinction between the NP and UFP present in
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any work environment. These methods will have to account for the low concentration levels
expected for certain NP and the presence in the work environment of other particles of
nanometric dimensions (UFP), which can interfere with the other equipment that will make
determinations not specific to NP (surface area, number, charge, etc.).

> Develop measuring devices and methods capable of continuous assessment of the work
environments and individual exposures and optimize the existing equipment to make it perform
sufficiently for assessment of NP.

» Develop specific techniques for each type of manufactured nanoparticle to lower the
detection limits and increase the specificity of the analysis.

Orientation 8: Assess occupational exposure

In general, the occupational exposure assessment will be based on the description of the Québec
situation (Orientation 2), on the specific toxicity of NP (orientation 3) and on the availability of
strategies and equipment allowing representative and distinct measurement of NP exposure
(Orientation 7). Since most of the synthesis processes will be performed in closed or partially
closed circuit, a dysfunction or leaks on the equipments are always possible. It is then probable
that the events originating in airborne NP emissions are fleeting or unstable, or come from specific
situations in the process (bagging, etc.), inducing spatial and temporal variability of the
concentrations, the granulometry and possibly other parameters, such as electrostatic charges. On
the other hand, certain users or processes can operate in an open atmosphere. This would be the
case particularly in the textile industry, where suspensions containing NP would be vaporized
directly on fabrics. Given the operators’ mobility, multiple emission conditions and air
movements, the fixed-station data obtained cannot be transposed directly into personal exposure
data without special consideration, as is the case for the majority of occupational exposures,
independently of the contaminant. It is thus appropriate to conduct certain research to assess
occupational exposure to the various NP encountered in industrial establishments.

> Develop occupational exposure assessment strategies, depending on the products, the
processes involved and the work situations encountered in Quebec.

2> Determine the most appropriate measuring parameters for quantifying the risks (surface
area, number of particles, surface reactivity, etc.) and assess the performance and precision of
the different measuring and characterization instruments (ideally continuously and in real time)
and the intervention strategies in establishments to quantify these parameters.

2> Develop testing and assessment systems allowing comparison and validation of the
sampling and measuring instruments for different NP of various sizes and shapes, including
assessment of CNT, particularly by the use of laboratory characterization methods.

“» Measure and characterize the NP emission sources and the behaviour and fate of NP under
real airborne conditions in the work environments, including dispersion, transformation,
evolution, persistence, sedimentation and resuspension.

“» Document and characterize occupational exposure (pulmonary, cutaneous and oral route) in
various work environments and for different synthesis and use processes. These studies include
experimental validation of the deposits in each part of the lung.
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> |n the toxicity assessment plans, account for the development of worker exposure
measurement and assessment tools and the tendency of NP to agglomerate.

> Document exposure during the manufacturing, use, recycling and elimination stages, and
during spills or accidents.

2> Determine, under real conditions in the work environment, the dispersion, agglomeration,
sedimentation and resuspension of NP. With certain powders, a laboratory or in-plant study of
the propensity to form an aerosol in response to agitation, a spill or an air flow is of great
interest to the industry and industrial hygienists.

“» Model and validate the NP dispersion and aggregation models in the work environments.

 Based on the results obtained in the previous stages, determine an overall strategy for
monitoring the processes, workers in industrial establishments and research laboratories,
particularly in terms of the type of measurement (personal or fixed station), the parameters to
be measured (surface area, number, granulometric distribution, etc.), the equipment to be used
and the analyses to be performed in the laboratory, the frequency and duration of
measurements, etc.

Orientation 9: Assess the efficiency of the means of control

Since various toxic effects have been documented for a wide variety of NP, worker exposure and
dispersion of NP in the work environment should be minimized. In this sense, the IRSST, in
collaboration with the CSST and NanoQuébec (Ostiguy et al., 2009) have produced a best
practices guide to support companies and research laboratories in the implementation of measures
for working safely with NP. However, current knowledge on the efficiency of various means of
prevention regarding NP is extremely limited. Several aspects need to be documented quickly, for
different types of NP of different sizes, dimensions and forms. For example, the first publications
on the efficiency of high-performance filters in blocking NP are very encouraging, at least as
concerns tested spherical or quasispherical particles. Filter behaviour and efficiency are only one
of the topics for which additional research is required to assess the real efficiency of the means of
collective and individual protection currently available. Finally, access to new scientific
knowledge will allow better assessment and better management of the NP exposure risk. Until
then, however, the general principles of occupational hygiene described above allow
implementation of the basic elements of sound risk management. In this sense, and non-
exhaustively, research on assessment of the efficiency of the means of control should:

2> Assess the efficiency of the means of prevention already used in establishments:

- Design: elimination or substitution of products, processes and equipment...

- Engineering controls: isolation and enclosure, ventilation at source, local ventilation,
ventilation by dilution, laboratory hoods, glove boxes, air recirculation and filtration,
equipment isolated against explosions...

- Administrative means: prevention program, reduction of work periods, safe work
procedures, access reserved to authorized personnel, reduction in the number of
workers, modification of work practices, personal hygiene measures, housekeeping and
preventive maintenance of equipment, information and training for workers, storage,
emergency showers and double locker rooms, spill control and management...

- Personal protection: variety of equipment used.
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2 Study the explosivity characteristics of NP and the best means of safe production, storage,
transportation and implementation.

> In the existing systems, assess the efficiency of all the control measures commonly used
during production, bagging, handling, storage and transportation of NP and their integration
into value-added products.

> In the laboratory, assess the efficiency of the personal protective equipment available
(gloves, aprons, clothing laboratory coveralls, etc.).

> |n the laboratory, assess the efficiency of the different filtration systems and existing types
of filters, both for the ventilation systems and for the respirators at different representative flow
rates for their use by the workers.

2 Cutaneous protection could necessitate the development of specific equipment and adapted
strategies, the performance of which will have to be assessed.

2 Assess the efficiency of the conventional means and determine the best approaches to
cleaning of the contaminated surfaces. Also, study the state of the deposited nanoparticle, its
granulometry, its adhesion to the collector surface, the ease in dislodging it from the surface
and the best cleaning and decontamination strategies, depending on the type of NP.

2 Assess under real conditions all the systems and strategies assessed in the laboratory.
“» Based on the acquired knowledge, refine the best practices for handling of nanomaterials.

>» Conduct research to improve the performances of existing equipment where the assessment
shows that equipment performance and procedures are insufficient to lower exposure to an
acceptable risk level.

Orientation 10: Promote the safe growth of Québec businesses and safeguard the health of
researchers and workers

Existing knowledge on NP and research on the nine preceding orientations has provided a vast
array of usable information to favour safe development of NT. Thus, a best practices guide
addressing both the work environment and the research environment was produced (Ostiguy et al.,
2008, 2009) with the aim of supporting the development of Québec NT. On the operational level,
we must:

2 Update this guide when new scientific and operational knowledge permit this.

» Develop dissemination strategies specific to these clienteles, most of which are very small
production businesses or small research teams. For example:

- Continue collaboration with the CSST and NanoQuébec, which will participate actively
in the dissemination of information to their clienteles.

- Send a copy of the guide to every establishment or research laboratory in the
nanotechnology field.

- Make all the documents available on the IRSST website.

- Inform Québec’s OSH stakeholders, particularly the CSST inspectors, physicians,
nurses, hygienists and hygiene technicians of the occupational health network, the
parity sector associations and the prevention mutuals that can act as relays to the
various clienteles concerned.
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12.2

- Multiply the presentations at special interest events (NanoQuébec conferences, for
example) or general interest events (regional CSST’ conferences, conferences of
hygienists, physicians, OSH managers in establishments or universities, etc.) and within
the context of training for future nanotechnologists, OSH specialists and engineers, etc.

- Publish the research results in peer-reviewed specialized journals.

- Popularize the research results in articles addressing the various clienteles concerned.

- Produce technical data sheets when this is possible and relevant.

- When the information becomes available, inform the regulatory review committee of
the need to adopt NP-specific regulation and tools allowing application of the
regulation in OSH.

- Consider the possibility of producing a website based on examples of best practices
implemented in laboratories or establishments.

As already mentioned, updating the three documents (Ostiguy et al., 2008, 2009 and 2010)
will favour optimum use of new Quebec and international scientific knowledge.

The Main Research Development Avenues proposed to the IRSST

The previous section showed the enormous need to develop new scientific knowledge relating to
the OHS aspects of NP. With limited human and economic resources, the IRSST cannot hope to
cover all of these scientifically interesting aspects. Many toxicological studies are currently in
progress in the international scientific community and cover a wide range of NP. Simply keeping
track of the publications appearing in this field is a challenge. Very few studies are related to
occupational exposure. However, since the risk associated with NP is not only related to the
toxicity of these substances but also to the workers’ exposure level, the authors of this report
propose that the IRSST channel its research efforts to the following four avenues and monitor the
scientific literature for the other research orientations described above:

(0]

First, continue incorporating new knowledge from world research, particularly but not
exclusively concerning toxicology and health risks. This should cover all the orientations
described above.

Second, assume a strong provincial leadership and coordinating role through the RRSSTQ.
In particular, this network facilitates collaboration on numerous research projects and
funding from various granting bodies in niches that the IRSST would not necessarily be
able to fund, either because their relevance and priority have not been recognized, or
because resources are too limited. The particularly targeted priorities would cover
Orientations 3, 4, 5 and 6.

Third, establish its own research priorities and orientations to ensure that it has the
necessary knowledge for its mission. To this end, ensure that the work directly subsidized
by the IRSST pertains primarily to improving knowledge of the Québec work
environments where NP may expose workers to greater risks, assessing occupational
exposures to these NP, and undertaking programs of prevention (more specifically
regarding the effectiveness of means of prevention). The request for research proposals
issued by the IRSST and NanoQuébec in autumn 2008 takes this very direction: developing
new knowledge in metrology and assessing the occupational exposure and effectiveness of



IRSST - Engineered Nanoparticles: Current Knowledge about Occupational Health and Safety Risks and 109
Prevention Measures

means of prevention. The dissemination of information via a wide range of strategies
designed to reach all work environments is an essential way to implement safe practices in
the workplace. Orientations 2, 7, 8, 9 and 10 described above are consistent with these
priorities.

o Finally, continue its leadership role at the provincial, Canadian and international levels,
particularly through the transfer and validation of research results and its involvement in
various targeted work groups, including those aiming to develop an ISO international
standard, an approach to control banding (AFSSET/AFNOR/ISO) and a CSA Canadian
standard.
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13. DISCUSSION

A synthesis of existing occupational health and safety knowledge is required

While the R & D designed for the development of new products, applications in industry and
marketing has been torrid for over a decade, research aiming to understand the health effects of
occupational exposure or the risks of nanoparticles to occupational safety is at a less advanced
state. Given this context, the introduction of nanomaterials raises several questions regarding their
health and safety risks, especially in the workplace. In 2006, we published a literature review
reporting on the scientific knowledge published up to the end of 2004. This updated second edition
covers the scientific literature published up to early 2010. Consequently, certain general sections
have been abridged; readers seeking a more detailed version of these sections can consult the first
edition. In this new edition, one notes, on the one hand, the still significant lack of scientific
knowledge relating to the different essential aspects for risk evaluation and control. Nevertheless,
the rapid increase in research specific to NP carried out in different laboratories over the last few
years substantially enriches the first edition of the report.

New materials with unique properties, the fruit of a multidisciplinary approach to research

An industrial revolution in nanotechnology (NT) is underway. The enthusiasm for the potential
applications of NT may be gauged by noting the remarkable investment in research in this field
over the last few years. NT does not alone represent another step towards miniaturization. At this
scale, certain nanoparticles reveal unique properties (resistance, hardness, adhesion...) that are
radically different from substances with the same composition but with larger dimensions. In this
context, our definition of NP specifically targeted voluntarily synthesized products from the
standpoint of using the unique properties demonstrated at these dimensions. However, ultrafine
particles of comparable dimensions resulting from different processes such as emissions from
diesel motors or welding fumes were not retained.

Eventually, the overall impact of NT is likely to revolutionize every sphere of society: science,
industry, the environment, human health... Indeed, we can expect a plethora of applications in
every field of human activity from the biomedical field to electronics, by way of metallurgy,
agriculture, textiles, coatings, cosmetics, energy, catalysts, etc. Anticorrosion materials, self-
cleaning windows, drugs delivered directly to the affected site or anti-graffiti paints represent only
a few examples of potential applications. More than 1000 products are already marketed and
organizations estimate that the annual market for “nano” products will reach 1,000 billion US
dollars by 2012-2013, generating considerable economic spinoffs while creating employment for
approximately two million people.

Many Québec workers potentially exposed

Québec has about fifty research teams consisting of about 200 professor-scholars active in this
field and over 1,000 students divided up amongst almost all the province’s universities, four
CEGEPS and several research centres. The NanoQuébec website lists nearly fifty enterprises in
Québec currently working in nanotechnology. In addition, we need to take into account that
Québec imports nanoparticles for a variety of fields in which workers are already potentially
exposed. It is expected that over the next few years there will be an increase in the number of
Québec workers who, because they use, transform or produce NP, are exposed to them.
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Furthermore, a few new NP production and NP integration plants were in the start-up phase at the
time this document was being written. Even if it is relatively easy to identify researchers and
industrial plants producing NP, the identification of industrial plants buying NP and incoporating
them in their production lines is still a challenge, making it difficult to sustain the implementation
of safe work practices in these enterprises.

Various health effects have already been documented

Despite the growing number of published studies, the corpus of current knowledge on the health
risks and effects of engineered NP is still incomplete. We are therefore currently in an important
paradigm situation. In fact, on the one hand, the use of new, often unexpected properties of NP
offers an extraordinary potential for economic development with applications in many fields. On
the other hand, our inability to anticipate the behaviour of NP in the human body, due to their new
and often unforeseeable properties, is at the centre of our concerns. Of primary concern in the
present document are NP that are insoluble or only slightly soluble in biological fluids, since the
toxicity of soluble particles is related solely to their chemical composition and to their deposition
sites. The toxicity of soluble products is usually well known and independent of the particle’s
original size.

For NP that are insoluble or only slightly soluble in biological fluids, some major trends seem to
be emerging. Several studies have shown behavior that is unique to NP because of their tiny size.
Some NP can pass through our various defence mechanisms and be transported into the organism
in insoluble form. Translocation, the ability to move to other sites in the body, is an important
characteristic of insoluble nanoparticles. Thus, they can be found in small proportions in the blood
and lymph systems after passing through the pulmonary or gastrointestinal membranes, spread to
the different organs and accumulate at certain specific sites. Other NP, captured in the nasal
passages, can travel along olfactory nerves, pass through the hematoencephalic barrier and directly
penetrate the brain, or cross the cell barriers and reach the nucleus of the cell. Some NP can breach
the placental barrier and lodge in the embryo. Widely studied in pharmacology, these properties
could allow use of NP as vectors to carry drugs to targeted sites, including the brain. The corollary
is that undesirable NP could be distributed in the organism of exposed workers and produce
deleterious effects. Our knowledge of the human body’s ability to recognize these foreign bodies
and take charge of them adequately is still limited.

Normally, in toxicology, the effects are correlated to the quantity of product to which animals or
humans are exposed. The greater the absorbed mass, the greater the effect. In the case of NP, it has
been shown clearly that the measured effects are not well correlated to the product’s mass, thus
upsetting the classical interpretation of toxicity measurements. It is averred that, at equal mass, NP
normally are more toxic than larger products of the same chemical composition. A consensus
seems to be emerging in the scientific community that several factors contribute to the toxicity of
these new generation products and that it is currently impossible, based on our fragmentary
knowledge, to weigh their relative importance or predict the precise toxicity of a new NP.

For a specific chemical composition, many published studies relate the observed effects to the
specific surface, surface properties, number, size and granulometric distribution of the NP.
Concentration, surface dose, coating and surface properties, degree of agglomeration of the
particles and pulmonary deposition site, surface charge, shape, porosity, crystalline structure,
electrostatic attraction potential, particle synthesis method, hydrophilic/hydrophobic character and
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post-synthesis modifications are other factors that influence NP toxicity. The presence of certain
contaminants, such as metals, can also favour formation of free radicals and inflammation, while
chemical composition and release of surface components, NP colloidal and surface properties,
compartmentation in the airway and biopersistence are all factors that make understanding their
toxicity even more complex. Moreover, the biopersistence of certain NP or certain components of
NP in the body is becoming a major factor in their toxicity. These various factors consequently
influence their functional, toxicological and environmental impact.

Several effects have already been shown in animals, including toxic effects on different organs
(heart, lungs, kidneys, reproductive system...), as well as genotoxicity and cytotoxicity. Since the
main absorption route in the work environment is still the airway, different studies clearly show
that the very small size of nanoparticles is a key factor in toxicity, especially for particles that are
insoluble or only slightly soluble.

Some NP can induce growth of reactive oxygen species, cause oxidizing stress, generate activation
and injury of the airway cells, or cause inflammation, allergy, infection, bronchial obstruction and
tissue damage, all possibly leading to changes in respiratory function. Some particles, for example,
cause granulomas, fibrosis and tumor reactions at the pulmonary level in rat studies. The data
currently available also suggest that cutaneous absorption would be relatively limited. Although
major trends are emerging and reveal numerous toxic effects related to certain NP, it is found that
each synthesized product can have its own toxicity. It seems that any modification of a process or a
surface can have an impact on the resulting product’s toxicity. Unfortunately, a very large
proportion of the toxicological data currently available on several NP is difficult to extrapolate
under real occupational exposure conditions because the exposure methodologies used are very
different from the workplace realities. For example, few pulmonary toxicity studies have been
carried out following the inhalation of airborne NP.

A current major concern of the scientific community involves CNT, which are very biopersistent.
In fact, several recent studies suggest that carbon nanotubes would have potential effects similar to
asbestos and that the toxicity would increase with the length and the accumulated dose. However, a
major question remains unanswered: Would workplace exposure levels promote the inhalation of
substantial quantities of CNT or does the application of current exposure control measures cause
the workers’ exposure to remain always at very low levels, even without exposure?

Assessment of the risk for workers

The toxic risk is based on the inherent toxicity of each NP and the level of exposure to this
substance. In general, the toxicology data specific to each NP are still limited. The recent
development of NT and the lack of information on working conditions and occupational exposure
also greatly limit our ability to prognosticate the potential impact of NP exposure on workers’
health. The information currently available gives reason to conclude that the main production
processes can lead to occupational exposure if appropriate control measures are not implemented.
Moreover, to avoid aggregation of particles, several processes have a post-synthesis stage to
modify the particle’s surface, often by coating it with another organic or inorganic substance; this
operation has an impact on the nanoparticle’s toxicity.

The technologies normally used in industrial hygiene are poorly adapted to characterization of
nanoparticle levels in the work environment and restrict our ability to measure occupational
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exposure, whereas the toxicological studies show that toxicity depends on several characteristics of
nanoparticles — including surface, size, number, chemical composition and shape — and not only
on mass. The development of strategies and tools allowing measurement of these additional
parameters then becomes essential to risk assessment.

It must also be considered that because of their large specific surface, some nanoparticles offer
major reactivity potential, which can result in fires or explosions ou uncontroled catalytic
reactions. Specific prevention measures must be put in place to avoid such events. In the context of
the current uncertainty, the risk will be impossible to quantify. A control banding approach can
help determine the level of control to be established but requires a detailed analysis of each
workstation and a good level of expertise.

Moreover, several occupational health and safety and environmental research organizations, such
as NIOSH in the United States, HSE in England, JNIOSH in Japan or INRS in France as well as
the IRSST, are currently conducting research to develop new knowledge eventually allowing
quantitative risk assessments of workers’ exposure. For this purpose, tools allowing assessment of
occupational exposure must be adapted to the measurement characteristics required, depending on
the nanoparticles’ toxicity. Real exposure levels must be measured in the work environments and
the effectiveness of the means of control and personal protection equipment must be evaluated.

Prevention: an essential aspect to implement

In such a context, this report is intended primarily as an information tool for Québec
preventionists. It particularly provides information on the means and tools allowing people to work
safely with engineered nanoparticles to prevent the risks of accidents or development of
occupational diseases. This information is sometimes specific to nanoparticles, but most often
relates to ultrafine particles, based on which analysis and intervention are projected. The best
practices guide recently published by the IRSST completes this document.

Control of occupational exposure to nanoparticles includes several unknown factors. Indeed, the
existing approaches to control by enclosure or respiratory protection during inhalation should be
effective, but different aspects of this effectiveness still have to be proved. Control of exposure by
ventilation at the source or general ventilation poses a challenge, because nanoparticles tend to
behave more like a gas than like a solid. The data currently available tend to demonstrate their
effectiveness but the studies must continue, mainly regarding the effectiveness of respiratory
protection under actual conditions of use. Almost no data exist for personal protection against
cutaneous exposure. Disposable Tyvek® clothing is recommended in a context in which it is likely
that the methods based on most of the other existing personal protection equipment do not allow
adequate protection.

Even in the absence of all of the knowledge required to assess the risk or the effectiveness of the
available means of control, some countries are reconsidering their legislation and recommend a
precautionary approach to protect workers from potential exposure and prevent the development of
occupational diseases. Canada has also begun to legislate in the NP field. Canadian federal law
obliges companies and institutions that produced or imported more than one kilogram of some
specific nanomaterials in 2008 to submit all the information they have on these products: physical
and chemical properties, toxicological data, manufacturing methods and uses.
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Until their effects on the environment or on humans are documented adequately, strict prevention
measures should be taken as a precaution to limit emission of these products both inside and
outside the work environment.

Recommended follow-up

Finally, the research needs are discussed and avenues for prioritizing investment in research are
proposed to the IRSST, in relation to its mandate, which is precisely to contribute to prevention by
scientific research. In such a context, the authors of this report consider that the IRSST should
favour the introduction of strict prevention procedures, which is still the only way to prevent the
risk of development of occupational diseases or the occurrence of accidents. They thus strongly
recommend that the IRSST concentrate its priority research efforts on the development of exposure
assessment strategies and tools and the development and measurement of the effectiveness of
means of controlling occupational NP exposure. Monitoring the scientific literature would allow
advances in knowledge of NP toxicity, determination of the best parameters to measure for risk
assessment and new developments in industrial hygiene to be taken into account. Efforts in
knowledge transfer towards the various clients must continue, and even increase.
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14. CONCLUSION

NT and NP constitute a fast-expanding field of activity; this is primarily due to the fact that NP
have chemical and physical properties radically different from substances with the same
composition but of a larger size. It is for this very reason that current technological development in
this field is trying to turn these new and often unique properties to its advantage. At the same time,
this constitutes a major challenge in OSH. Indeed, how does one assess the risks associated with
these new products, and prevent the rise of occupational disease or new safety problems when the
information available is extremely limited and totally insufficient?

The colossal sums invested in R & D in all industrialized countries will inevitably translate into
discoveries of major importance whose applications will, in the near future, irreversibly affect our
daily lives. Although their impacts are not yet known, more than 1000 products have already been
commercialized, (cosmetics, automobile paints, waterproofers, textiles, etc.). The number and
variety of workers at risk will increase in the coming years. If preventive measures in OSH are
applied now to the field of NT, there will be significant benefits, since prevention and monitoring
can be carried out at the design and implementation stages of a number of processes. However,
given the fragmentary state of current knowledge regarding its OSH risks, this remains a major
challenge.

Some NT applications will pose few new risks to the health and safety of workers. An example is
electronics, where there have been constant advances in miniaturization, now at the nanometric
level; in this environment, the risks are adequately controlled. On the other hand, there are real
concerns about airborne free NP associated with other processes. These can cause OSH problems,
or result in an accumulation of NP in the environment or enrichment through the food chain; this
could lead to long-term risks to the health of populations. In spite of the currently limited
knowledge on NP toxicity and the potential levels of worker exposure, the preliminary results
obtained from most studies seem to indicate significant biological activity and undesirable
deleterious effects for several NP. The proliferation of new NP and the modifications made to their
surfaces, which will have a major impact on their surface properties and potentially their biological
reactivity and toxicity, will make it virtually impossible in the short term to accumulate sufficient
knowledge on the risks associated with each of these new particles.

In terms of occupational health, initiatives should be taken as soon as possible, using the best
measurement tools and despite their limitations, to estimate levels of occupational exposure. Given
the impossibility of developing quantitative risk assessments for each of these particles, it will be
important to develop a precautionary approach, introduce prevention strategies, foster good work
practices and avoid occupational risks so that we may prevent an increase in occupational disease
and accidents. In addition, given the rapid evolution of knowledge in the field of OSH, it is
essential to update IRSST reports in the near future.
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