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Abstract

Scientific uncertainty involved in evaluating potentially harmful properties of engineered nanoparticles complicates and hampers the
implementation of proportionate regulative measures by legislators. The European Commission has adopted a so-called “incremental
approach”, which focuses on adapting existing laws to regulate nanotechnologies, and therefore this paper aims to test the effectiveness
of the “incremental approach”. Three commercially available products containing fullerenes (Cgo and carbon nanotubes) were analysed
in a life cycle perspective in order to (1) map current applicable regulations, (2) analyse their applicability to nanomaterials, (3) identify
their gaps, and (4) suggest proper solutions.

After mapping the life cycle of the three products, we analysed applicable regulations in the order in which they became relevant in
their life cycle, i.e.:

e The Safety at Workplace Directives,

e Directive 61/1996 on the Integrated Pollution Prevention and Control,

e The European Union’s Directive on the Registration, Evaluation, Authorization and Restriction of Chemicals, and
e The Waste Management Directives.

It was found that the applicability of environmental laws is limited due to difficulties in generating sufficient data on the nanomaterials
residing in the products according to their life cycles. Further, metrology tools are unavailable; thresholds are not tailored to the nano-
scale; and toxicological data and occupational exposure limits cannot be established with existing methodologies. We conclude that the
“incremental approach” can only be applicable with the implementation of due amendments.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Both the potential benefits of nanotechnology and
potential hazards of some manufactured nanomaterials
have been debated in recent years, especially following a
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number of studies which indicated that some nanomateri-
als can cause adverse effects on laboratory animals (Ober-
dorster, 2004; Lam et al., 2004). Data on nanoparticles,
such as increasing production volumes and commercializa-
tion, capabilities to cross biological barriers, and increased
biological activities of nanoparticles when compared to
bulk counterparts, have worried some scientists about their
potential impacts on the health and safety of both humans
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and ecosystems (European Commission, Health and Con-
sumer Protection Directorate General, 2004). However,
there still remains significant uncertainty on how nanoma-
terials differ from their bulk counterparts and correspond-
ing risks.

In the last few years several legislative policies have been
proposed and discussed by public institutions (i.e. European
Commission, Health and Consumer Protection Directorate
General, 2004; Royal Society & Royal Academy of Engi-
neering, 2004, U.S. Environmental Protection Agency')
and non-governmental organizations (i.e. ETC Group?
and Environmental Defense®). The different views on how
to regulate nanomaterials vary substantially, ranging from
a “laissez-faire” attitude to a total moratorium on nanotech-
nology research, development and commercialization. From
a U.S. perspective, Davies (2005) advocates the establish-
ment of a separate, specific regulation on nanomaterials,
and argues that only a new legislation can be tailored to
the unique properties of nanotechnology. However, as
Davies (2005) acknowledges himself, issuing a new and spe-
cifically tailored environmental regulation on nanotechnol-
ogy appears unlikely due to the political obstacles to
passing new legislation. Similarly, Reynolds (2002) empha-
sized the ineffectiveness of a generalised prohibition and
identified the need for a responsible approach coordinated
by government agencies. Reynolds suggested a modest regu-
latory intervention based mainly on self-control mechanisms
and research programs to address safety concerns. However,
as Balbus et al. (2005) observes, voluntary programs cannot
ensure that all companies actually take actions to safely man-
age nanomaterials. Rather, it can only ensure that the com-
panies who participate in the voluntary programs are active
in safely managing nanomaterials, and therefore “responsi-
ble”” companies may have short-term disadvantages. Fur-
thermore, even if voluntary programs would protect
human and environmental health against potential risks of
nanomaterials, it will not sufficiently foster public confidence
(Kuzma, 2005), which is often a prerequisite for innovation.*

In Europe the identification of new risks among other
calls for the application of the precautionary principle. In
this context, a proportionate and effective regulation of the
sector is essential to guarantee the safe development of nano-
technologies and to gain necessary public acceptance with-
out stifling innovation. However, how to actually conduct
this in practice is debated both within and outside of Europe.
The European Commission (EC) has adopted an ““incremen-

! Nanotechnology White Paper, available at: http://es.epa.gov/ncer/
nano/publications/whitepaper12022005.pdf.

2 The Big Down, available at: http://www.etcgroup.org/documents/
TheBigDown.pdf.

3 Getting Nanotechnology Right the First Time, available at: http://www.
environmentaldefense.org/documents/4816_nanotechstatementNAS.pdf.

4 The topic has been addressed by EurActiv, 2006, in: Stakeholders:
public trust a prerequisite for ‘nanoinnovation’ EurActiv 2000-2005,
available at: http://www.euractiv.com/en/science/stakeholders-public-
trust-prerequisite-nanoinnovation/article-157904 (accessed 25 September
2006).

tal approach” which adapts existing environmental laws to
the regulation of nanotechnologies in Europe, regarding it
as the only realistic policy option. This approach is defined
as the launch of a process which uses existing legislative
structures (e.g., dangerous substances legislation, classifica-
tion and labelling, cosmetic legislation, etc.) to the maxi-
mum, revisits them, and, when appropriate only, amends
them in order to deal with nanomaterials. Among other
things, this approach includes: issuing recommendations,
commissioning studies, promoting risk assessment through-
out the life cycle of a nanotechnology, encouraging actions
of existing institutions, supporting observations of nano-
technologies; initiating a minimalist, appropriate and pro-
portionate regulatory intervention, and setting-up a
framework within which stakeholders can help shape the
course of nanotechnologies (European Commission, Health
and Consumer Protection Directorate General, 2004). Cur-
rently, the possibility of a specific regulation on nanomateri-
als is considered unfeasible in the European context, due to
the difficulty of establishing links between strikingly different
pieces of legislation and the need to negotiate internationally
to establish a sensible specific, in-depth regulatory process
(European Commission, Health and Consumer Protection
Directorate General, 2004).

This study investigates the effectiveness of the incremental
approach. In order to adequately determine the effectiveness,
which is most likely product-specific, three commercially
available nanoproducts were used in order to reflect the
diversity of available carbon-based nanomaterials. The life
cycle approach was chosen to capture all relevant aspects
of human and environmental health related to nanoparticles
during production, extraction and refining, manufacturing,
use, and final disposal. The current regulations were mapped
along the life cycle of each product in order to (1) analyse
their applicability in relation to nanomaterials, (2) identify
their gaps, and (3) suggest proper solutions. The analysis
identified four relevant areas of legislation:

e The Safety at Workplace Directives,’

e Directive on the Integrated Pollution Prevention and
Control,°

e The European Union’s Directive on the Registration,
Evaluation, Authorization of Chemicals,’ and

e The Waste Management Directives.®

3> ¢.g. EU Council Directives 31/1989, 24/1998.

® EU Council Directive 61/1996.

7 European Parliament and the Council of the European Union, 2006.
Regulation (EC) No. 1907/2006 of the European Parliament and of the
Council of 18 December 2006 concerning the Registration, Evaluation,
Authorization and Restriction of Chemicals (REACH), establishing a
European Chemicals Agency, amending Directive 1999/45/EC and
repealing Council Regulation (EEC) No. 793/93 and Commission
Regulation (EC) No. 1488/94 as well as Council Directive 76/769/EEC
and Commission Directives 91/155/EEC, 93/67/EEC, 93/105/EC and
2000/21/EC. 30.12.2006 EN Official Journal of the European Union L
396/1.

8 EU Council Directives 12/2006, 689/1991, 439/1975, 53/2000.
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The analysis of these four areas of legislation follows the
order in which it became relevant along the life cycle of the
three products.

2. Materials and methods

In general, nanomaterials can be divided into three main categories:

Materials that are nanostructured in the bulk. This can be either one or
more materials that are nanostructured in three dimensions.
Materials that have nanostructure on the surface. This can be (1) mate-
rials with surfaces structured on the nanoscale, but the surface and
bulk consist of the same material; (2) nanoscale thick, un-patterned
film on a substrate of a different material; (3) patterned film on a sub-
strate, where the film is either nanoscale in thickness, or the pattern has
nanoscale dimensions along the surface.

Materials that contain nanostructured particles, defined as free struc-
tures that are nanosized in at least two dimensions (Hansen et al., sub-
mitted for publication).

The present study focuses on the third group of nanomaterials, materials
that contain nanostructured particles, since they are considered as the most
relevant fraction of products and applications in terms of safety issues.

The three commercially available products used in this study were cho-
sen in order to reflect differences in regulation that might occur along the
life cycle of three carbon-based products. These included a badminton rac-
quet, and an oil lubricant containing Cg, produced by Yonex and Bardahl
respectively, and a baseball bat containing carbon nanotubes produced by
Easton Sports. These products all use carbon nanomaterials but differ with
respect to: (1) the structure of the nanomaterial and (2) whether the nano-
material is suspended in a liquid or solid. The badminton racquet contain-
ing Cgo and the baseball bat containing carbon nanotubes, both suspended
in solids, were chosen in order to be able to compare the regulations of two
carbon nanomaterials which have markedly different structure. The oil
lubricant containing Cg, was chosen in order to be able to compare the
regulation of a product containing Cg, suspended in a liquid to a product
containing Cg suspended in a solid (i.e. the badminton racquet).

First, the life cycle of each product was mapped qualitatively. The life
cycle overview served to map the applicable worker health and safety and
environmental legislation as well as to provide the necessary technical
information to discuss the legislations’ suitability and gaps. Though the
scope of the case studies is narrowed to carbon nanoparticles, the follow-
ing discussion and recommendations are thought to be valid for all engi-
neered nanoparticles. Very limited information could be gathered directly
by contacting companies due to strict confidentiality policies. The col-
lected information is mainly based on available scientific literature and
information provided on companies’ websites (i.e., product’s description,
technical reports, Material Safety Data Sheets).

3. Mapping the life cycle of the three products

In the following sections the three commercially avail-
able products used in this study are analyzed along the life
cycle of the three carbon-based products. The results are
presented in an arbitrary order which does not imply one
product as more important or problematic than the others.

3.1. Badminton racquet and production of Cg

After more than a decade of research, the manufacture
of carbon nanoparticles has become an industrial reality.
The productivity of Cgo manufacturing plants is measured
by the tonnage and many products are already marketed.

In the case of the badminton racquet, Cgg molecules are
dispersed in a resin between carbon fibers in order to
strengthen the structure of the composite. The first part
of Fig. 1 presents an overview of the key elements of the life
cycle of the badminton racquet. The supplier of Cg (Fron-
tier Carbon Corporation) applies a combustion process for
the synthesis of Cgy, which uses hydrocarbons as a raw
material to produce Cgo. Toluene is fed together with oxy-
gen to a low-pressure combustion chamber. The flame pro-
duces fullerene-enriched soot, which is extracted and
filtered. The apparatus is a closed system, i.e. exhausted
gas is cooled down in a heat exchanger and driven back
to the inlet flow (Takeara et al., 2004). Fullerenes are then
extracted from the soot by solvents (e.g. chlorobenzene and
toluene) in a tank where the insoluble soot settle to the bot-
tom while Cg, are dissolved in the solution. Purified fulle-
renes are collected after the solvent has evaporated and
appear as a black powder. The separation of single sized-
fullerenes (Cgg,C70) and the degree of purity determine
the price of the final product. Separation is typically per-
formed by high-pressure liquid chromatography using sol-
vents (Nano-C, 2002). As a whole, the system’s outputs are
the purified buckyballs and the residual soot, which still
contains a few percent of fullerenes. Even though the resid-
ual soot can be considered a by-product it has a commer-
cial value and hence no waste is produced (Ozawa, 2005).

Buckyballs are sold to the manufacturer of the racquet
where Cgo molecules are initially incorporated into an epoxy
resin. For processing carbon fibers and epoxy resin into a
composite material, the resin is put into a curing oven where
it melts on the substrate (in this case, the carbon fibers). It
then solidifies to form an insoluble plastic composite mate-
rial, which does not melt again.” A certain amount of excess
resin is always generated, and in this case, the hardened res-
inous waste contains fullerenes and will be considered haz-
ardous waste by European legislation similar to normal
resins.

The badminton racquet is produced in Japan while com-
mercialized in the E.U. and in U.S. Since the nanoparticles
(i.e., Cgp) are fixed in a solid matrix, no fullerenes release is
expected during the lifetime. Eventually the racquet
becomes a waste, and it can be assumed that the racquet
will be disposed off as a municipal solid waste at the end
of its life.

3.2. Lubricant and the fate of free Cgy

In the case of the lubricant, soot-containing Cg is mixed
together with other chemical additives in order to improve
the sliding between metallic surfaces and thereby enhance
the performance of the lubricant.'”

% See “Standard Operating Procedures for Handling and Use of Epoxy
Resin Systems™ by Thomas P. and Eckmann A., 1992, available at: http://
psfewww?2.psfc.mit.edu/esh/epoxy.html (accessed 25 June 2006).

19 Commercial information from Bardahl’s website, available at: http://
www.bardahl.it/tecnologie-set.htm.
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Fig. 1. An overview of the key elements of the life cycle of the badminton racquet, the oil lubricant, and the baseball bat and the applicable regulations

along the life cycle of the three products.

The oil lubricant is imported to Italy from the U.S., and
even though it has not been possible to identify the actual
supplier of fullerenes, it is assumed that the fullerene soot is
produced by the “arc method”, most common and widely-
used method to produce fullerenes. The process differs
somewhat from the combustion method described above,
since it uses graphite as the raw material. Electric current
is led between two graphite rods in a helium low-pressure
reactor chamber. The reactor is closed but the process is
not continuous. When the graphite is consumed, the rods
have to be replaced and the produced soot collected from
the system. No other substances are involved in the process
and no waste containing fullerenes is generated. The

as-produced soot yields approximately 7% of mixed
fullerenes and is sold without further treatment (Bogdanov
et al., 2000).

The soot obtained by the arc method can be directly dis-
solved in the lubricant without any further extraction or
purification step. Assuming a fullerenes concentration in
the soot of 3.2% and soot content in the lubricant of
9.4%, we estimate that the concentration of Cgy in the
lubricant is about 3 g/kg (Huczko et al., 2003).

The manufacturer reports that fullerenes molecules
work as micro ball-bearings along sliding surfaces. This
suggests that the single molecules are at least partly free
during use. Unintended release of free particles during
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the lifetime of the product has to be considered in an expo-
sure assessment. It is also reported that most of the fulle-
renes remain attached to the metallic surfaces of the
motor even when the oil is removed. However, there is a
lack of evidence and, hence, this question represents a large
area of uncertainty in the life cycle of the lubricant. In addi-
tion, our knowledge of exposure and fate after release is
very limited, and therefore the state of the fullerenes in
the oil may not be relevant. Four possible fates of the fulle-
renes can be foreseen at this point, though any mass flow
estimation cannot be done:

¢ Fullerenes may adhere to metallic components of the car
and will eventually be incorporated in the end-of-life
vehicle’s waste,

e Fullerenes may be combusted if oil enters the engine
during use,

¢ Fullerenes may be removed together with the oil if they
remain suspended in the liquid phase when the oil is
changed, and

e Unintended direct release occurring from oil spills or
sublimation of fullerenes.

On the basis of the information available, two different
waste-scenarios can be foreseen. (1) Either the fullerenes
stay attached to metal surfaces as the producer claims
and end-up as vehicle waste at the end of the vehicle’s life
cycle or (2) the fullerenes are dissolved in the exhausted oil,
which is then removed from the motor when the oil is chan-
ged or at the end of the vehicle’s lifetime. In the first sce-
nario, fullerenes will follow the metallic waste and
probably be degraded during recycling of the metal. Alter-
natively, they may transfer to liquid or solid wastes during
treatment operations or be slowly released from landfills.
In the second scenario, the exhausted oil is classified as a
hazardous waste and should therefore be disposed of as
such in order to avoid any leakage or spill to the environ-
ment. See second part of Fig. 1 for an overview for key ele-
ments of the life cycle of the oil lubricant.

3.3. Baseball bat and the thermal stability of carbon
nanotubes

Similar to the manufacturing of the badminton racquet,
the baseball bat investigated is manufactured in a process
where carbon nanotubes are added to the resin between car-
bon fibers of the bat in order to increase the strength of the
material. Several suppliers of carbon nanotubes have been
identified in the baseball bat’s production. The most fre-
quently used process for the production of carbon nanotubes
is based on chemical vapour deposition, which is currently
regarded as the most promising method as well. See the third
part of Fig. 1 for an overview of the key elements of the base-
ball bat’s life cycle. Several hydrocarbons like methane, acet-
ylene or ethylene can be used as a carbon source for the
synthesis of nanotubes. The hydrocarbon molecules are
introduced into a furnace at temperatures ranging between

650 and 900 °C. Consequently, molecules are cracked into
single reactive carbon atoms which move towards the heated
substrate coated with a metal catalyst. Atoms recombine in
the form of carbon nanotubes on magnesium-supported iron
catalyst together with impurities (Daenen et al., 2003).

The apparatus is a closed system and no substantial
waste flow is generated. Once collected, the raw soot con-
taining nanotubes is washed in an acid solution to remove
the catalyst and other impurities,'' mainly graphite sheets,
amorphous carbon, metal catalysts and smaller fullerenes
(short nanotubes). With respect to the total mass flow of
the system, the most abundant element is the waste soot,
often referred to as carbon nanofibres.

Carbon nanotubes possess unique electrical, mechanical,
and thermal properties. In order to transfer these proper-
ties to useful materials, carbon nanotubes need to be hom-
ogenously dispersed in the host matrix. This has proven to
be quite difficult because of the tendency of carbon nano-
tubes to cluster into larger aggregates.'> An additional,
chemical treatment is necessary to dissolve nanotubes into
a functionalised additive which can eventually be blended
into the resin. Unfortunately, information on the details
of this treatment is not available since they are concealed
by strict corporate non-disclosure policies.

The nanotubes enhanced resin can be incorporated into
the structure of carbon fibre composites. Similar to the pro-
duction of the badminton racquet, a waste stream consisting
of the excess resin containing carbon nanotubes will be
generated.

Due to the fixed nature of the nanomaterial within the
bat, there secem to be little concern for exposure during
the product’s lifetime. Eventually the bat becomes a waste
item and is disposed of in a similar way to the handling and
final treatment of the badminton racquet, where it is trea-
ted as a municipal solid waste, disposed in a landfill or
burnt in an incinerator. Interestingly, whereas the onset
temperature reaction for Cgq is very low (315 °C), carbon
nanotubes display very low reactivity under combustion
conditions (onset temperature = 820 °C) and hence may
not breakdown in an incinerator (Cataldo, 2002). In the-
ory, this means that they could end up in the gaseous efflu-
ent and released into the atmosphere. However, there has
not yet been any scientific study assessing the impact of this
potential exposure pathway compared to the present emis-
sion of airborne nanoparticles from incinerators.

4. Applicable regulations along the life cycle of the three
products and subsequent identification of regulatory gaps

Four pieces of legislation were found to be of prime rel-
evance in an analysis of existing applicable regulations
along the life cycle of the three products:

" Information from Thomas Swan’s website, available at: http://
www.thomas-swan.co.uk/pages/nmframeset.html.

12 Information from Zyvex website, available at: http://www.zyvex.com/
Products/CNT_FAQs.html.
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e The Safety at Workplace Directives,

e Directive 61/1996 on the Integrated Pollution Preven-
tion and Control,

e The European Union’s Directive on the Registration,
Evaluation, Authorization and Restriction of Chemi-
cals, and

e The Waste Management Directives (see Fig. 1).

However, there were important case-specific differences
about the relevancy and applicability of the different laws.
Each of the four pieces of legislation will be subsequently
discussed with respect to its general applicability to nanom-
aterials and specific applicability to the three products.

4.1. Safety at workplace

There is no direct reference to the potential exposure of
engineered nanoparticles in the Safety at Workplace Direc-
tives or in the communitarian and national legislation on
the protection of workers’ health at workplaces. The Fron-
tier Carbon Corporation which produces Cgy claim that
exposure is irrelevant due to the use of closed systems
(Ozawa, 2005). Very little is known about possible expo-
sure during the production of carbon nanotubes as well
as during the other handling operations in subsequent
stages of the three products’ life cycle. One study, however,
conducted by the National Institute for Occupational
Safety and Health (NIOSH) indicates that the airborne
concentration of CNT material generated during handling
of unrefined carbon nanotube soot is extremely low (May-
nard et al., 2004).

The Framework Directive 31/1989 as well as Directive
24/1998 on the risks associated with chemical substances
set guidelines to establish Occupational Exposure Limits
(OELs) for workers, although three main problems arise
at this point. (1) The establishment of OELs is typically
based on a complete risk assessment procedure which pres-
ently is not possible for engineered nanoparticles, such as
Ceo and carbon nanotubes, because of the extent and pro-
foundness of uncertainties involved and a general lack of
scientific knowledge (European Commission Scientific
Committee on Emerging or Newly Identified Health Risks,
2005); (2) nanoparticles are not easily detected by existing
instruments; and (3) the most optimal parameter to deter-
mine the toxicity of nanoparticles is still undefined. With
respect to the third point mentioned, it is widely agreed
that the specific surface area is more relevant than the mass
concentration to measure the toxicity of nanoparticles.
However recent studies demonstrate that the reactivity of
some nanoparticles is more likely to be related to the num-
ber of edges in the nano-structure of the particles rather
than to the surface area (Dahl et al., 1999).

The problems related to setting specific OELs together
with difficulties in monitoring particle concentrations cre-
ate a gap in current regulations. Furthermore, the lack of
any specific reference to engineered nanoparticles in exist-
ing laws on safety at workplaces creates a situation where

companies are unprepared to tackle the issue sensibly. At
the moment, manufactures refer to OELs set for metal
dusts or dusts of other compounds (e.g. graphite or carbon
black instead of fullerenes and carbon nanotubes). How-
ever given the recent concern about the toxicity of airborne
fullerenes and carbon nanotubes, OELs defined for related
bulk substances (e.g. graphite) are not representative and
should not be used since properties displayed by nanopar-
ticles differ substantially from those of their bulk material
(Lam et al., 2004).

Problems associated with establishing OELs for C¢y and
carbon nanotubes are reflected in many of the Material
Safety Data Sheets (MSDSs) made available by the pro-
ducers themselves. For example, the MSDS delivered by
Thomas Swan’s for Elicarb® Single-wall lacks a Chemical
Abstract Service (CAS) number and classifies carbon nano-
tubes as graphite, which is improper as stated previously.
Lam et al. (2004) in particular have pointed out that the
U.S. Occupational Safety and Health Administration’s
Personal Exposure Limit set for synthetic graphite dust
should not be used to protect workers exposed to carbon
nanotubes. In addition, a list of exposure control measures
are recommended in the MSDS if “engineering controls do
not ensure that the OEL is not exceeded”’, while the absence
of any OEL is mentioned a few lines below. Furthermore
the existence of such “engineering controls’ is questionable.

These problems and inconsistencies reveal serious gaps
in the Safety at Workplace regulation considering that
the MSDSs are essential in passing information about risk
and safety down the supply chain and they also provide
workers and emergency personal information about the
risks, protective equipment and proper handling of a sub-
stance. It has not been possible to locate a MSDS for Cg
from suppliers to the producers of the badminton racquet
and the oil lubricant, which in both cases are located out-
side the EU. However, just as in the case of carbon nano-
tubes, inconsistencies can also be found in the MSDSs for
Ceo made available by other producers. For example, a
German manufacturer of 100% purified Cg refers to car-
bon black as the relevant OEL to be monitored."?

4.2. Integrated Pollution Prevention and Control

Directive 61/1996 on the Integrated Pollution Preven-
tion and Control (IPPC) is the main environmental regula-
tive tool on industrial and agricultural installations in
Europe which focus on plants’ processes and perfor-
mances. It establishes an authorising regime for activities
with a high pollution potential. The industrial activities
encompassed are specifically listed. The performances of
various processes must ensure a high level of protection,
proper pollution preventive measures as well as comply
with the notion of Best Available Techniques (BAT). The

13 From the MSDS available on Alfa Asear’s website at http://
www.nd.edu/~exafs/msds/C60.html (accessed 25 June 2006).
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BAT is defined as “the most effective technology in achieving
a high general level of environmental protection’, available
“under economically and technically viable conditions” and
“reasonably accessible to the operator”.'* The relevance of
the IPPC Directive to manufacturing plants of nano-engi-
neered substances and materials, such as Cgy and carbon
nanotubes, depends on whether they are encompassed by
the list of industrial activities with a high pollution poten-
tial. Chemical installations for the production of a wide-
ranging list of organic and inorganic chemicals are listed,
however, there are no specific references to synthesised
nanoparticles. Fullerenes can hardly fit in a category in
the traditional chemical nomenclature. More specifically,
Ceo cannot be considered an organic chemical because an
organic compound contains both carbon and hydrogen in
its structure. Similarly, they do not fit in any category of
inorganic chemicals, since traditionally they are defined
according to the bulk composition which is merely pure
carbon in this case.

In the life cycle of the badminton racquet, oil lubricant
and baseball bat the following industrial installations were
identified which were involved in the production of Cgy and
carbon nanotubes:

e Manufacturing plant of fullerenes (capability 40 tons/
year),

e Manufacturing plant of carbon nanotubes (capability
24 kg/year),

e Chemical treatment of carbon nanotubes,

e Processing nanotubes containing additives into the com-
posite structure of the baseball bat,

e Processing fullerenes into the composite structure of the
badminton racquet, and

e Processing fullerenic soot into the motor oil lubricant.

Among these six industrial processes only the first two
could be subjected to the Directive’s requirements. There
is no explicit reference to the synthesis of nanoparticles in
the list of activities of Annex I, but the manufacturing of
fullerenes and carbon nanotubes may be included as the list
generically takes account of installations for the synthesis
of chemicals. Since there is no mass production threshold
for most of the chemical industry installations, the
burden is merely on the interpretation of points 4.1 or
4.2 of Annex I.

Although the obligations to be met are the same, it is
interesting to note that the supplier’s situation differs in
the case of Cgg and carbon nanotubes. In the case of the
baseball bat, the identified manufacturing plant of carbon
nanotubes (i.e., Thomas Swan & Co. Ltd.) is a smaller
installation of a larger existing chemical industry. In this
case the chemical industry is already subjected to the IPPC
Directive and the regulation applies if the installation for
the synthesis of carbon nanotubes implies a ‘“‘substantial

14 EU Council Directive 61/1996, art 2.

change” of the site. In the case of the badminton racquet,
however, the manufacturing plant for the synthesis of fulle-
renes (i.e., Frontier Carbon Corporation) is a new installa-
tion and requires a new application procedure.

The IPPC is managed by the IPPC Bureau which pro-
duces the Best Available Techniques reference documents
(BREFs). Each BREF gives a comprehensive overview of
materials, processes and techniques involved in a specific
sector. It provides a “a number of elements leading up to
the conclusions of what are considered to be best available
techniques in a general sense for the sector concerned”."
Considering the vast number of nanomaterials and the
wide range of applications, establishing BREFs on nanom-
aterials seems a daunting task. However, it is important to
remember that the IPPC Bureau has already faced difficult
tasks for issuing BREFs, such as in the case of “Large Vol-
ume Organic Chemicals” or “Organic Fine Chemicals™.

4.3. Registration, Evaluation and Authorization of
Chemicals (REACH)

As of January 1, 2007 a new chemical legislation on the
manufacturing and commercialization of chemical sub-
stances in the European market went into force. The new
regulation, termed Registration, Evaluation and Authori-
zation of Chemicals (REACH), establishes an authorizing
system that requires the registration and evaluation of
existing and new chemical substances. The Directive is
expected to play a crucial role in the ‘“incremental
approach” and thereby also in managing risks associated
with nanoparticles.

This study only considers the text of the Directive itself.
The Technical Guidance Documents and methodologies
used for risk assessment in support of the legislation on
chemicals fall outside the scope of this study.

Even though the manufacturing of fullerenes used in the
badminton racquet and the oil lubricant as well as the pro-
duction of the baseball bat all occur outside Europe, it is
interesting to discuss how the produced substances and
products would be considered by REACH had they been
produced in Europe. The first key question is whether the
nanoparticles used in the three products fall under the
scope of REACH. REACH considers a substance a ““chem-
ical element (...) obtained by any manufacturing process,
including (. ..) any impurity deriving from the process used’.
This suggests that the annual production should be mea-
sured including impurities. A substance with a different
degree of purity and composition can be classified as the
same substance provided hazardous properties do not dif-
fer significantly. All carbon nanoparticles are typically pro-
duced as raw soot with a few percentage of purity.
Produced or imported substances require a registration
over the threshold of 1 ton/year, including impurities. This

5 From IPPC Bureau’s description of BREFs available at: http://
eippcb.jre.es/pages/FActivities.htm (accessed 25 June 2006).
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is not logical considering that hazardousness is propor-
tional to the content of nanoparticles.

As mentioned, the regulation defines a substance as a
chemical element including impurities and derived from
the manufacturing process. Usually each substance is asso-
ciated with a CAS- and EINECS'®-number in order to be
universally identified. It is not clear how this applies to
the many different substances we are dealing with during
the life cycle of the three products. For instance, raw soot,
NanomBlack® and purified fullerenes from the Cg, produc-
tion at the Frontier Carbon’s plant are isolated, but in the-
ory they could all be classified within a single EINECS
number provided the hazardous properties do not differ
significantly.'”

Tables 1-3 show the classification of substances and
articles used in the life cycle of the badminton racquet,
oil lubricant and baseball bat, respectively, in addition to
obligations that the producers or importers would have
to fulfil according to REACH. Tables 1-3 show that even
if Cgp and carbon nanotubes should fall under the scope
of REACH, it is highly unclear whether this would involve
any additional obligations from producers of C¢y and car-
bon nanotubes as well as from producers or importers of
the final products containing Cgo and carbon nanotubes.

Although REACH obliges producers or importers to
provide toxicological data and assess environmental expo-
sure, requirements are based on mass thresholds. Hence,
data sets are not required until production or imported vol-
umes are above the threshold of 1 ton/year of substance.
For many nanoparticles this threshold would hardly be
reached, but for C¢y produced in the case of the badminton
racquet the threshold is greatly exceeded (>250 tonaw soot/
year). In the case of the baseball bat, carbon nanotubes are
produced in very small amounts, and hence no registration
would be necessary. Information on the quantity of Cg
imported annually in the production of the oil lubricant
was unavailable.

Furthermore, the usually low concentration of nanopar-
ticles in the final article is likely to exclude many nanoengi-
neered articles from the REACH legislation, since no
registration is required when the concentrations of a sub-
stance is lower than 0.1% w/w. When considering the raw
soot in the oil lubricant, the estimated concentration of
nanoparticles was far greater than this threshold. However,
the concentration decreases when it is calculated based on
pure Cg. A lack of data did not allow performing the same
estimation on nanoparticle concentrations in the racquet
and in baseball bat.

4.4. Waste management

Wastes containing nanoparticles are produced at differ-
ent phases of the life cycle, from by-products generated

16 European Inventory of Existing Commercial Chemical Substances.
7 REACH, preliminary note 31bis.

during manufacturing and purification processes to nano-
engineered goods becoming wastes at the end of their life-
time. A case by case analysis of the behaviour of
nanoparticles in waste products is recommended in order
to identify potential pathways of exposure. Nano-wastes
are tackled by waste management regulations in a non-spe-
cific way, because there are no specific references to engi-
neered nanoparticles in existing laws. In general,
nanoparticles will follow the material or the substance in
which they are contained and their fate depends on the
way these wastes are treated. In some cases the nano-waste
can fall within a particular waste category, like the
exhausted oil lubricant and excess resin containing Cg
(see Table 4), which are specifically regulated. In other
cases nanoparticles which are contained in products end-
up in municipal solid waste.

Carbon nanotubes and Cgq are produced in soot which
is typically purified in order to produce a high value prod-
uct and a residual by-product. The potential for these by-
products to have a commercial value in the market is
uncertain, and is reflected in the on-going debate at the
European Court of Justice on the definition of waste. Par-
ticularly relevant is the distinction between “production
residues” (considered wastes) and ““by-products” (consid-
ered commercial goods). The use of Cgy in the industry
of lubricants is a good example of an effective use of low
purity fullerene soot. How the carbon nanotube soot resi-
dues are handled is unknown.

Although recycling is not feasible from the composite of
the sporting goods (i.e., racquet and baseball bat), it might
be possible for the oil lubricant. Regeneration is recom-
mended by Directive 439/1975 on the disposal of waste oil.
If Cgq are still dissolved in the exhausted oil it could be pos-
sible to recover them. In this case, the technical and econom-
ical sustainability of the process needs to be studied.

Wastes are typically disposed of in landfills or inciner-
ated. Very little is known about the long-term behaviour
of nanoparticles in a landfill. Release depends on the nano-
particles’ mobility as well as on the degradability of the
host material for fixed particles. When products are incin-
erated, the thermal properties of nanoparticles determine
their fate. For example, a study by Cataldo (2002) demon-
strated that Cgy molecules are much easier to degrade than
carbon nanotubes. Further, in a combustion chamber Cgg
behaves like graphite, while carbon nanotubes, similar to
diamonds, are stable until very high temperatures (Cat-
aldo, 2002).

If a certain nano-waste falls within the scope of Direc-
tive 689/1991 on the management of hazardous waste,
more severe obligations would apply. Again, the lack of
(eco)toxicological data makes it difficult to state if nano-
particles meet the criteria of hazardousness.

5. Recommendations

In the current paper, we tested the applicability of the
incremental approach on three commercially available
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Table 1
Classification of substances and articles according to REACH in the case of the badminton racquet
Item Description Tonnage Composition Classification in  Obligations
the REACH according to
REACH*"
Raw fullerene As produced fullerene soot from The manufacturing plant hasa Black carbon: ~85%; On-site isolated
soot the combustion synthesis total capability of 40 tons of  fullerenes: ~15% (Cgy ~50%, intermediate
fullerenes per year Cy9 ~25%, HF ~25%)b
Nanom Black®  Low purity by-product from the Black carbon: 96%; Substance A
extraction process fullerenes: 4%°
Nanom Purple® Purified Cq fullerenes after Fullerenes: 98% (Cgo 98%, Substance B
extraction and separation Cyo 1%), impurities: <1%°
Nanospeed Badminton racquet containing n.a. Fullerene content: n.a. Article None (no
racquet® fullerenes in the composite containing a foreseeable
material substance exposure)

# Only substances or products produced or imported to the community are considered; elsewhere blank spaces are inserted in the table.
® Estimations based on the pilot plant described in H. Takeara et al. (2004).
¢ Data from Frontier Carbon Corporation’s website, available at: http://www.f-carbon.com/product.html (accessed 25 June 2006).

4 The product is imported from Japan to the EU.

Table 2

Classification of substances and articles according to REACH in the case of the oil lubricant

Item Description Tonnage  Composition Classification under the Obligations according to
REACH REACH"
Raw fullerene As produced fullerene n.a. Black carbon: ~93%; fullerenes: Substance A

soot

XTCGO oil
lubricant®

soot from the arc process

Oil lubricant containing n.a.

fullerene soot

>7% (Ceo ~75%, Cro ~22%,
HF~3%)°
n.a.

Article containing a
substance. Release is not
intended but is
reasonably foreseeable
during the product’s life

If the substance in the
product amounts to 1t/y
and has a concentration
>0.1% wt a notification
is required

cycle

& Only substances or products produced or imported to the community are considered; elsewhere blanks spaces are inserted in the table.
® Data from MER Corporation’s website, available at: http://www.mercorp.com/mercorp/fullbro.pdf (accessed 25 June 2006).
¢ The product is imported to Italy from the US.

Table 3

Classification of substances and articles according to REACH in the case of the baseball bat

Ttem Description Tonnage Composition Classification in the  Obligations

REACH according to
REACH*

Raw As produced CNT soot from the n.a. CNTs: 30%; soot: 70% (graphite sheets,  On-site intermediate  None <I ton/year
nanotubes chemical vapour deposition amorphous carbon, metal catalysts and
soot process smaller CNTs) ®

Nanotubes Low purity by-product from the n.a. n.a. Substance C None <1 ton/year
fibres purification process

Elicarb® Purified single wall CNTs after 24 kg/year! SWNTs: 70-90%; soot: 10-20% Substance D None <1 ton/year
SWNT® extraction and separation

Nanosolve® Solution containing chemically n.a. n.a. Preparation
additive functionalised CNTs

Stealth CNT Baseball bat containing CNTs in  n.a. n.a. Article containing a

baseball bat substance

# Only substances or products produced or imported to the community are considered; elsewhere blank spaces are inserted in the table.
® Estimations based on Daenen et al. (2003).

¢ The product is exported to the US.

4 Data from Thomas Swans’s website, available at: http://www.thomas-swan.co.uk/pages/nmframeset.html (accessed 8 April 2006).

the composite material
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Table 4
Characterization of identified nano-wastes

Type of waste Waste classification in the existing legislation

Status of nanoparticles in the waste

Badminton racquet
Excess resin
hazardous waste

End of life racquet Municipal solid waste

Oil lubricant
End of life vehicle
Exhausted oil

Included in the list of Annex I.A of Directive 689/1991 on

Part of the end of vehicle waste regulated by Directive 53/2000
Included in the list of Annex I.A of Directive 689/1991 on

Buckyballs dispersed in the hardened resinous matrix

Buckyballs fixed in the composite

Buckyballs adhered to metallic surfaces
Buckyballs dissolved in the oil

hazardous waste. This waste is specifically regulated by Directive

439/1975 on the disposal of waste oil

Baseball bat
Waste soot No specific reference
Excess resin
hazardous waste

End of life bat Municipal solid waste

Included in the list of Annex I.A of Directive 689/1991 on

Smaller fullerenes present among other carbonaceous
impurities in a dry powder

Carbon nanotubes dispersed in the hardened resinous
matrix

Carbon nanotubes fixed in the composite

Table 5

Limitations and suggested amendments in existing regulations applicable to nanotechnology

Framework Task

Questions to be defined

Recommendations

Safety at work Guarantee safety of workers to
potential exposure to airborne

engineered NPs

Impossibility to establish
OELs based on complete risk
assessment

Lack of metrology

Define standards for labs and other workplaces
handling NPs

Promote research and development of usable tools

instrumentation

Integrated Pollution
Prevention and
Control (IPPC)

Establish a monitoring agency on
nanotechnologies

Apply the concept of Best
Available Technologies (BAT) on
nanotechnology NPs

Registration Evaluation
and Authorization of
Chemicals (REACH)

Ensure safety of NPs to human
health and the environment

Avoid any release/exposure of
NPs at the end of life of nano-
engineered products/substances

Waste management

Definition of the scope of the
regulation for manufacturing
plants of engineered NPs

Definition of new substance
and classification of NPs
Suitability of thresholds based
on mass units to NPs

Define the scope of the
hazardous waste directive for
engineered NPs

Establish a Technical Working Group within the
IPPC bureau to organise an exchange of information
and issue BAT reference documents (BREF) on
certain nanotechnologies

Definition of BAT for the
production and handling of

Adapt the Chemical Abstract Service (CAS) to
properly classify NPs

Establish a specific regime for NPs within the
REACH

Add free NPs in the list of Annex II in Directive 689/
1991 on hazardous wastes

products in a life cycle perspective and identified a number
of significant limitations in the European legislation when
applied to nanoparticles, such as Cg and carbon nano-
tubes. Table 5 summarises the main limitations identified
in the Safety at Workplace Directives, IPPC Directive;
REACH; and Waste Management Directives. Our recom-
mendations on how to deal with these limitations are also
included in the table.

In order to deal with the limitations of the Safety at
Workplace Directives, we recommend that occupational
exposure of nanoparticles is limited as much as possible,
while international standards for the safe handling of nano-
particles in laboratories and other workplaces is developed.
Currently, a great deal of international attention is given to
the identification of potential exposure scenarios at work-

places, establishment of standard guidelines for workplaces
and laboratories, identification of protection measures and
development of efficient metrology infrastructures
(NIOSH, 2006). For instance, the EU has funded a number
of projects, such as NanoSAFE 1 and 2, with the main pur-
pose of developing methods for detecting, tracking, and
characterising nanoparticles along with risk assessment
and management procedures to secure industrial produc-
tion of nanoparticles. Another project, NanoDERM, stud-
ies the quality of human skin as a barrier against
nanoparticles, which is highly relevant and timely for both
workers and consumers (European Commission, 2007).
Because there is no reference to nanoparticles in the
IPPC Directive, we recommend that the scope and cover-
age of the Directive is clarified in regards to manufacturing
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plants of nanoparticles. In instances where such installa-
tions fall within the scope of the Directive, issuing a specific
BREF would help apply the concept of BAT to certain
engineered nanoparticles like Cgy and carbon nanotubes.
Although this might be time-demanding and complicated,
given the rapid evolution of the processes applied, the pro-
cedure would enhance information exchange. We further
recommend that the European IPPC Bureau is officially
established as an institution that monitors the development
of nanotechnologies.'®

Many environmental laws (e.g. REACH, Directives on
hazardous waste, etc.) are based on (eco)toxicological clas-
sification of substances. Terms like “toxic” or “persistent”
are often used as triggering factors to establish specific reg-
ulations, set emission limits, prohibitions and other
requirements. These rules acquire a consistent meaning
only when (eco)toxicological data are available for a sub-
stance. Although work is underway in order to produce
such (eco)toxicological data for nanoparticles, much of this
work is just getting started. For instance the EU has
funded a number of projects (e.g. IMPART-NanoTOX)
that attempt to increase the understanding of toxicological
impacts of nanoparticles on human and environmental
health (European Commission, 2007).

A regulatory gap, on the other hand, emerges when
there is insufficient scientific evidence or reliable data.
In this context REACH will play a crucial role because
it should provide the necessary information to make con-
sistent use of other laws. For this reason we recommend
that the incremental approach should be initiated by
ensuring an efficient use of this Directive for nanoparti-
cles. Our analysis of the applicability of REACH to the
three different products shows that different thresholds
and units than those given in mass terms would be more
suitable.

The European Commission is considering the possibility
of “reexamining and, if necessary lowering the current 1 ton
per annum threshold” for engineered nanoparticles (Euro-
pean Commission, Health and Consumer Protection Direc-
torate General, 2004). Furthermore, The Royal Society &
Royal Academy of Engineering, suggests treating chemi-
cals in the form of nanoparticles or nanofibres as new sub-
stances under REACH (Royal Society, 2004). The
implementation of this suggestion requires a review of the
definition of “new substance” under REACH: should a
nanoparticle be defined as a “‘new substance’ only because
its dimensions are reduced to the nanoscale? From a chem-
ical point of view, different engineered nanoparticles can-
not be equally defined. Some, like fullerenes, can be
classified as allotropes of a given substance (carbon)
because they have a totally different chemical configura-
tion. Others, like titanium dioxide, are manufactured by
decreasing the particle size of a given substance to the

8 As recommended by European Commission, Health and Consumer
Protection Directorate General (2004), p. 26.

nanoscale without altering the basic chemical structure.
In the latter case it is incorrect to call it a “new substance”.
However, at the same time these particles can display extre-
mely altered qualities.

In addition, the regulatory system identifies chemicals
according to the CAS classification. The Danish Board of
Technology (2006) proposes to classify nanoparticles sepa-
rately when they display specific properties due to the
nanoscale. This could be done either by giving a specific
CAS number or by adding an additional code to identify
nanoparticles of a given chemical (e.g. CAS-NPsq). The
two options can be used alternatively in order to catch
the differences between nanoparticles manufactured by
the “bottom-up” and the “top—down” methodologies.
This distinction is necessary to adapt the existing CAS clas-
sification to the nanotechnological phenomenon. It is rea-
sonable to assign a new CAS number for those
nanoparticles that are arranged in a unique atomic config-
uration, like Cgg or carbon nanotubes, and an additional
code to the other nanoparticles.

A specific regime should apply for nanoparticles within
the REACH Regulation. Nanoparticles can be defined as
“particles with at least one dimension <100 nm”. A clear
distinction between fixed and free nanoparticles is essential
to sensibly differentiate obligations between the two cases.
A nanoparticle can be defined as “fixed” when it is
“embedded in a solid matrix and cannot move so that
any exposure to humans or the environment can be
excluded during the whole life cycle of the product”, and
“free” whenever an identified downstream user does not
meet this criterion. As for fixed nanoparticles the existing
regulations can apply, whereas registration should be
required for free nanoparticles with the only exemption
for research and development uses. Producers shall be in
charge of the registration when they start to commercialise
an engineered nanoparticles to a downstream user who
makes use of it as free nanoparticles.

Waste management regulations require stricter protec-
tive measures for handling, treatment and final disposal
of wastes according to their (eco)toxicological characteris-
tics. Since there are reasons to suspect that nanoparticles
can display hazardous properties when released into the
environment, we recommend introducing ‘“‘free nanoparti-
cles” in Annex II of the Directive on hazardous waste,
which lists the constituents of a waste that render it
hazardous.

Despite the many gaps we have identified in this paper
as well as gaps in current limitations of European legisla-
tion in relation to nanoparticles such as Cgy and carbon
nanotubes, the largest gap we have identified is the lack
of access to key information along the life cycle of the
products. We intended to take into account the specific
properties of nanoparticles produced as well as specific cir-
cumstances during the manufacturing of the products in
order to capture all limitations of current European legisla-
tion. This would require full access to all the relevant infor-
mation during production, extraction and refining,
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manufacturing, use and final disposal of the products.
However, in several occasions, mapping the life cycle with
sufficient detail was problematic due to manufacturers
secrecies and non-disclosure policies. Therefore, it was
not possible to obtain information on specific production
volume of either Cqy and carbon nanotubes, the number
of product units, concentration of nanoparticles in final
products, or evaluate the mass flows of nanoparticles from
the raw material to the final product. Furthermore quanti-
tative and qualitative characterizations of by-products,
such as fullerenic soot and carbon nanotube fibres, as well
as their fate could not be exhaustively described. Likewise,
public authorities will also have to face the lack of access to
key information to monitor the effectiveness of the incre-
mental approach.

6. Conclusions

At the moment, issuing a specific long-term regulation
on nanotechnology seems technically problematic and
politically improbable. It is therefore necessary to make a
consistent use of existing legislation when this can be easily
applied as such or suitably amended. In Europe the incre-
mental approach is considered the only practical method to
tackle the risks caused by engineered nanoparticles,
although no specific intervention has been made on existing
regulation to date.

Based on our analysis of gaps within regulation along
the life cycle of three different products containing car-
bon-based nanoparticles, we conclude that it is often
unclear if nanoparticles are covered by current legisla-
tion. The main problems seem to be that metrology tools
are unavailable, thresholds are not tailored to the nano-
scale and are based on bulk material, and (eco-) toxico-
logical data and limits cannot be established with
existing methodologies. The difficulty to generate univer-
sally recognised data along the life cycle of commercially
available products puts a limit on the applicability of
many laws. An efficient use of the REACH regulation
is essential to overcome these limits. Our study shows
that particles’ properties, (eco-) toxicological data and
risk assessments are often necessary to determine the
scope of many regulations. As long as there is uncer-
tainty about how to determine these properties unequiv-
ocally, many environmental laws remain inapplicable to
nanoparticles such Cgy and carbon nanotubes. Moreover
the specific properties of nanoparticles often render them
unsuitable for regulation by existing laws. Concentrations
given in mass terms are often used to establish thresholds
even if a number of toxicological studies indicate that it
is not accurate for nanoparticles, since their toxicity gen-
erally increases with decreased dimensions (European
Commission, Health and Consumer Protection Director-
ate General, 2004).

We conclude that the “incremental approach” could
work effectively, provided due explanations and amend-
ments are taken where necessary.

We recommend that the Chemical Abstract Service is
modified so that “bottom-up” engineered nanoparticles
are classified separately as new substances and that “top-
down” nanoparticles are classified as nanoparticles of
existing substances. In both cases particles should be regis-
tered specifically under the REACH regulation. Free nano-
particles should be considered hazardous components in
the regulation on waste management due to their high
exposure potential and their unknown effects on human
and environmental health. Finally, we recommend that
the development of nanotechnologies is monitored by a
working group within the IPPC bureau.
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