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Executive Summary

The aim of this project is to determine which physicochemical properties make a
nanomaterial different from a ‘conventional’ material and at what size these properties
are changed to ‘nanospecific’ properties. These size thresholds can then be used to
prepare the Dutch input into the foreseen review of nanomaterial definition.

This work is being done within the context of the European Commission (2011)
definition of “nanomaterial”, which is:

A natural, incidental or manufactured material containing particles, in an unbound
state or as an aggregate or as an agglomerate and where, for 50% or more of the
particles in the number size distribution, one or more external dimensions is in the
size range 1 nm to 100 nm.

In specific cases and where warranted by concerns for the environment, health,
safety or competitiveness the number size distribution threshold of 50% may be
replaced by a threshold between 1 and 50%.

By derogation from the above, fullerenes, graphene flakes and single wall carbon
nanotubes with one or more external dimensions below 1 nm should be
considered as nanomaterials.

The work began with the selection and prioritisation of physicochemical parameters
that were thought to be particularly relevant to nanomaterials and to the regulation of
chemical substances under the European Community Regulation on chemicals and
their safe use (EC 1907/2006) Registration, Evaluation, Authorisation and Restriction
of Chemical substances (REACH). This report focuses on the following parameters,
judged to be of highest priority: surface morphology and crystalline structure, water
solubility, reactivity, and photocatalytic reactivity. A summary of the research on each
of these parameters follows. More detailed descriptions of published research are
provided in the body of this report and in an appended database.

Surface morphology was included in the literature review based on initial information
that surface morphology may affect the rate of dissolution and equilibrium solubility and
that morphology can depend in part on size for very small nanoparticles. However, the
literature search identified few papers that discussed size-related effects on
morphology. While these papers suggest that in some cases the shape and structure
of an inorganic particle may depend upon its size, the data are too few to draw general
conclusions about the size dependence of morphology or its relevance to the definition
of a nanomaterial. Additional information is available regarding the effect of size on
crystalline structure, a specific aspect of morphology.

http://team/clients/rivm/shared documents/al - what defines nanomaterials/report/rivm_al_final report.doc
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Several aspects of the crystallinity of metals and metal oxides may vary with particle
size. With changes in particle size the unit cell can contract or expand, as represented
by changes in lattice parameters. Particles of two different sizes can also assume
different crystalline phases. While many studies have demonstrated size-related
effects, no simple conclusions can be drawn to inform the definition of nanomaterial.

Decreasing the particle size can increase the rate at which a substance dissolves and
can also increase the equilibrium solubility concentration. The former phenomenon is
well known in the pharmaceutical industry, where poorly-soluble drugs are often
“nanosized” to increase their bioavailability. No clear distinction of a threshold size-
related effect exists to support a definition of nanomaterial, however. The increase in
the equilibrium solubility concentration with decreasing particle size has a basis in
thermodynamics theory. Some experimental data with silver (5 to 80 nm), titanium
dioxide (ca. 10, 30 nm), zinc oxide (26, 216 nm), and zinc sulphide (1 to 3 nm, bulk) do
show an increase in solubility for nanoscale particles relative to the corresponding bulk
material. However the data do not suffice to inform the definition of a nanomaterial.

The literature on reactivity generally centres on the use of metal and metal oxide
nanoparticles as catalysts. Almost all studies reporting a size effect noted an inverse
relationship between size and catalytic reactivity. Maximum catalytic activity generally
occurred at particle sizes below 15 to 20 nm, with a sharp change in reactivity below
approximately 5 nm in some cases. Many of the studies focused on particles below
100 nm and, because the European Commission definition sets an upper size limit for
nanomaterials of 100 nm, such studies do not provide direct perspective on the
definition of a nanomaterial.

Researchers have studied the effect of particle size on the photocatalytic reactivity of
certain metal oxides and sulphides. The studies summarised herein generally showed
that photoreactivity increased with decreasing particle size. In some cases the
behaviour of the material changed at a particle size of approximately 5 to 10 nm.

In summary, most of the studies described in this report indicate that the physical
chemical parameters evaluated do depend on particle size at the nanoscale. The
particle size at which effects occur can vary with the property, the material tested, and
the experimental conditions. Researchers are beginning to elucidate the
thermodynamic and quantum mechanical basis for these effects. However, neither the
experimental data nor the theoretical explanations for those data currently suffice to
define the size at which these properties are changed to ‘nanospecific’ properties.

http://team/clients/rivm/shared documents/al - what defines nanomaterials/report/rivm_al_final report.doc 3
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1

Introduction

The aim of this project is to determine which physicochemical properties make a
nanomaterial different from a ‘conventional’ material and at what size these properties
are changed to ‘nanospecific’ properties. These size thresholds can then be used to
prepare the Dutch input into the foreseen review of nanomaterial definition.

This work is being done within the context of the European Commission (2011)
definition of “nanomaterial”, which is:

A natural, incidental or manufactured material containing particles, in an
unbound state or as an aggregate or as an agglomerate and where, for 50% or
more of the particles in the number size distribution, one or more external
dimensions is in the size range 1 nm to 100 nm.

In specific cases and where warranted by concerns for the environment, health,
safety or competitiveness the number size distribution threshold of 50% may be
replaced by a threshold between 1 and 50%.

By derogation from the above, fullerenes, graphene flakes and single wall
carbon nanotubes with one or more external dimensions below 1 nm should be
considered as nanomaterials.

The European Commission (2011) also notes that:

Technological development and scientific progress continue with great speed.
The definition including descriptors should therefore be subject to a review by
December 2014 to ensure it corresponds to the needs. In particular, the review
should assess whether the number size distribution threshold of 50% should be
increased or decreased and whether to include materials with internal structure
or surface structure in the nanoscale such as complex nanocomponent
nanomaterials including nanoporous and nanocomposite materials that are used
in some sectors.

Certain physicochemical properties depend on particle size. This effect generally
results from three phenomena:

Decreasing the particle size increases the proportion of atoms or molecules on the
surface of the particle. Consequently, for example, the rate of dissolution increases
and the relative rate of reactivity can increase.

Atoms at the surface of a particle experience a different local environment than do
atoms in the bulk of the material. Each of the atoms on the particle surface is
surrounded by fewer atoms than it would be if it were located in the middle of the
particle. As a result, the energy associated with those atoms, known as the

http://team/clients/rivm/shared documents/al - what defines nanomaterials/report/rivm_al_final report.doc
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“surface free energy” differs from the free energy associated with atoms in the
centre of the particle. This effect becomes significant in particles at the nanoscale
(Dingreville et al., 2005). The energetic condition at the surface of the particle can
also reflect, in part, the strain associated with the curvature of the surface, which
becomes more pronounced as the particle diameter decreases; this surface stress
can be especially pronounced in particles on the order of a few nanometers (Ma et
al., 2012). The surface free energy associated with nanoparticles can affect such
fundamental physical properties as the melting point, heat capacity, and
equilibrium solubility.

*  For certain of the smallest particles, such as quantum dots," the nanoscale results
in quantum confinement. That is, when the diameter of the particle is of the same
magnitude as the wavelength of the electron wave function (or in other words,
when the electrons and electron holes in the crystal are squeezed into a dimension
that approaches the “exciton Bohr radius”), the electrical and optical properties of
the particle differ substantially from those of the bulk counterpart.

Parameters that are either required to characterise chemical substances under
REACH and/or identified by authorities as important for characterising nanomaterials
were identified and evaluated with respect to their dependence on particle size.
Wherever possible, the characteristics of particles at sizes less than 100 nm were
compared to the characteristics of the “bulk” material. For the purpose of this study,
“bulk” material comprised particles > 100 nm in size. Some researchers have defined
“bulk” using other criteria, such as > 1000 nm in size. Where this report cites such
work, the relevant “bulk” particle size is indicated.

A literature search identified relevant papers, which were obtained, summarised, and
evaluated with respect to the weight of evidence indicating the size dependence of
physicochemical properties.

! Quantum dots are semiconductor nanocrystals of various sizes and compositions, typically
comprising a CdSe, CdTe, ZnSe, or PbSe core surrounded by a zinc or cadmium sulfide shell.
For some applications, they are encapsulated with amphiphilic polymers. A qguantum dot can be
on the order of 4 to 20 nm, depending on the size of the crystal and the surface coating.
(Mahendra et al., 2008)

http://team/clients/rivm/shared documents/al - what defines nanomaterials/report/rivm_al_final report.doc
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2 Defining Critical Physicochemical Properties

2.1 Identifying Critical Properties

The objective of this task was to identify the physicochemical properties that are
considered to be important for risk assessment of nanomaterials (i.e., those properties
that potentially influence hazard and exposure, both for humans and the environment),
which may be influenced by particle size. ARCADIS surveyed the following sources of
information to identify these properties:

® Recommendations from government agencies, non-governmental organisations
(NGOs) or committees/task forces (authoritative recommendations) regarding
critical properties:

® Compilations of information on the behaviour of nanomaterials

® Scientific literature on the behaviour of nanomaterials.
Specific sources are indicated below (Tables 1 and 2).

Properties identified by any of these sources as being important for the risk
assessment of nanomaterials were recorded for prioritisation as described below.

2.2 Screening for Physicochemical Properties

The next step was to prioritise the physicochemical properties identified in the previous
step. Three categories of priority were established: low, medium and high.

Parameters that are either required to characterise chemical substances under
REACH and/or identified by authorities as important for characterising nanomaterials
were identified and evaluated with respect to their dependence on patrticle size.
Properties which are the most likely candidates for which size thresholds can be found
were categorised as low/medium/high priority and were considered further in the
screening evaluation (Table 1). Categories were assigned to each property by
evaluating the overall importance of the property for risk assessment and the possibility
of size-dependence as determined by the literature search and expert judgment.

Properties that are not relevant to nanopatrticles or else do not appear to be size
dependent were not selected in the screening evaluation (Table 2).

http://team/clients/rivm/shared documents/al - what defines nanomaterials/report/rivm_al_final report.doc 6
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Table 1.

Endpoint

Screening Evaluation

Physicochemical Properties with Potential Size Thresholds

Priority for
Literature Search

Request Al: What
Defines Nanomaterials?

Reference

Appearance/
physical
state/colour

The colour of certain materials can change as the
particle size decreases. This parameter does not
relate directly to risk assessment, but colour
change is an easily-observed indicator of
guantum effects resulting from size change. The
shape of a nanomaterial can also affect its
toxicity, although the physical appearance of a
nanomaterial will not be observable simply by
looking at the material.

Low

Expert judgment

Melting
point/freezing
point

The melting point of certain nanopatrticles (e.g.,
metallic species) can be lower than bulk
counterparts. For example, Luo et al. (2008)
found that for nanosilver particles, the melting
point decreased from approximately 1180 K for a
20-nm particle to 1000 K for a 5-nm particle.
While this may be an important characteristic in
certain circumstances, it is unlikely to be relevant
under the ambient conditions typically considered
in risk characterisation.

Low

Luo et al. (2008)

Boiling point

While the free energy associated with phase
change can be affected by patrticle size, this
parameter is not likely to be relevant to solid
particles under the ambient conditions typically
considered in risk characterisation.

Low

Expert judgment

Particle size
distribution
(granulometry)

Critical property that reflects particle size, but not
a consequence of particle size per se. Analysts
use different techniques to determine particle
size, which can affect the measurements.

Low

(relates to particle
size; not used as
an independent
search term)

Expert judgment

http://team/clients/rivm/shared documents/al - what defines nanomaterials/report/rivm_al_final report.doc
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Endpoint

Screening Evaluation

Priority for
Literature Search

Request Al: What
Defines Nanomaterials?

Reference

Partition The n-octanol/water partition coefficient (Kow) is Low Expert judgment;
coefficient defined as the ratio of the equilibrium
(octanol/water) concentrations of a dissolved substance in a two- (not_ relev_ant to Hansen et al. (2011)
phase system comprising n-octanol and water pamclesiln SCENIHR, 2009
(ECHA, 2008). It does not characterise the suspension,
behaviour of particles suspended in a solution. glthough may be
SCENIHR (2009) concluded that Kow could be important for
an important parameter for soluble soluble .
nanomaterials, citing work on fullerenes. nano_materlals,_
sorption behaviour
of suspended
particles described
by DLVO? theory
rather than by
Kow, which
pertains to
dissolved
materials)
Solubility in By analogy to water solubility, may vary with Low Expert judgment
organic solvents/ | patrticle size. May also be affected by the particle
fat solubility coating.

Not directly linked to risk assessment, however;
the fat solubility has essentially been replaced by
the octanol water partition coefficient in the
characterisation of chemicals.

2 Derjaguin and Landau, Verwey and Overbeek (DLVO) theory describes forces between
charged surfaces contained in a liquid medium.

http://team/clients/rivm/shared documents/al - what defines nanomaterials/report/rivm_al_final report.doc
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Endpoint

Screening Evaluation

Priority for
Literature Search

Request Al: What
Defines Nanomaterials?

Reference

Relative surface
area

Related to particle size, shape, and porosity. As
the size of a particle decreases, the ratio of
surface area to volume increases or, in other
words, the proportion of the atoms on the surface
of the particle increases. Important with respect to
rate of reaction, dissolution, and adsorption.
Specific surface area appears to be relevant for a
number of parameters for toxicological and
ecological risk assessment. It will dictate the
surface charge density in cases where
nanomaterials are surface functionalised, which
has direct consequences on (a) nanomaterial
interaction (i.e., agglomeration) with other
naturally occurring particulate matter (i.e.,
contaminant vectors); (b) route of exposure as a
function of surface ligand-biological interface (i.e.,
bioaccumulation pathway, bioavailability); and (c)
mechanisms of toxicity (OECD, 2010).
Highlighted in European Commission (2011)
Recommendations as metric that may be used to
characterise nanomaterials in future.

Low (Although
surface area is an
important property
for risk
assessment, it is
directly related to
particle size and,
therefore, is not
used as an
independent
search term.)

SCENIHR
(2007,2009,2010)

EDF/DuPont (2007)

U.S. EPA
(20072,2007h)

OECD (2009a, 2010)
JRC (2011)

BAUA (2007)
ENRHES (2009)
NICNAS (2010)

U.S. FDA (2010)
NIOSH (2009)

Dustiness

This parameter refers to the propensity to
generate airborne dust during handling. Data
provide a basis for estimating the potential health
risk due to inhalation exposure. The ability to
generate dust depends on particle size and
density (thereby buoyancy).

Low

OECD (2009a,2010)
EDF/DuPont (2007)

Flammability

Flammability may be related to patrticle size

Medium

Expert judgment

Auto flammability

The relative self-ignition temperature is defined
for solids as the minimum temperature at which a
certain volume of a substance will ignite under
defined conditions. For solids the self-ignition
temperature will also depend on the patrticle size
(ECHA, 2008).

Medium

Expert judgment

Explosiveness

Explosiveness can be related to patrticle size. In
general dust explosions may occur when the
particle diameter is smaller than 1 to 0.1 mm. The
combustion rate increases with smaller particle
sizes with an optimal combustion at particle
diameters of approximately 10 to 15 ym (Eckhoff,
2003, as cited in Pronk et al., 2009).

Medium, with
respect to defining
nanomaterial but
an important
parameter when
establishing
physical hazards.

Expert judgment

http://team/clients/rivm/shared documents/al - what defines nanomaterials/report/rivm_al_final report.doc




f2 ARCADIS

Endpoint

Oxidising
properties

Screening Evaluation

An oxidising substance is one that may cause or
contribute to the combustion of other materials as
an oxygen donor. For the majority of substances,
oxidising properties are not a concern; it may be
of concern for certain metal oxides, for example.
(ECHA, 2008). While reactivity may be increased
with decreasing particle size, this parameter was
not judged to be a priority for the literature search
and may be reflected in the search regarding
“reactivity”.

Priority for

Literature Search

Medium

Request Al: What

Defines Nanomaterials?

Reference

Expert judgment

Magnetism

A magnetic attraction between certain materials,
such as nano-zerovalent iron, can contribute to
agglomeration (U.S. EPA, 2011) and thus
influence net particle size and behaviour. May be
related to size (Park et al., 2007).

Medium

SCENIHR (2007)
Park et al. (2007)

Crystalline
structure

The crystalline phase refers to how molecules are
physically arranged in space (OECD, 2010).
Many materials with the same chemical
composition can have different lattice structures,
and exhibit different physicochemical properties.
Several structural investigations on inorganic
nanoparticles indicate that also the crystal lattice
type may have an important role on the overall
bulk lattice. The size reduction may create
discontinuous crystal planes that increase the
number of structural defects, as well as disrupt
the electronic configuration of the material, with
possible toxicological consequences (ENRHES,
2009). In short, decreasing particle size can affect
the crystalline structure (Gilbert et al., 2004;
Auffan et al., 2009). The crystalline structure can
affect the toxicity of certain nanomaterials (Auffan
etal., 2009).

High

(although only
relevant to certain
types of
nanomaterials
capable of
crystalline
ordering)

ENHRES, 2009
Gilbert et al. (2004)
Auffan et al. (2009)

See also:
EDF/DuPont (2007)
OECD (2010)

U.S. EPA (2007a)

SCENIHR (2007,
2010)

U.S. FDA (2010)

Water solubility

The rate of dissolution of soluble materials
increases with decreasing particle size. Further,
the Ostwald-Freundlich equation predicts that
equilibrium solubility should increase with
decreasing particle size. Experimentally, this is
often not the case due to non-ideal behaviour.
Water solubility also depends upon the solution
characteristics and can depend on the particle
coating.

High

Borm (2006)

http://team/clients/rivm/shared documents/al - what defines nanomaterials/report/rivm_al_final report.doc
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Endpoint

Screening Evaluation

Priority for
Literature Search

Request Al: What

Defines Nanomaterials?

Reference

Surface Surface morphology may affect rate of dissolution | High Borm et al. (2006)
morphology and equilibrium solubility (Borm et al., 2006). .
Morphology can be affected by particle size ]Epo;cjentlal tto laﬁect Auffan et al. (2009)
(Auffan et al., 2009). undamental
physical/chemical
properties that
pertain to
behaviour in the
environment)
Reactivity Decreasing particle size affects surface free High JRC (2011)
(including redox | energy. Reactivity is further increased due to
activity and surface atoms being less stable and the ability to Auffan et. al. (2009)
ability to form bonds increases with decreasing size, due
generate to the higher surface free energy (JRC, 2011).
Reactive Oxygen | “Nanosizing” can markedly affect reactivity. For See also:
Species) example, gold, which is inert at bulk scale, SCENIHR (2009)
becomes an effective oxidation catalyst when the
particle size is reduced to a few nanometers EDF/DuPont (2007)
(Auffan et al., 2009). JRC (2011)
BAUA (2007)
OECD (2010)
FOPH/FOEN (2011)
NICNAS (2010)
U.S. FDA (2010)
U.S. EPA (2007b)
Photocatalytic Photoactivity refers to the generation of electron- | High SCENIHR
activity (photo- hole pairs by nanomaterials exposed to light. (2009,2010)
activation) These electron-hole pairs can produce free-

oxygen radicals, which results in oxidation or
reduction of molecules in contact with their
surfaces (U.S. EPA, 2011). Recent data have
indicated that some nanopatrticles may, by virtue
of their relatively large surface area and reactive
potential, become activated by light (SCENIHR,
2009). Photocatalytic activity is highly material
dependent. Within materials, it is size dependent
(SCENIHR, 2010).

U.S. EPA (2011)

See also:
JRC (2011)
OECD (2010)

http://team/clients/rivm/shared documents/al - what defines nanomaterials/report/rivm_al_final report.doc
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Table 2.

Endpoint

REACH Endpoints

Screening Evaluation

Physicochemical Properties Not Selected in Screening Evaluation

Comments

Request Al: What

Defines Nanomaterials?

References

Density

Not anticipated to vary with particle size

Does not depend on
particle size

Expert judgment

Vapour pressure

Typically used to characterise liquids and not
significant for particles except for those (e.g.,
naphthalene) which sublime. Unlikely to be relevant to
the most common nanomaterials. A nano QSAR
model used to predict the toxicity of metal oxides
found that AHMe+ (which is a function of the enthalpy
of sublimation) is related to toxicity; however, the
researchers determined that AHMe+ was not related
to the size of the studied nanoparticles (Puzyn et al.,
2011).

Not relevant to
nanoparticles under
ambient conditions;
thought not to relate
to particle size

Puzyn et al. (2011)

Surface tension | Property of liquids and solutions of soluble surface- Not relevant to Expert judgment
active solids in the context of REACH. Not relevantto | nanopatrticles
particles per se. In solids, surface tension is related to
the surface free energy (Luo et al., 2008).
Flash point Liquid property, not relevant to particles Not relevant to Expert judgment
nanoparticles
Stability in There are rare occasions when it is important to have | N/A ECHA (2008)
organic solvents | information on the stability of a compound in an
and identity of organic solvent, to increase confidence in the results
relevant of physicochemical or toxicity tests. However, for
degradation many substances, stability in organic solvents will not
products be critical and testing need not be conducted (ECHA,
2008). This property is not likely to be relevant to
most nanomaterials, although it is increasingly
apparent that the tendency of nanomaterials to
agglomerate during storage and testing can affect
experimental results.
Dissociation Property characterises acidity or alkalinity of dissolved | Not relevant to Expert judgment
constant substances. nanoparticles
Viscosity Liquid property, not relevant to particles Not relevant to Expert judgment

nanoparticles

http://team/clients/rivm/shared documents/al - what defines nanomaterials/report/rivm_al_final report.doc
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Endpoint

Other Properties

Screening Evaluation

Comments

Request Al: What

Defines Nanomaterials?

References

Agglomeration
state

Agglomeration increases the net patrticle size, thereby
changing the size-dependent characteristics and
behaviour of the original nanomaterial (U.S. EPA,
2011). Dependent in part on solution characteristics.
Agglomeration can also reportedly be influenced by
particle size, as increasing the particle surface area
can enhanced the collision frequency between
particles and lead to a higher degree of
agglomeration (Suttiponparnit et al., 2011).

Directly related to
particle size; not an
independent variable

SCENIHR
(2007,2009)

EDF/DuPont (2007)
U.S. EPA (2007a)
OECD (2009a,2010)
BAUA (2007)
ENRHES (2009)
FOPH/FOEN (2011)
NIOSH (2009)

Dispersibility Dispersibility refers to the relative number (or mass) This parameter SCENIHR
(ability to dis- of primary particles in a suspending medium in initially thought notto | (2007,2009)
aggregate) comparison to agglomerates. Not clear that the ability | depend strongly on JRC (2011
of an insoluble substance to evenly distribute in a particle size. During ( )
solvent is directly related to decreased patrticle the course of the EDF/DuPont (2007)
diameter; cited by multiple authoritative sources. project, identified one
report indicatigwg size | OECD (2010)
dependence. FOPH/FOEN (2011)
Porosity This parameter measures the fraction of the particle Does not depend on RIP-oN 1 (JRC,
that is devoid of material. A material's porosity affects | particle size 2011)
its fate in the environment by affecting particle density EDF/DuPont (2007)

and colloidal stability and may permit a nanomaterial
to act as a vector for other constituents (OECD,
2010). While this parameter may relate to the degree
of agglomeration, it does not depend on primary
particle size.

U.S. EPA (2007a)
SCENIHR (2007)
ENRHES (2009)
OECD (2010)

3 Suttiponparnit et al. (2011) tested TiO, nanoparticles at 6 sizes between 6 and 104 nm, and
found that particle size influenced the zeta potential, dispersion isoelectric point (defined by zeta
potential equal to zero), and average hydrodynamic diameter of the particles (i.e., agglomeration
state). A sharp change in zeta potential occurred between particle sizes of 6 and 16 nm.

http://team/clients/rivm/shared documents/al - what defines nanomaterials/report/rivm_al_final report.doc 13
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Endpoint

Surface charge
(Zeta potential)

Screening Evaluation

Any surface charge on nanoparticles causes
electrostatic repulsion between particles of like
charge that can counter the tendency to agglomerate.
The zeta potential represents surface charge. (U.S.
EPA, 2011). Zeta potential is an abbreviation for
electrokinetic potential in colloidal systems. From a
theoretical viewpoint, zeta potential is the electric
potential in the interfacial double layer (DL) at the
location of the slipping plane versus a point in the bulk
fluid away from the interface. In other words, zeta
potential is the potential difference between the
dispersion medium and the stationary layer of fluid
attached to the dispersed particle (OECD, 2010). The
zeta potential can be related to the stability of colloidal
dispersions. The zeta potential indicates the degree
of repulsion between adjacent, similarly-charged
particles in dispersion. For molecules and particles
that are small enough, a high zeta potential will confer
stability, i.e., the solution or dispersion will resist
aggregation. When the potential is low, attraction
exceeds repulsion and the dispersion will break and
flocculate. In nanotoxicology, zeta potential (surface
charge) plays a key role in determining (1) the degree
of colloidal interaction which is itself a function of the
pH and ionic strength of the bulk solution; and (2)
bioavailability of a compound when considering mass
transport through charged membranes as related to
exposure. Zeta potential is not measurable directly
but it can be calculated using theoretical models and
an experimentally-determined electrophoretic mobility
or dynamic electrophoretic mobility (OECD, 2010).

Comments

This parameter
initially thought not to
depend strongly on
particle size. During
the course of the
project, identified
literature report
indicating size
dependence for TiO»
(Suttiponparnit et al.,
2011).
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U.S. FDA (2010)
NIOSH (2009)

2.3 Literature Search

The Dialogue® database, which consists of 58 individual databases, were queried with
index search strings based on the selected properties. Appendix A documents that
process. References either initially or ultimately determined to be relevant for this
project were entered into the literature database. Appendix B contains a copy of the
database. Much of the information in that database is quoted directly from the

references cited.

http://team/clients/rivm/shared documents/al - what defines nanomaterials/report/rivm_al_final report.doc

14



Request Al: What

@ ARCADIS Defines Nanomaterials?

3 Results

Relevant papers identified in the literature search, as indicated in Table 3, were
reviewed to determine whether the experimental results for a given substance
indicated a size-related effect on the property being examined. Then the results were
combined to evaluate whether the weight of evidence indicated whether each
physicochemical property could make a nanomaterial different from a ‘conventional’
material and at what size, if any, these properties are changed to ‘nanospecific’
properties.

Table 3. Catalogue of Relevant Papers

Endpoint/Property | Number of Papers Summarised
Surface morphology 2
Crystallinity 46
Water solubility 9
Reactivity 52
Photocatalytic activity 13

The experimental design of many of the studies presented a challenge with respect to
the project objectives. As shown in Figure 1, many of the studies only examined size-
related effects at relatively small particle sizes. Relatively few studies compared the
properties of bulk material and particles between 1 and 100 nm.

Finally, most of the research described herein pertains to nanoparticles of metals or
metal oxides and not to organic substances. That appears to be related in part to the
parameters evaluated, and in part to the commercial uses of metals or metal oxides
that motivate much of the research.
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Figure 1. Size Distribution of Particles Studied

3.1 Surface Morphology

OECD (2009) suggested that the basic characterisation of a nanomaterial should
include the particle form and structure, or morphology: “a high level description of the
morphological nature of the intended nanomaterial must be provided. For example, is
the material amorphous or crystalline? Are the particles spherical, rods, plates?”

This parameter was included in the literature review based on information in two review
papers, which indicated that surface morphology may affect the rate of dissolution and
equilibrium solubility (Borm et al., 2006), and that “the size dependence of the
morphology...cannot be ignored in the case of very small nanoparticles” (Auffan et al.,
2009). However, the literature search identified only a few papers that discussed size-
related effects on morphology. Those papers are included in the database in Appendix
B and described below. Far more papers were identified regarding the size-

16
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dependence of crystalline structure, a specific aspect of morphology, as discussed in
Section 3.2 of this report.

Oezaslan et al. (2012) examined the morphology of platinum-cobalt and platinum-
copper alloy particles ranging in size from 3 to 100 nm. The particles were prepared by
“dealloying”, an electrochemical leaching process used to prepare highly active fuel cell
catalysts. The particles were generally spherical in shape. The study investigated how
morphology and particle composition depended on the particle size of dealloyed Pt-Co
and Pt—Cu alloy nanoparticle precursor catalysts. The researchers indicated that:

Our results indicate the existence of three distinctly different size-dependent
morphology regimes in dealloyed Pt—Co and Pt-Cu particle ensembles: (i) The
arrangement of Pt shell surrounding a single alloy core (“single core—shell
nanoparticles”) is exclusively formed by dealloying of particles below a
characteristic diameter dmutipie cores Of 10 to 15 nm. (i) Above diuiiie coress
nonporous bimetallic core—shell particles dominate and show structures with
irregular shaped multiple Co/Cu rich cores (“multiple cores—shell nanopatrticles”).
(i) Above the second characteristic diameter dpqes Of @bout 30 nm, the
dealloyed Pt—Co and Pt-Cu particles start to show surface pits and nanoscale
pores next to multiple Co/Cu rich cores. This structure prevails up to
macroscopic bulk-like dealloyed particles with diameter of more than 100 nm.

Rockenberger et al. (2010) focused on both stabilised and non-stabilized cadmium
sulphide (CdS) nanopatrticles, studying the morphology of particles between 1.2 and
14 nm in diameter. After synthesizing the particles, they treated the particles
electrochemically to mimic the dealloying process used to manufacture certain
catalysts. They found that the size dependence of the mean Cd-S distance depended
in part on the capping/stabilisation agent. Static disorder increased sharply above 3 nm
compared to bulk CdS particles. The authors indicated that the particles between 3 and
14 nm comprised nanocrystalline powders and particles below 3 nm were essentially
single crystals.

While these papers suggest that in some cases the shape and structure of an
inorganic particle may depend upon its size, the data are too few to draw general
conclusions about the size dependence of morphology. Additional information is
available regarding the effect of size on crystalline structure, a specific aspect of
morphology.

3.2 Crystalline Structure

The crystalline structure of a material can affect its physicochemical properties and
may influence its toxicity. The literature search identified 46 papers that examined
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size-related effects on crystalline structure. Thirty-two of the papers indicated that
crystalline structure depended in some way on particle size. Transition sizes, when
observed, ranged from 11.7 to 100-200 nm. However, from the literature reviewed one
cannot draw broad, definitive conclusions regarding a sharp property transition related
to a specific particle size.

The results of relevant papers are summarised in the database in Appendix B and
described briefly below. Other papers reported in the database (Appendix B) pertained
less directly to the objectives of this study” or were not conclusive and so are not
described here.

3.2.1 Basis for Evaluation

These studies shared a fundamental basis. The work generally focused on metals
and metal compounds prepared via bottom-up synthesis,” using techniques that
allowed the research teams to control particle size formation and/or to segregate
materials by particle size. Often, the differences in particle size resulted from
calcining the material at different temperatures during synthesis. The researchers
examined the crystalline structure of particles at various sizes, often recognizing the
interrelationship between calcination temperature, particle size, and crystalline
structure. Few studies compared the properties of nanoscale and bulk (i.e.,

> 1000 nm) particles. Most compared the characteristics of particles within the
nanoscale range.

The authors sometimes characterised their results by referring to the unit cell or
lattice parameters of the particles. In short, the unit cell is the building block of a
crystal: the smallest repeating unit of the three-dimensional crystal structure. A unit
cell is characterised by its length(s) of the edges of the cell and the angles between
the edges of the cell. In a cubic unit cell, for example, the edge lengths are equal, and
the angles between the edges are all 90 degrees. Other unit cells require more
complex descriptions, which are given by the following parameters. The lattice
parameters (a, b and c), typically measured in Angstroms, represent the edge lengths

* For example, several research teams examined the effect of particle size on the temperature at
which phase transition from (e.g., solid to liquid) occurred, sometimes working outside typical
environmental temperatures (Mayo, 2003; Luo et al., 2008).

° Synthesis of a nanomaterial can begin from the “bottom up”, assembling nanomaterials from
their components, for example by chemical synthesis or phase change processes. Other
manufacturing methods begin with bulk materials, reducing their size via mass change
processes to create nanomaterials from the “top down”. (Sellers et al., 2009)
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of the crystal or, put another way, the distances between unit cells in a crystal lattice.
Unit cells are also characterised by the angles (a, B, y) between the edges.®

Researchers studying the relationship between particle size and crystallinity have
observed several different phenomena. With changes in particle size the unit cell can
contract or expand. In some cases this expansion or contraction is asymmetrical; one
lattice parameter may change and another may not. This kind of asymmetrical change
can distort the a/c ratio. In the most extreme type of distortion, particles of two different
sizes will assume different crystalline phases. For example, the unit cell may be
tetragonal at bulk scale, but cubic below a certain particle size. Such phase changes
may influence the reactivity or toxicity of a particle.

One model of the thermodynamics of phase transition (Mayo et al., 2003) helps to
explain the dependence of crystallinity on particle size. In this model, the free energy of
phase transition comprises three components:

®* Term due to volume free energy (a parameter that relates to the bulk of the
material, i.e., to the material chemistry and lattice bonds of the system surfaces or
interfaces);

®* Term due to surface free energy; and

®* Term due to elastic compression of the solid under the pressure exerted by the
curved surface (i.e., the LaPlace pressure, which equals the surface free energy
times the particle curvature).

As discussed in the introduction to this report, the surface free energy varies with
particle size. Intuitively, the curvature of the surface also varies with particle size,
increasing with decreasing particle size. While this model has not been used to
precisely or absolutely relate crystallinity to particle size for all nanomaterials, it does
provide a useful conceptual framework for considering the research described below.

Research by Navrotsky et al. (2010) illustrates the effect of surface free energy on
phase stability. They used calorimetric data on surface energies for several transition
metal oxide nanopatrticles to show that surface energy strongly influences the phase
stability of the particles. As the size of the particles decreases, the surface free energy
of the particles increases due to large increases in the surface area; however, systems

e Many references illustrate the available crystal structures and graphically indicate the
parameters that characterise the crystalline structure (i.e., a, b, ¢, a, B, y). For an illustration from
college-level course materials, for example, see
http://www.seas.upenn.edu/~chem101/sschem/solidstatechem.html.
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favour phases with lower surface free energy and, therefore, will react to form
crystalline phases with lower surface free energy.

The research described in this report generally explored the following types of size-
related effects on crystallinity:

® |attice parameters

® Stability of different crystalline structures

®* Transformation between different crystalline phases
* Formation of otherwise unstable structures

Papers on these topics, as well as a study that showed no effect on crystallinity with
particle size, are summarised below.

3.2.2 Change in Lattice Parameters with Particle Size

Literature reports indicate that changing the particle size can result in either lattice
contraction or lattice expansion as the particle size decreases. No overarching
conclusions can be drawn.

3.2.2.1 Lattice Contraction

Lattice parameters decreased with particle size (lattice contraction) in the experimental
work reported below on oxides of nickel, cerium, titanium, barium, and other metals.

Zhang et al. (2009) found that lattice contraction occurred for anatase TiO, as the
particle size decreases, particularly below 5 nm for lattice parameter a. Tsunekawa et
al. (2000) reported lattice contraction of the lattice parameter ¢ for barium titanate
(BaTiO3) nanoparticles as the particle size decreased from 250 to 15 nm; in another
study on BaTiOgs, Hoshina et al. (2006) reported a gradual decrease in the lattice
parameter c as the particle size decreased from 1000 nm (bulk) to 20 nm.

A slight decrease in the lattice parameters occurred with decreasing size for nickel
oxide (NiO) nanoparticles 25 to 16 nm. (Karthik et al., 2011) Lamber et al. (1995) found
that palladium clusters (contained within a plasma polymer matrix) had a decreasing
lattice parameter a as the patrticle size decreased from 5 to 1.4 nm. They found that the
relative lattice parameter (Aa/a, where a is the Pd bulk lattice parameter) decreases
linearly as a function of the reciprocal of the particle diameter.

Working with CeO particles from 26 to 55 nm in size, Morris et al. (2006) determined
that lattice contraction occurred as a function of decreasing particle size in a linear
relationship; the lattice parameter has also been found to significantly increase with
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decreasing particle size for CeO when the patrticle size is smaller than 20 nm (Zhang et
al., 2002).

For Lanthanum (0.5) Calcium (0.5) Manganese (VI) oxide (LagsCagsMnO, LCMO), the
lattice parameter, cell volume and the asymmetry parameter decreased in a systematic
way with a decrease in the particle size from approximately a few microns to ca. 30 nm
(Sarkar et al., 2007).

Shetty et al. (2002), working with BiFeO3, showed that the lattice structure was
generally more symmetrical and the unit cell volume decreased with decreasing
particle size. Finally, Selbach et al. (2007) determined that size effects on the lattice
parameters of BiFeO3; become pronounced at particle sizes below 30 nm and cited
work that found that size effects became significant for PbTiO3; below 50 to 150 nm,
and for BaTiO3; below 0.15to 1 ym.

3.2.2.2 Lattice Expansion

In contrast to the results described above, some research has indicated an increase in
at least one lattice parameter as the particle diameter of a nanometal oxide or alloys
decreases.

Ayyub et al. (1995) studied the effect of particle size on the crystalline structure of
partially covalent metal oxides, including oxides of iron, aluminium, lead/titanium,
lead/zirconium, and other substances. With a decrease in particle size, these
substances became increasingly ionic and the crystals tended to form more symmetric
structures. (However, the authors cite work by others showing that the structure of
strongly covalent materials such as Si or Ge is independent of particle size down to a
particle size of 10 nm.) A decrease in particle size also changed the oxygen
stoichiometry in some of the metal oxides. Finally, their work showed a fundamental
change in the crystalline structure of the materials studied. The unit cell volume (UCV)
(normalised to the number of formula units per unit cell) increased with decreasing size
for each phase. The authors noted that “the deviations from bulk properties related
primarily to the changes in the size and symmetry of the unit cell” and ultimately
concluded that “though the size-induced lattice distortions are relatively small in
magnitude, they lead to profound changes in many physical properties ....we observe
large deviations in [magnetic properties] and related properties with respect to the
corresponding bulk solid when the size is decreased to 10 to 100 nm.”

Li et al. (2004a) reported an increase in the lattice parameter of rutile titanium dioxide
(TiO,) with decreasing size between 26.4 and 5.2 nm, and proposed a surface defect
dipole model to explain this phenomenon. According to this model, as the patrticle size
decreases an increasing number of Ti atoms appear on the surface and thus have a
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lower coordination number’. Reactive molecules such as H,0O may sorb to these Ti
atoms, forming hydration layers which create significant distortion surrounding the
surface Ti atoms. This has an electrochemical effect on the entire particle, shifting the
negative charge toward the interior of the particle and leaving the surface increasingly
positive. It is expected that this shift in charge will create large repulsive dipole-dipole
interactions that will affect the crystallinity of the rutile nanocrystals.

Huang et al. (2007) studied BaTiO; nanoparticles; the lattice parameters a and ¢ both
increased with decreasing patrticle size from bulk (~1000 nm) to nanoparticulate sizes,
and within the nanoparticulate size range from 140 to 30 nm. Although Tsunekawa et
al. (2000) identified a lattice contraction for parameter c, as described above, they
reported a monotonic increase of the lattice parameter a for BaTiO3 nanoparticles as
the size increased from 15 to 250 nm. Also testing BaTiOs, Hoshina et al. (2006)
reported a gradual increase in the lattice parameter a as the particle size decreased
from 1000 nm (bulk) to 20 nm.

Akdogan et al. (2005) reported that the lattice parameter ¢ decreased with decreasing
particle size of lead titanate (PbTiO3) while the lattice parameter a increased with
decreasing particle size over the range ca. 25 to ca. 150 nm. The c/a ratio decreases
with increasing particle size and approaches the bulk value. The authors propose that
the bonding characteristics of PbTiO; may change at sizes < 100 nm such that Ti-O
bonds possess increasingly ionic character. Therefore decreasing the particle size to <
100 nm would elongate Pb-Ti bonds and increase electrostatic repulsion and
expansion of these bonds, ultimately leading to an increase in the cubic lattice
parameter and changing the crystalline structure.

Gamarnik (1994) observed an increase in the lattice parameter a observed for NiO
nanopatrticles as they decreased in size from 14 to 2.3 nm.

Sharma et al. (2009) reported an increase in the lattice parameters a and c of tin oxide
(Sn0O,) with decreasing particle diameter from 35.2 to 1.9 nm and state that “this is an
[sic] agreement with earlier reports that the lattice expands in oxide nanoparticles due
to the presence of oxygen ion vacancies or due to the variation in ionicity of the metal
oxide semiconductors.”

Multiple studies (Spanier et al., 2001; Zhang et al., 2002; Tsunekawa et al., 2000;
Tsunekawa et al., 2004) have examined the effect of particle size on the crystallinity of
cerium oxide (Ce0O,) and identified lattice expansion with decreasing particle size. This
substance has been shown to transition from the 4+ to 3+ valence state at a size of

" The coordination number is defined as the number of points of attachment (i.e., bonds) for a
central atom or ion.
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ca. 1.4 nm (i.e., CeO, transitions to Ce,03). The change in valence state (which itself
relates to particle size) results in an expansion of the effective ionic radii and thus
lattice expansion (Tsunekawa et al., 2004).

In Duan et al. (2005), lattice expansion was reported to occur for the perskovite
structure Lag 7SrosMnO; as the particle diameter decreased from 47 to 16 nm. The
authors explain this by the increased lattice distortion of surface atoms resulting from
the decreased coordination of surface atoms with decreasing size.

Finally, Nowakoski et al. (2008) found a large increase in the lattice parameter a
between ruthenium dioxide (RuO,) particles sized 250 nm and 8 to 16.5 nm (i.e.,
increased with decreasing particle size).

3.2.3 Stability of Different Crystalline Structures at Different Particle Sizes

Various studies have found that different crystalline structures (or phases) occur at
different particle sizes.

Zhang and Banfield (2000) reported that the most stable phase transforms from rutile
to brookite to anatase as the size of TiO, nanopatrticles decreases from 35 to < 11 nm.

A study of BaTiO; particles between 30 and 140 nm and bulk BaTiO; particles (i.e.,
> 1000 nm) found that with decreasing particle size the crystals were decreasingly
tetragonal (i.e., increasingly cubic, the c/a ratio approached the value for bulk BaTiO;
particles) and the cell volume increased (Huang et al., 2007). Several other research
teams studying BaTiO3; have also found that with decreasing particle size the
crystalline structure changes from tetragonal to cubic, at a threshold measured
variously as 120 nm (Uchino, 1989), 100 to 200 nm (Yamamoto, 1993), 80 nm
(Tsunekawa et al., 2000), 70 nm (Yan et al., 2006) or 30 nm (Hoshina et al., 2006).

At particle sizes ranging from ca. 150 to ca. 30 nm, PbTiO; exists in the tetragonal
phase; from ca. 30 to ca. 15 nm, in the cubic phase, and below ca. 15 nm, in the
paraelectric® cubic phase (Akdogan et al., 2005). Ishikawa et al. (1996) reported that
below a critical size of 11.7 nm, the cubic (ferroelectric®) phase exists for lead titanate
(PbTiOs3). Above this critical size, the tetragonal phase exists (the c/a ratio approaches
1.0635, the value for bulk particles).

® The paraelectric phase is defined as unaligned, crystalline phase having a spontaneous,
reversible polarisation.

® The ferroelectric phase is defined as one having a permanent electric polarisation that is
spontaneously reversible by application of an external electric field.
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Antimony clusters were found to transition from an amorphous to crystalline structure
above an approximate particle diameter of 120 nm (Kirmse et al., 2003).

Working with 0.5BijgLag :Fe03—0.5PbTiO; (BLF-PT) particles of sizes between 80 and
ca. 1500 nm, Wei et al. (2010) found that the crystalline structure changed from
tetragonal symmetry to rhombohedral for particle sizes of approximately 150 to

400 nm.

Working with Liln(WQ,), Hermanowicz et al. (2008) examined particles between 570
and 18 nm and noted that tungstate underwent two size-induced phase transitions at
100 and 30 nm.

Zhang et al. (2006) found that for amorphous zirconium dioxide (ZrO,), the tetragonal
phase is thermodynamically favourable (lower surface energy, lower Gibbs free
energy) < 13 nm while for particles > 13 nm and < 31 nm, the monoclinic phase is
favourable (lower Gibbs free energy).

3.2.4 Effect of Particle Size on Phase Transformation

Other researchers have examined the effect of particle size on the transformation
between phases, or different crystalline structures. In experiments with particles
between 12 and 23 nm in size, the smaller anatase TiO, particles had a lower phase
transition onset temperature and activation energy for transformation to the rutile form
than did larger particles (Li et al., 2004b). Zhang and Banfield (2005) also examined
the transformation from the rutile form of TiO, to the anatase form. With decreasing
particle size (21 to 8 nm), the anatase-to-rutile phase transformation rate increased
while the required activation energy increased slightly. Ghosh et al. (2003) also found
that the stability of anatase TiO, is size dependent. Experiments with heating TiO,
showed that as the size of nanoparticles decreased from 35 to < 11 nm, the most
stable phase changed from rutile to brookite to anatase; particle size determines the
thermodynamic phase stability. If particle sizes of the three nanocrystalline phases are
equal, anatase is most thermodynamically stable at sizes < 11 nm, brookite is most
stable for crystal sizes between 11 and 35 nm, and rutile is most stable at sizes > 35
nm (Zhang and Banfield, 2000).

Singh and Mehta (2005) studied the transformation of In(OH); to In,O5 as a function of
particle size between 8 and 15 nm. They found that the phase transformation
temperature decreased with decreasing patrticle size.

3.2.5 Formation of Otherwise Unstable Structures at Nanoscale

Some crystalline forms that cannot exist or are not stable at larger particle sizes can
exist at nanoscale. Below 13 nm, zirconium particles are stable in the otherwise-
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unstable tetragonal phase (Xu and Barnard, 2008). Srivastava et al. (2011) were able
to synthesize crystalline silver-nickel particles at a size < 7 nm; at larger particle sizes,
attempts to mix the two substances resulted in a two-phase structure rather than a
crystalline form.

3.2.6 No Change in Lattice Structure with Particle Size

Ma et al. (2012) studied silver nanoparticles in aqueous solution, in contrast to the
solid-state studies described above. They did not observe changes in the lattice
structure with particle size: Ag-Ag bond lengths and lattice parameters did not vary
between particles of 5.5, 26.3, and 80 nm in size, nor did the values measured for
these nanoparticles vary significantly from measurements for bulk materials. Ma et al.
(2012) attributed this to the fact that they worked with particles in suspension, rather
than solid-state systems, and to the theoretical prediction that significant strain would
occur only for silver particles smaller than 5 nm.

3.2.7 Summary

Several aspects of the crystallinity of metals and metal oxides may vary with particle
size. With changes in particle size the unit cell can contract or expand, as represented
by changes in lattice parameters. Particles of two different sizes can also assume
different crystalline phases. While many studies have demonstrated size-related
effects, no simple conclusions can be drawn to inform the definition of nanomaterial.

In some cases, different experiments with the same material found different results with
respect to lattice contraction or expansion. Table 4 indicates those materials and the
particle sizes tested. It also indicates the different phases (crystalline structures)
observed at different particle sizes. This comparison illustrates the difficulty in drawing
broad conclusions about the effects of particle size on crystallinity.

http://team/clients/rivm/shared documents/al - what defines nanomaterials/report/rivm_al_final report.doc

Request Al: What
Defines Nanomaterials?

25



Request Al: What

@ ARCADIS Defines Nanomaterials?

Table 4. Observations of Lattice Contraction and Expansion and Phase Change

Particle Sizes at Particle Sizes at

which Lattice which Lattice Particle Sizes at which Different

Substance Phases Observed at constant T

Expansion Contraction

Observed (nm) Observed (nm) ()

TiO2 <5 52-26.4 The most stable phase transforms
from rutile — brookite — anatase as
the size of TiO2 nanoparticles
decreases from 35 to <11 nm.

BaTiOs * 15-250 15-250 With decreasing particle size
crystals are decreasingly tetragonal

20 -1000 20 - 1000 and increasingly cubic, with a

30 — 1000 threshold variously measured as

between 30 and 200 nm.

PbTiO3 * 25-150 25-150 Tetragonal phase at larger particle
sizes and cubic phase at lower
particle sizes; threshold measured
as ca. 30 nm and as ca. 12 nm.

Ce0O» <20 2-8 No studies identified
26 -55 2-15
5-80
6 — 5000
NiO 16 -25 23-14 No studies identified

* As noted above, one study noted an expansion of one lattice parameter and contraction of
another with decreasing patrticle size.

3.3  Water Solubility

Decreasing the particle size can increase the rate at which a substance dissolves and
can also increase the equilibrium solubility concentration. Each of these phenomena is
discussed below.

3.3.1 Increased Rate of Dissolution

The increased rate of dissolution with reduced particle size is well known, particularly in
the pharmaceutical industry, where “nanosizing” increases the bioavailability of poorly-
soluble drugs.® As the United States Food and Drug Administration has noted (2010),

2 For example, see Ambrus et al., 2009; Basa et al., 2008; Dai et al., 2007; Devalapally et al.,
2007; Fakes et al., 2009; Hu et al., 2004; Jinno et al., 2006; Kesisoglou, 2007; Kipp, 2004;
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“’Nanosizing’ is a term developed in the pharmaceutical industry to describe how some
previously approved products with particle sizes > 100 nm are being produced with
smaller particle sizes, in order to change certain physical and performance
characteristics, such as pharmacokinetic profile (i.e., the rate and extent of absorption
and clearance from the body).”

Much of the literature on the size dependence of solubility reflects work on
pharmaceutical substances. Since the impetus of this project was the European
Commission definition of “nanomaterial” within the context of REACH, the literature
search did not investigate the pharmaceutical literature on nanosizing but rather
includes papers on the dissolution of various non-pharmaceutical substances.

One study examined the dissolution of various metals from airborne particulate
samples segregated by size and ranging in size from 57 to 1000 nm (Niu et al., 2010).
These samples contained incidental nanoparticles from air pollution rather than
manufactured nanoparticles. The research team extracted the samples at neutral pH
for 2 hours, analysed the extract for selected metals, and compared the mass in the
extract to the total metal in the sample to determine the potentially bioaccessible
amount of each metal. No information on the loading rate of the tests was reported.
They found that bioaccessibility (or solubility) generally increased with decreasing
particle size. Some elements showed a steep increase in solubility as particle size
decreased from fine to nano (e.g., V, Fe, Mo, Sn, and Pb); other elements (e.g., Mn,
Cu, and Zn) showed little change in solubility with particle size under the test
conditions.

Several other studies of metals or metal compounds have found that dissolution rates
increase with decreasing particle size. One study found that the rate of dissolution of
nanosilver particulate (21 and 111 nm) was up to three times greater than the rate for
Ag microparticulates (800 to 3000 nm, 10 to 2000 nm) (Choi et al., 2011). This study
tested a single loading rate of 20 mg/L. In an early study, Meulenkamp (1998) found
that the dissolution rate of ZnO increased by a factor of 5 when the particle size
decreased from 4.3 to 3.15 nm. (Meulenkamp did not discuss the precision and
accuracy of the analytical techniques used to distinguish between these particle sizes.)

Barton et al. (2012), studied the dissolution of Fe,O3 (hematite) in the presence of
desferrioxamine-B (DFOB), a substance released by aerobic microorganisms in the
environment. The ZnO nanoparticles were tested at a single loading rate of typically
2.5 mM. Researchers observed an initial rapid release of Fe in the first few hours

Merisko-Liversidge and Liversidge, 2008; Muller and Peters, 1998; Shikov et al., 2009;
Sigfridsson et al., 2009; Tanaka et al., 2009; Takano et al., 2008; Vogta et al., 2007.
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followed by steady state dissolution that increased the concentration in solution linearly
during the 48 hour test. At pH 7, the dissolution rates, normalized to particle surface
area (micromole Fe per square meter per hour), were as follows: 0.016 for 3.6 nm
particles; 0.018 for 8.6 nm particles, and 0.001 for 40 nm particles. (Note that particle
sizes were measured.) The steady state dissolution rates did not vary significantly at
pH 3 or 5. Their control experiments, without DFOB, showed that after 24 hours at pH
3 the release of iron ions decreased with increasing particle size; the concentration of
Fe ions in the testing medium was ~6.3, 3.6, and 1.0 uM for 3.6-, 8.6- and 40-nm
particles, respectively. Liu et al. (2009a) found that under anoxic conditions at pH 3 the
dissolution rate of aggregated PbS crystals varied as a function of particle size and
aggregation state. The researchers measured dissolution rates (normalised to surface
area) of 4.4x10°° mol m? s™ for dispersed 14-nm nanocrystals; 7.7x10™° mol m? s™ for
dispersed 3.1-ym microcrystals; and 4.7x10™ mol m? s for aggregated 14-nm
nanocrystals. No information on the loading rate of the PbS nanocrystal aggregates
was provided. The authors attributed the difference in dissolution rates to differences in
nanotopography and the crystallographic faces present on the ZnO nanoparticles.

3.3.2 Effect on Equilibrium Solubility Concentration

The literature search identified four papers that described experiments to determine the
effect of particle size on the equilibrium solubility concentration (i.e., the concentration
of the dissolved substance at equilibrium). Those studies demonstrated a size-related
effect as described below.

The Ostwald-Freundlich equation predicts that equilibrium solubility should increase
with decreasing particle size. While this may not always be the case due to non-ideal
behaviour (Borm, 2006), some experimental data do show this effect. The theoretical
relationship and available data are described below.

The Ostwald-Freundlich equation relates the solubility of a spherical nanoparticle of
radius r (S,) to the solubility of the bulk form of the substance (Sbu.k)11 as follows (Ma et
al., 2012).*

St = Spuk * exp ([2y X Vi] / [RX T x1])

Where v is the surface tension of the particle (3/m?) Vi, is the molar volume of the
particle (m3/mol), R is the ideal gas constant, and T is the temperature (K). This

1 5k is defined as the solubility of the bulk form of Ag, which essentially has a flat particle
surface compared to the more pronounced surface curvature of a nanoparticle.

2 This simplified form of the equation incorporates the assumption that rpuik >>> rnanoparticle-
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equation can be applied when surface strain is negligible and y is independent of
particle size, thus it does not apply to the smallest of nanoparticles.™

Ma et al. (2012) examined the dissolution of silver particles between 5 and 80 nm in
size and found that solubility increased as the particle size decreased. The
experiments were performed in such a way that the availability of oxygen did not limit
oxidative dissolution. Further, the experiments continued long enough (for a period of
months) to establish steady-state conditions. The authors concluded that under the
experimental conditions, solubility correlated well with particle size as measured by
transmission electron microscopy, and was not affected by the synthesis method and
coating as much as by their size. The results for particles in the range of 5 to 40 nm fit
the Ostwald-Freundlich equation (R2 =0.993). If the data simply reflected an increased
rate of dissolution due to the relative increase in the surface area to volume ratio, then
the measured release of silver ions per unit surface area would have been constant;
however, it was not. The researchers also determined that there was no change in
surface tension with decreasing particle size and the particles did not reflect surface
strain, regardless of size. Ag-Ag bond lengths and lattice parameters did not vary
between particles of 5.5, 26.3, and 80 nm in size.

In another study (Schmidt and VVogelsberger, 2006), different types of industrially
produced TiO, nanoparticles and a precipitated TiO, were dissolved in aqueous NacCl
solutions to study solubility as a function of time (up to 3000 hours), crystalline
structure, and particle size. They found a steep increase in the dissolved concentration
immediately (approximately in the first hour) followed by a concentration decrease to a
value nearly constant over time. The solubility was greater for G5 nanopatrticles

(9.7 nm, 100% anatase) than for DT51D (23.9-nm diameter, 100% anatase) or P25
(24.4 t0 29.7 nm, 86% anatase/14% rutile) nanopatrticles.

Wong et al. (2010) measured the solubility of bulk (216 nm) and nano (26 nm) ZnO
particles in seawater to support aquatic toxicity testing. The nano ZnO patrticles tended
to form aggregates in the micrometre range (2.3 = 1.6 ym), which were larger than
those formed by the bulk particles (1.7 £ 1.2 ym; t = 4.183, p < 0.01). The authors
concluded that nano ZnO had a higher solubility in seawater (3.7 mg/L) than did bulk
ZnO (1.6 mg/L) at equilibrium (after 72 hours).

13 Further, this form of the equation does not reflect the potential influence of surface charge. A
modified form of the equation, the Ostwald-Freundlich-Knapp equation, accounts for surface
charge. That equation predicts that maximum solubility is seen at a critical radius, below which
the solubility again decreases (DeVilliars et al., 2009).
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Another study examined the solubility of ZnS nanoparticles in a basic
ethylenediaminetetraacetic acid (EDTA) sodium salt solution (Zhang et al., 2010). As
would be expected, the study showed that solubility depended in part on the presence
of the chelating agent EDTA and pH. The researchers found that “within the pH range
9to 10, the lower the pH and the smaller the particles, the higher the conditional
dissolution equilibrium constant and hence the higher the solubility of ZnS
[nanoparticles].” While these experiments tested nanoparticles (1 to 3 nm) and bulk
material, the results do not indicate a “bright line” concentration effect.

3.3.3 Summary

Most data from the studies reported here and with respect to poorly-soluble
pharmaceuticals indicate that the rate of dissolution increases with decreasing particle
size. However, no clear threshold of a size-related effect exists to support a definition
of nanomaterial.

In addition, some experimental data suggest that the equilibrium solubility
concentration of a substance originating from a nanoparticle may be greater than the
equilibrium concentration resulting from dissolution of a larger particle. Thermodynamic
considerations suggest that the solubility varies with the exponent of the particle size
diameter.

3.4  Reactivity

The literature search primarily identified studies on metals and metal oxides, not
surprisingly given the use of many such materials as catalysts. The literature search
identified 52 relevant papers pertaining to reactivity, of which 85% indicated a
dependence on particle size. Almost all studies reporting a size effect noted an inverse
relationship between size and catalytic reactivity. Maximum activities generally occur
below 15 to 20 nm, with a sharp change in reactivity sometime occurring below 5 nm.
However, many of the studies focused on particles below 100 nm in size and therefore
do not provide direct perspective on the definition of nanomaterial. The results are
summarised in the database in Appendix B, and described briefly below.

Some of the literature on the catalytic properties of nanomaterials refers to two
parameters: specific activity and mass activity. These terms are used in the
summaries below. Specific activity is defined as the catalytic activity normalised to
surface area or number of active sites; within the context of fuel cells (Srinivasan, S.
[Ed.] 2006) it is the current density relative to the catalyst surface area. Mass activity,
as the name implies, is relative to the particle mass.
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3.4.1 Iron Oxides

Chernyshova et al. (2010) sought to explain the reactivity of hematite (Fe,O,),
indicating that:

The dependence of its (bio)chemical reactivity on [nanoparticle] size is observed
at sizes larger than 10 nm, i.e., in the size range where neither the quantum
confinement (QC) nor surface curvature effects are expected. Hence, the reason
for this dependence is likely to be size-induced changes of the [nanoparticle]
structure.

They characterised hematite particles between 7 and 120 nm with respect to their size,
surface area, crystalline structure, UV-vis absorption spectra, and valence electron
population, and found that the band gaps™ decreased with increasing size. Decreasing
the band gap with increasing size can increase the particle reactivity. To paraphrase
the authors, the decrease in the band gaps and lower energy of the valence band*®
edges with increasing particle size imply a higher electron affinity of larger hematite
nanopatrticles (i.e., larger hematite nanoparticles are stronger electron acceptors than
smaller particles). Along with the lower mobility of charge carriers, this effect causes a
decrease in the oxidative catalytic activity of hematite with decreasing size. The
nanoparticle-driven destabilization of energy of the conduction™® and valence bands
observed in this study is also consistent with the degradation of photocatalytic
properties of hematite with decreasing particle size.

Chernyshova et al. (2011) then studied the effect of size on the catalytic oxygenation of
Mn(ll) in the presence of hematite (a-Fe,O5) particles 7 to 150 nm in size. The
normalised pseudo-first order reaction rate constant increased with increasing particle
size. A large linear increase in this rate constant was observed between 38 and

150 nm hematite particles. The authors postulate that the unexpected increase in
reactivity with increasing particle size could be explained by an electrochemical
reaction (rather than a chemical reaction) which became more efficient at larger
particle sizes due to the difference in electronic states between nano and bulk
particles. They distinguish between chemical reaction and electrochemical reaction as
follows:

 The band gap is defined as the difference in energy between the top of the valence band of
electrons and the bottom of the conduction band and is measured in electron volts (eV).

' The valence band is defined as the highest range of energies containing electrons at absolute
zero.

'® The conduction band is defined as the range of energies required to free an electron from the
valence band of the atomic orbital so that it is free to move within the atomic lattice.
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The NP size-induced changes in the catalytic redox properties of ferric
(hydr)oxides have previously been discussed exclusively within the chemical
paradigm in terms of variations in crystallographic facets, aggregation, surface
hydration, basicity of the NPs, and surface texture (relative concentration of
weakly and strongly adsorbed complexes). This paradigm considers that both
the reduction and oxidation half-reactions take place at the same adsorption site
or two neighbouring adsorption sites and neglects semiconducting properties of
the NPs.... A specific feature of the alternative, electrochemical mechanism is
the spatial separation of the oxidation and reduction half reactions, which are
electrically coupled by charge transfer within either the interior or surface of the
catalyst.

Anschultz and Penn (2004, 2005) studied the oxidation of hydroquinone by various iron
oxides, including 6-line iron oxyhydroxide ((Fe*"),05.0.5H,0) nanoparticles ca. 3.5 nm,
ferrinydrite nanoparticles ((FesHOg.4H,0)3, 4 to 6 nm), and goethite rods (a-FeOOH,
5.3 x 64 nm and 22 x 367 nm). They concluded that reactivity increased with
decreasing particle/rod size and that the rate of redox reaction, using iron oxyhydroxide
nanopatrticles as the reducing agent, is strongly particle size and phase dependent.

Strongin et al. (2005) investigated the size-dependent surface reaction rate of iron
oxyhydroxide ([Fe3+]203.0.5H20) using particles 2 to 6 nm in diameter and found that
the rate of surface reactions that led to the production of adsorbed sulphur oxyanions
increased with decreasing particle size.

Vikesland et al. (2007) synthesised 9- and 80-nm magnetite particles (Fe;0,4) and
tested the rate at which these particles catalysed the reductive dechlorination of carbon
tetrachloride. The surface area-normalised degradation rate constant was an order of
magnitude greater for the 9-nm catalyst than the 80-nm catalyst.

3.4.2 Cobalt

Several studies have examined the effect of particle size on cobalt catalysts used in
Fischer-Tropsch reactions, which are used to produce hydrocarbons from the reaction
of hydrogen and carbon monoxide.

Bakhmutskya et al. (2011), exploring the reported decrease in the efficiency of Co
catalysts in Fischer-Tropsch synthesis at particle sizes < ca. 7 nm, compared the
values for certain thermodynamic parameters for bulk and nanoparticle Co at elevated
temperatures. They found that particle size does not affect the redox thermodynamic
properties to any significant degree for particles larger than 4 nm.

Another study examined the role of particle size in cobalt-carbon nanofibre catalysts on
the Fischer-Tropsch reaction at 1 bar or 35 bar of pressure (Bezemer et al., 2006). At
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1 bar, the catalyst performance was independent of cobalt particle size for catalysts
with sizes between 6 nm and 27 nm with a slight increase in hydrogenation activity
near 6 nm. As the Co patrticle diameter decreases from 6 to 2.6 nm both the activity
and the turnover frequencyl7 (TOF) decrease rapidly. At 35 bar, the activities were
dependent on particle size while the TOF was found to be independent of size at
particle diameters ranging from ca. 15 to 8 nm with a rapid decrease in TOF as particle
size decreases from 8 to 2.6 nm. In an attempt to explain the decrease in activity below
sizes 6 to 8 nm, the authors propose a minimal Co particle size required to stabilize
surface domains containing the active sites for CO absorption. Below this size (i.e., 6 to
8 nm), the active sites are unstable or they contain a non-optimum ratio of the different
active sites.

den Breejen et al. (2010) investigated the role of the cobalt particle size distribution in
the Fischer—Tropsch reaction for supported Co catalysts. Their research group tested
the reactivity of Cobalt / carbon nanofibre (Co/CNF) catalysts between 2.4 and 11.3 nm
and Cobalt / silica (Co/SiO,) catalysts between 4.6 and 15.8 nm in diameter. The
catalytic activity of Co/CNF nanoparticles reached a maximum at 5.7 nm and
decreased with both increasing and decreasing particle size. The catalytic activity for
Co/SiO, nanoparticles increased with decreasing particle size.

Prieto et al. (2009) examined the effect of particle size on Coz0, catalysis. They
experimented with Cos0, supported on spherical SiO, using particles between 5.9 and
141 nm in size. Under realistic Fischer—Tropsch synthesis conditions (493 K, 2.0 MPa)
the TOF increased from 1.2x107 to 8.6x10° s when d(CoO) was increased from 5.6 to
10.4 nm, and then TOF remained constant up to a particle size of 141 nm.

Strongin et al. (2005) reported an increase in the rate of surface reactions of cobalt
oxide (CoO) nanoparticles 2 to 3 nm with decreasing particle size.

Finally, a study on the influence of nanoparticle size on the activity of the inverse spinel
CoFe,0, for CO oxidation measured the temperature at which 50% catalytic
conversion was achieved for catalysts ranging in size from ca. 6 to 30 nm and
incorporating various capping agents. As the particle diameter increased, the
temperature required for 50% conversion of the CO to CO, within the sample
increased; based on data obtained at the same temperature, conversion was much
more effective for smaller catalyst particle sizes (Evans et al., 2008).

Y Turnover frequency is defined as the maximum number of molecules of substrate that a
catalyst can convert per catalytic site per unit time.
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3.4.3 Palladium

Two studies found that larger Pd particles could not be oxidised although smaller
particles were able to react. Schalow et al. (2007) investigated the reactivity of Pd
nanopatrticles supported on an ordered Fe3O, film on Pt(111) for the oxidation of CO as
a function of particle size (ca. 4 to ca. 70 nm) at 500 K. Interface oxidation and partial
surface oxidation occur easily at particle sizes up to approximately 7 nm
(corresponding to a Pd coverage of 0.4 nm). Kinetic hindrances limited oxidation at
larger particle sizes. A study of Pd on an MgO substrate found that palladium particles
were increasingly oxidised to PdO as patrticle size decreased from 5.6 to 4.8 nm while
particles between 5.6 and 24 could not be oxidised (Nolte et al., 2008).

Several research teams have studied the reaction mechanisms that affect the size
dependency of reactivity. However because these studies focused on the smallest of
nanoparticles they do not directly inform the definition of a nanomaterial. Doyle et al.
(2005), working with particles between 1 and 5 nm, found a strong particle size effect
for the hydrogenation of pentene by Pd coated Al,Os, but not for ethene. The authors
attributed the different effects of particle size on reactivity to the portion of the
crystalline structure involved in the reaction (and the relative effect of size on that
aspect of the structure). In another study, Wilson et al. (2006) “report that the rate of
hydrogenation of allyl alcohol is a function of the diameter of the Pd nanoparticles (1.3
to 1.9 nm) used to catalyse the reaction. Furthermore, kinetic data indicate that this
effect is electronic in nature for particles having diameters < 1.5 nm, but for larger
particles it depends primarily on their geometric properties.” In this study, Pd
nanoparticles were encapsulated with hydroxyl-terminated polyamidoamine
dendrimers.

Another study, of carbon supported Pd in alkaline solution, found different size effects
(Jiang et al., 2009). The specific activity of the Pd/C catalyst (i.e., the oxygen reduction
reaction current normalised to the Pd active surface area), increased by a factor of 3
with increasing particle size from 3 to 16.7 nm. The researchers surmised that
increased OH™ adsorption on smaller particles blocked the active reaction sites. The
mass activity of Pd slightly increased (by a factor of 1.3) when particle size increased
from 3 to 5 nm and then decreased with increasing particle size.

3.4.4 Gold

Many studies have examined the reactivity of nanoscale particles of gold (Au), alone or
supported on a metal-based or organic structure. These studies typically examined
either the catalytic oxidation of CO or of organic molecules by gold particles between

1 and 60 nm, sometimes on a metal oxide support. The results generally showed that
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reactivity increased as particle size increased (Cuenya et al., 2003; Haruta et al., 1993;
Kalimuthu et al., 2008; Kozlove et al., 2000; Schwartz et al., 2004; Zhou et al., 2010).

Four studies showed that catalytic activity reached a maximum at a relatively small
particle size and then decreased as the particle size grew even smaller. In a study
utilizing Au nanopatrticles between 10 and 48 nm, Sau et al. (2001) found that catalysis
of the oxidation of eosin decreased from 10 to 15 nm and then increased from 15 to 48
nm (i.e., minimised at 15 nm). Valden et al. (1998), working with Au particles of 1 to

6 nm in size, determined that oxidation of CO reached a maximum when the Au
catalyst was 3.5 nm. A study of Au nanoparticles between 1 and 3.5 nm in size found
that the maximum oxidation of CO occurred at 2 to 2.4 nm (Zanella et al., 2004).
Finally, Deng et al. (2005), testing particles 2.7 to 24.7 nm, found that the maximum
activity of Au nanopatrticles for the reduction of anthracene was 5.4 nm.

Catalysis reactions may be affected by the ability of gold itself to be oxidised under
aerobic conditions. Miller et al. (2006), working with 2- to 5-nm Au particles supported
on SiO,, Al,O5 or TiO,, found that Au particles < 3 nm oxidize in air (with approximately
10% reacting); larger particles are not oxidised.

Parker and Campbell (2007) appear to have obtained contrary results regarding the
effect of particle size on catalytic activity. In their work with Au deposited on titanium
dioxide TiO,, they found that the catalytic reaction rate for the oxidation of CO
increased with increasing nanopatrticle size. However, they did not clearly report the
particle size range tested, simply reporting on the coverage of Au on the TiO,
substrate. By inference from one of the figures in the paper they may have examined
particles in the size range ca. 1 nm to ca. 6 nm.

3.4.5 Platinum

Platinum (Pt) can catalyse oxidation reactions, such as the oxidation of CO, and
reduction reactions. In fact, Pt catalysts can be used in both the anode and cathode of
fuel cells (Yano et al., 2006). The studies described below examined both types of
reactions. Some studies showed increasing catalytic activity as the particle size
decreased; others showed the opposite effect, or a peak reactivity at a small particle
size (with declining reactivity of larger particles or particles that were smaller yet), or no
effect at all. Brief summaries of these studies follow.

Wang et al. (2009b), investigating the size-dependent activity of nanoplatinum
bimetallic alloy catalysts (Pt3Co) on the oxygen reduction reaction (ORR), found that
the specific activity of the particles increased by a factor greater than two as the
particle size decreased from 9 to 3 nm while the maximum mass activity occurred at
4.5 nm. In a study of ethylene hydrogenation, the activity of 5-nm MCF-17 mesoporous
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silica-supported Pt nanocrystals was 2 to 3 times higher than that of 9-nm nanocrystals
(Tsung et al., 2009). Also studying mesoporous silica-supported Pt nanocatalysts,
Grass et al. (2009) evaluated the effect of particle size on the hydrogenation of
crotonaldehyde to crotyl alcohol and butyraldehyde. They reported that with an
increase in particle size from 1.7 to 7.1 nm, the selectivity towards crotyl alcohol as the
reaction product (rather than butyraldehyde) increased from 13.7 to 33.9%. In addition,
the TOF for the catalytic hydrogenation increased with increasing particle size. The
initial rate of decarbonylation to form propene and CO was higher for smaller catalyst
particles, and the authors inferred that these reaction products “poisoned” or
deactivated the smaller catalyst particles to a greater degree than the larger catalyst
particles, thus explaining the higher TOF for larger particles.

Mayrhofer et al. (2005) found that the specific activity of carbon-supported Pt catalysts
increased with decreasing particle size (from 30 to 1 nm) for the CO oxidation reaction
and decreased with decreasing particle size for ORR.

Several studies found that specific activity decreased with decreasing particle size.
However given the ranges of particle sizes tested in two of the studies, the results may
be consistent with the data described further below which showed a maximum
reactivity at a relatively small particle size, with reactivity decreasing for particles larger
or smaller than that critical size. A study of particles ranging in size from bulk to
nanoscale (Nesselberger et al., 2011) found that the specific activity of the ORR
decreased as particle size decreased from 5,000,000 nm to 5 nm. Differences in the
ORR from 5 to 1 nm Pt were insignificant. Wang et al. (2010), working with a Pt-Co
bimetallic alloy supported on carbon black, found that as the patrticle size decreased
from 9 to 3 nm, the specific activity for ORR also decreased , with the activity at 9-nm
nanopatrticles being twice that for 3-nm Pt;Co nanoparticles. The authors noted that
4.5-nm Pt;Co nanoparticles exhibited the maximum mass activity for the ORR.

Two studies identified an optimum particle size, above and below which reactivity
decreased. Sharma et al. (2003) used Pt nanoparticles (ranging from 10 to 80 nm in
size) to catalyse the reaction between Fe(CN)s> and S,05°. The maximum reaction
rate was observed at a catalyst particle diameter of ca. 38 nm. Below a catalyst particle
diameter of 38 nm, the reaction rate decreased with the decrease in particle size.
Above a catalyst particle diameter of 38 nm, the experimental results showed a steady
decline of reaction rate with increasing size. The authors attributed the slow reaction
rate for the smallest particles to surface adsorption of Fe(CN)s> onto the nanoparticles
and consequent enhancement of band gap, which leads to a higher activation energy
for particle-mediated electron transfer. As the size of the particle is increased to 38 nm
the band gap is reduced, leading to lower energy for the reaction process. For larger
particles (> 38 nm), the total surface area available for the reactants becomes an
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important factor in deciding the reaction rate. Perez et al. (1998) found that the activity
of Pt nanoparticles supported on carbon electrodes depended on solution pH, particle
size, and the structure of the active layer. In alkaline solution, the maximum specific
activity occurred at ca. 4.5 nm, then decreased at sizes of 9 to 12 nm and then an
increase in specific activity up to the maximum diameter tested, 16.5 nm. The authors
noted that in alkaline solution, the carbon played a role in the reaction. However in acid
medium specific activity decreased with decreasing particle size, particularly when the
calculation compensated for the structural effects of the active layer.

One study found no effect of particle size on reactivity. Yano et al. (2006) tested the
reactivity of Pt supported on carbon black (nanoparticles 1.6 to 4.8 nm in size). They
concluded that “the electronic properties of the surface atoms on platinum
nanoparticles do not show any particle size effect” with respect to ORR.

3.4.6 Other Substances

This section of the report summarizes information obtained for other substances.
Typically, only one or two studies were performed on each of the substances described
below.

3.4.6.1 Metals

Sun et al. (2006) studied the reaction of Al particles (passivated with a layer of Al,O5
and ranging in size from 17 to 3000 nm) with oxygen and with molybdenum trioxide
(MoO3). They found that the maximum oxidation reaction rate increased with
decreasing particle size over the size range tested. Zachariah et al. (2004) tested the
oxidation of Al particles between ca. 15 and 150 nm. The rate of oxidation of Al
increased with decreasing particle size. Aluminium nanopowder with a primary particle
size > ca. 80 nm was not fully oxidised even at 1100 °C.

A study of the catalytic activity of Ni aerosols (5 to 26 nm) found that the reactivity
varied with particle size such that reactivity peaked at a critical size and then declined
for particles larger or smaller than that size. The test reaction was the methanation of
CO and H, and reactivity was characterised according to the TOF. The TOF increased
by a factor of 20 between Ni particle sizes of 5 and 18 nm and decreased to the initial
value for particles 25 to 26 nm (Seipenbusch et al., 2000).

Two papers identified in the literature search described the reactivity of silver particles
of various sizes. Ivanova and Zamborini (2010) studied the voltammetry of citrate-
capped Ag nanopatrticle oxidation as a function of size. The redox potential decreased
with decreasing particle size (i.e., greater tendency to be oxidised as particle size
decreases) within the size ranged studied of 10.4 to 44.2 nm. Chaki et al. (2004)
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investigated the variation in electrochemical properties with size for Ag nanopatrticles,
2 to 7.2 nm in size, which were protected with dodecanethiol in aqueous medium. The
authors concluded based on voltammetric data that electron transfer facility in redox
reactions should be at its maximum, within the size range tested, at 3.5 to 6 nm.

3.4.6.2 Metal Oxides

Zaki et al. (2011) investigated the relationship between the catalytic activity of anatase
TiO, nanoparticles and particle diameter. This study found that smaller particle sizes
(within the size range 8 to 19 nm) had a larger number and/or energy of catalytically
active sites, as evidenced by an increase in the TOF of alcohol decomposition with
decreasing particle size. A second study evaluated the reactive oxygen species (ROS)
generating capacity of anatase TiO, nanoparticles of nine different sizes between 5
and 182 nm. The production of ROS was constant with size for particles < 10 nm and
> 30 nm, with a sharp increase between 10 and 30 nm (Jiang et al., 2008). The authors
noted that for particles between 30 and195 nm and below 10 nm, the ROS activity was
proportional to the surface area. They also noted that reactivity can be related to the
defect site density (i.e., density of defects in the crystalline structure) and that the
defect site density is approximately constant above 30 nm, decreases between 30 and
10 nm, and then is very low and approximately constant for particles below 10 nm.

An investigation into the size-dependent redox potentials of ZnO particles between
2.55 and 4.22 nm in size found that the critical redox potential increased with
decreasing particle size (Hoyer and Weller, 1994).

Two studies were identified which investigated the reactivity of ruthenium dioxide
(RuO,). Jirkovsky et al. (2006) studied the electrochemical behaviour of RuO, in acidic
media containing chlorides to address the activity of nanocrystals toward both oxygen
and chlorine evolution reactions (OER and CER, respectively). They found that the
activity of the nanoparticles for the OER increased with decreasing particle size from
50 to 10 nm but did not find a size-related effect for CER. These relationships were
explained by the amount of crystalline edges and faces present on the particles.
Nowakowski et al. (2008) studied the catalytic conversion of methane by RuO,
nanopatrticles ranging from 8 to 16.5 nm; it was found that catalytic efficiency increases
with decreasing particle size.

Finally, Kumar et al. (2004) evaluated the catalytic activity of uranium oxide (U;Og) co-
encapsulated in the pore system of mesoporous silica for the decomposition and
oxidation reactions of methanol. Nanoparticles were produced by two different
methods resulting in particle size ranges of 2 to 5 nm and 3 to 15 nm. The catalysts
synthesised by different methods had different structures, in addition to different sizes.
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The study found that the 2- to 5-nm particles had a higher catalytic activity than the
particles ranging from 3 to 15 nm in size.

3.4.6.3 Carbon

Williams et al. (2010), working with diamond nanopatrticles, found that reactivity of the
particles increased as the particle size decreased from 20 to 4 nm. Core-sized
diamond nanoparticles (4 nm) were able to react with molecular hydrogen while 20-nm
diamond nanoparticles and bulk diamond particles did not.

3.4.7 Summary

Mayrhofer et al. (2005) provided succinct perspective on the effect of catalyst particle
size:

Decades before the prefix “nano” appeared so prominently in the scientific
lexicon, catalytic chemists had already realized that unique catalytic properties
were obtained on metallic clusters in the diameter range of 1 to 10 nm.... In the
scale of this dimension, two kinds of parameters can control the catalytic activity
of nanopatrticles: electronic factors, mainly related to the surface electronic
structure and energetics, and geometric factors, naturally believed to be
associated with the topography of atom distribution on the catalysts’ surface. ...
Given that the distribution of surface atoms varies with the characteristic
dimension of the aggregates, each size cluster may exhibit unique electronic
and structural properties. This would generate what is now widely known in
heterogeneous catalysis as the “crystallite size effect”, that is, the variation of the
reaction rate or selectivity with the characteristic dimension of a metallic catalyst.

Most of the studies described in this report determined that reactivity increased as
particle size decreased, with maximum activity often occurring below 15 to 20 nm.
Some studies reported the opposite effect, and some noted a size corresponding to
peak reactivity (with lesser reactivity of particles above and below that size). The
studies often focused on particles well below 100 nm in size and such studies do not
aid in evaluating the upper bound of the proposed definition of a nanomaterial.

At least two phenomena, electronic and geometric, may explain the size dependence
of reactivity. First, decreasing the particle size increases the relative number of atoms
at the surface of the particle; not only does that mean that a higher proportion of atoms
are available to participate in reactions, but they are less energetically stable than the
atoms in the centre of the particle. Second, some reactions depend on geometry. A
reaction may require a certain type of surface atom, e.g., a crystal edge or face, in
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order to occur. Reactivity may also be affected by the presence of capping agents,
solution conditions, or the sorption of reactants to the particle surface.

3.5 Photocatalytic Reactivity

The following paragraphs summarize studies of the effect of particle size on the
photocatalytic activity of titanium dioxide, cadmium sulphide, and gold-titanium dioxide
films and composites.

3.5.1 Titanium Dioxide

Several studies have evaluated the effect of particle size on the photocatalytic
degradation of chlorinated solvents such as chloroform (CHCIs) and trichloroethylene
(TCE). Wang et al (1997) tested primarily anatase TiO, particles between 6 and 21 nm
in size and found that the highest photoactivity occurred for the intermediate particle
size of 11 nm. Zhang et al. (1998) found similar results: for pure TiO, catalysts, which
were primarily anatase, the photonic e1‘ficiency18 of pure TiO; increased when particle
size was reduced from 21 to 11 nm, but decreased when the size was further reduced
to 6 nm; they concluded that a particle size of ca. 10 nm might be the optimal value for
pure TiO, photocatalyst in liquid-phase decomposition of CHCl;.

Maira et al. (2000) examined the photocatalytic activity of nanometre-sized anatase
TiO, and TiO, aggregates using gas-phase TCE photooxidation. The rate of oxidation
increased as the TiO, crystal size decreased from 27 to 7 nm, but catalyst activity
dropped when smaller primary patrticles (i.e., 3.8 and 2.3 nm) were used. The authors
propose that the drop in catalyst activity for crystal sizes smaller than 7 nm may be due
to changes in the structural and electronic properties of the nanometre crystals.
Secondary particle size also had a strong effect on the catalytic activity of TiO,. For
aggregates smaller than 600 nm, TCE conversion exhibited a rapid linear decline with
increasing secondary patrticle size.

Three studies tested the efficacy of various sized nanoparticles in the photooxidation of
phenol. The first investigated the photoactivities of TiO, nanoparticles (4 to 58.2 nm) in
the anatase, rutile or mixed-phases (Gao and Zhang, 2001). For rutile TiO,, the
photocatalytic activity increased with decreasing crystallite size (40.8 to 7.2 nm), and
the activity of rutile-type TiO, nanopatrticles of 7.2 nm in size was comparable to that of
anatase TiO, nanoparticles. Another study used TiO, particles (> 70% anatase; < 30%
rutile) between 5 and 169 nm in size as photocatalysts for the oxidation of phenol.

'8 Photonic efficiency is defined as the ratio of the overall rate of photocatalytic process to the
intensity of incident light falling on the reactor. (Klabunde, K. J. and Richards, R. M. [Eds.] 2009.)
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Researchers observed a strong effect of particle size on photoactivity. They found that
the effects of particle size on the efficiency of light absorption and scattering and
charge-carrier dynamics at particle sizes < 25 nm dominated the apparent photoactivity
of TiO,, and concluded that an optimum patrticle size of 25 to 40 nm existed under the
test conditions (Almquist and Biswas, 2002). The third study (Calza et al., 2007)
showed that the reaction rate for the photocatalytic degradation of phenol by TiO,
nanopatrticles increased with increasing particle size over the range of 3.7 to 7.8 nm.

Another study (Jang et al. 2001) evaluated the decomposition of several materials —
methylene blue, two bacterial species, and ammonia gas — by TiO, nanoparticles at
varying particle size and anatase mass fractions (the latter at a constant particle size of
15 nm) under low intensity UV light. The photocatalytic decomposition of methylene
blue (1 mW UV light) increased with decreasing particle size from 30 to 15 nm;
however, the effect of anatase mass fraction played a more important role in
enhancing the degrees of decomposition of methylene blue than did particle size. TiO,
nanoparticles of smaller size (13 to 15 nm) were more effective in the decomposition of
both bacterial species at 1 pyW UV light. Again, the anatase mass fraction was much
more effective in the decomposition of the bacteria than the particle size. For the
decomposition of ammonia gas (1 pyW UV light), 13- to 15-nm nanoparticles were more
effective than were large particles (28 to 30 nm).

In summary, the research described here indicates that reactivity increases with
decreasing particle size. In some cases that occurred until a particle size of
approximately 7 to 11 nm, and particles that were smaller still showed reduced
photoreactivity. In addition to depending on particle size, photoreactivity depended on
the mineral form (anatase or rutile) of TiO,.

3.5.2 Cadmium Sulphide

Pal et al. (2004) investigated the size-dependent photocatalytic activity of silica-coated
cadmium sulphide for the dehydrogenation of methanol, using catalyst particles of 2.4
to > 100 nm in size and found the maximum reaction rate was obtained for 2.8-nm
particles. Above and below this size the reaction rate decreased. Datta et al. (2008)
performed experiments to investigate the size-dependency of photocatalytic activity of
thiol-capped CdS nanoparticles on nitroaromatics. The photocatalytic rate constant
increased with decreasing particle size (5.8 to 3.8 nm). The authors noted that for
particles > 6 nm, the photocatalytic efficiency of CdS nanopatrticles is negligible.

3.5.3 Gold-Titanium Dioxide and Other Gold Nanoparticles

As described by Yogi et al. (2011), “Improvement of the photocatalytic activity of TiO, is
one of the most important aspects of heterogeneous photocatalysis. Au nanoparticles
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(AuNPs)-doped TiO, is well-known to possess a high photocatalytic activity due to its
inhibition of a recombination of photogenerated electron hole pairs by AuNPs.” Several
studies, as summarised below, have examined the effect of varying the Au
nanoparticle size on the photocatalytic activity of Au-doped TiO,.

A study of the reduction of reduction of boron-dipyrromethene via gold-titanium dioxide
(Au-TiO,) composite nanopatrticles (5 to 14 nm) found that the time for substrate to
adsorb to catalyst surface and to be catalysed decreased with decreasing particle size
(Wang et al., 2011).

Kaur and Pal (2012) investigated the effects of the size and shape of supported Au
nanoparticles on the co-catalytic activity imparted to TiO, during photocatalytic
oxidation of salicylic acid. The photodegradation rate was rapidly enhanced with
decreasing size of Au nanoparticles on the TiO, catalyst from 9.5 nm to >5 nm and 3.5
nm. The addition of Au nanoparticles to TiO, increased the rate of photodegradation
compared to bare TiO,.

Yogi et al. (2011) investigated the size effects of Au nanopatrticles on the TiO,
crystalline phase of nanocomposite Au nanoparticle-embedded TiO, (Au-TiO,) thin
films, their adsorption ability, and photocatalytic activity. Their results showed an
indirect effect of particle size on reactivity. The size of the Au nanoparticle affected the
TiO; crystalline phase (anatase vs. rutile); the highest photocatalytic activity occurred in
the film with the well-crystallised anatase phase.

Another type of gold nanoparticle has also been studied. Kell et al. (2005) evaluated
the photoreactivity of Au-core monolayer-protected nanoparticles modified using a
series of aryl ketones. Their objective was to probe aspects of site reactivity as it varies
with core size, recognizing that reactivity may depend on aspects of the structure/
crystallinity that vary with nanoparticle size. The reactivity of aryl-ketone modified Au
nanoparticles increased with decreasing particle size from 4.6 to 1.7 nm for all four
ketones tested.

3.5.4 Summary

The studies summarised herein, for TiO,, CdS, and Au and various Au composites,
generally showed that photoreactivity increased with decreasing particle size. In some
cases the behaviour of the material changed at a particle size of approximately 5 to

10 nm. For example, some studies of TiO, showed that photoreactivity reached a
maximum at a particle size of approximately 7 to 11 nm, and decreased at smaller
sizes. A study of CdS showed that particles above 6 nm in size were not photoreactive
at all, but that smaller particles effectively catalysed the dehydrogenation of methanol.
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4  Discussion

By compiling and evaluating the literature on critical physical/chemical parameters of
nanomaterials, this project sought to define, where possible, the particle sizes at which
the “nano” distinction might become clear. Review of the literature indicated that:

®* Few published studies tested materials at size ranges that included particles both
above and below the threshold criterion of 100 nm;

® The studies focused on inorganic substances rather than carbon-based
nanomaterials; and

® Most studies did not use standard methods, in part because the research
community has struggled with the application of standard methods to
nanomaterials and in part because much of the research to date has occurred in
university research laboratories.

Physical/chemical properties were prioritised with respect to their potential variation
with size and importance with respect to fate, transformation, and/or toxicological
effects in the environment. The findings for high priority parameters are presented
below, followed by a discussion of lower priority parameters and recommendations.

4.1  High Priority Properties

The high priority physicochemical properties investigated were surface morphology,
crystalline structure, water solubility / dissolution, reactivity and photocatalytic activity.
Of these properties, water solubility and reactivity/ photoreactivity have the most direct
implications for environmental fate, transformation, and toxicity of nanomaterials.

The effects of particle size on surface morphology have not been widely investigated in
the peer-reviewed literature.

Many studies have investigated the size-related effects on crystallinity, including
contraction / expansion of the unit cell (lattice contraction / expansion) and phase
transformation between different crystalline phases of inorganic materials. Crystallinity
can affect solubility and reactivity, and thus influence the fate, transformation, and
toxicity of nanomaterials, and thus was assigned a high priority. The majority of the
studies reported size related effects. Most notably, they reported that distortion of the
crystal lattice structure and the transformation between different crystalline forms occur
at particle sizes ranging from 11.7 to 200 nm (See Table 5). However, no simple
conclusions can be drawn to inform the definition of nanomaterials.

It is widely understood that nanosizing materials increases the rate of dissolution and
equilibrium water solubility concentration. Both phenomena have immediate
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implications for environmental effects: an increase in the rate of solubility could, for
example, change the dynamics of toxicity, and an increase in equilibrium solubility
could increase the bioavailability and thus perhaps the toxicity of a substance. A
common application of this phenomenon is in the pharmaceutical industry where drugs
are milled to nanosizes to increase the bioavailability. The majority of the peer-
reviewed literature investigating water solubility/dissolution of nanomaterials study
poorly-soluble organic compounds used in the pharmaceutical industry. A small
number of papers investigated the size-related effects of water solubility / dissolution; a
‘bright line’ particle size threshold could not be calculated from these papers. However,
some data suggest that equilibrium solubility concentrations of substances originating
from nanoparticles may be greater than the equilibrium concentration resulting from
dissolution of larger particles.

The catalytic and photocatalytic properties of inorganic materials can be enhanced
through a reduction in size, particularly at particle sizes much smaller than 100 nm.
The majority of the peer-reviewed literature on this topic describes the catalytic and
photocatalytic activities of various materials at sizes in the range of 1 to 20 nm. ‘Bright
line’ particle size thresholds were determined from the literature as being 15 to 20 nm
and 5 to 10 nm for catalytic and photocatalytic reactivity, respectively. (The literature
does not suggest a second threshold at a larger particle size.) These thresholds are
not useful for informing the definition of nanomaterials as they relate to the current
widely-accepted particle diameter of 100 nm.

Table 5. ‘Bright Line’ Thresholds Identified in the Literature Review

Bright Line Bright Line
Substance Threshold Threshold Basis for Threshold
Identified? (nm)
Surface None N/A N/A
morphology
i Distortion of crystal lattice structure
Crystalline Yes 11.7 to 200 . .
structure Different crystalline forms
Water solubility | N/A N/A
/ Dissolution
Reactivity Yes 15to0 20 Maximum catalytic activity
Phgtpcatalytlc Yes 5to 10 Maximum photocatalytic activity
activity
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4.2  Lower Priority Properties

Some of the parameters assigned a lower priority in this project may also be important
to environmental fate and transformation in some cases. Physical hazards can result
from the increase in flammability, self-ignition potential, and explosiveness that can
result from decreasing particle size. The effect of particle size on magnetism has been
widely evaluated for non-environmental purposes, but may affect the environmental
transport of certain metals such as nano zero-valent iron.

Finally, it may be worth noting that the particle-size dependence of two properties that
were screened out of this evaluation may become more important as scientists gather
more data. Zeta potential characterises the electrokinetic potential of a nanoparticle
suspended in solution. It indicates the tendency for nanoparticles to either agglomerate
or remain suspended. Dispersibility, a related parameter, describes the relative number
or mass of suspended particles. Both parameters relate to the potential for
environmental transport in aqueous suspension as nanoparticles or, conversely, to
agglomerate and accumulate in soil or sediment. Very limited data published within the
last few years suggest that these parameters may relate to particle size. Zeta potential
and dispersibility may be very important to the definition of nanomaterial, as the
concepts were initially developed in the characterisation of colloids (which are often
defined as particles up to one micron or more in size). The currently-available data for
these properties do not suffice to inform the definition of nanomaterial, however.

4.3 Recommendations

One way to view the data presented in this report is to ask how well they characterise
the properties of the nanomaterials in most common use. The answer to that question
illuminates the practical aspects of developing a definition for nanomaterials. A second
way to assess the data is to consider how well the data describe the nanomaterials
that they have characterised. Each of these questions is addressed below within the
context of developing recommendations for further evaluation.

4.3.1 Adequacy of Data with Respect to Common Nanomaterials

The definition of nanomaterials refers to “natural, incidental or manufactured material”.
Few data were identified on the size-related properties of natural or incidental
materials.

Information from several authorities on the prevalence of specific nanomaterials in
commerce was compared to the data reviewed in this study to determine how well
those data represent the characteristics of the most common nanomaterials in
commerce.
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The OECD has focused on the following substances in their Safety Testing of a
Representative Set of Manufactured Nanomaterials (OECD, 2010): aluminum dioxide,
cerium dioxide, dendrimers™, fullerenes (C60), gold nanoparticles, iron nanoparticles,
multi-walled carbon nanotubes (MWCNTS), nano clays, silicon oxide, silver
nanopatrticles, single walled carbon nanotubes (SWCNTS), titanium dioxide, and zinc
oxide.

For additional perspective on the nanomaterials in most common use, one can also
consider inventories of consumer products that contain nanomaterials. RIVM has
compiled an inventory of nanomaterials in consumer products on the European
market in 2010 (Wijnhoven et al., 2011). It includes a total of 858 consumer products
with a “nanoclaim”. Further work by RIVM to characterise nanomaterials in consumer
products “focused on the presence of nanomaterials of the elements silver, silicon,
titanium and/or zinc, as these are the insoluble ‘hard’ nanomaterials that are most
likely to be present in consumer products” (Oomen et al., 2011).

The RIVM inventory is based in part on a database of nano-enabled consumer
products, compiled by the Project on Emerging Nanomaterials®’, which now lists 1,317
items. Figure 2 illustrates the nanomaterials found most often in those products and the
relative frequency with which they occur.

Finally, a few nanomaterials are used in high quantities for very specialised uses. For

example, nanoparticles of copper carbonate are widely used in wood preservation and
may represent the nanomaterial in greatest commercial use, by tonnage, according to
one source (Evans, 2009).

9 “Dendrimers are hyper-branched, well-organized polymer molecules made up of three
components: core, branches, and end groups. Dendrimer surfaces terminate in several
functional groups that can be modified to enhance specific chemical activity” (OECD, 2009b).

%% Data obtained from product inventories maintained by The Project on Emerging
Nanotechnologies http://www.nanotechproject.org/inventories/ as of April 14, 2011.
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Figure 2. Nanomaterials Found Most Frequently in Consumer Products

In summary, these various sources indicate that the following hanomaterials may be in
particularly wide use: aluminum dioxide, cerium dioxide, dendrimers, fullerenes (C60),
gold nanoparticles, iron nanoparticles, MWCNTS, nano clays, silicon oxide, silver
nanoparticles, SWCNTSs, titanium dioxide, and zinc oxide; copper carbonate may also
be important commercially. Substances in wide use are important with respect to the
potential for exposure and the consequent applicability of regulations.

In contrast, and as illustrated in Figure 3, the studies reviewed in this project pertained
primarily to gold, titanium dioxide, platinum, silver, and cobalt®*. Few or no size-related
data were available for aluminum dioxide, cerium dioxide, copper carbonate,
dendrimers, fullerenes (C60), iron nanoparticles, MWCNTSs, nano clays, silicon oxide,
SWCNTSs, or zinc oxide. Some of these materials (i.e., dendrimers, fullerenes, carbon
nanotubes) are arguably nanomaterials by definition. Therefore data on the size-
related properties of such materials may not be as relevant to the definition of
nanomaterials.

2L «Other” in Figure 3 includes substances for which only one study was identified: C (diamond),
CdSe, CuO, In(OH)s, Liln(WO.),, PbS, PbZrO3, PdsCo, Pr, PtzCo, Sb, SiO, SnO., U3Og, V.
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Figure 3. Number of Studies Reviewed for Each Substance

In summary, this comparison suggests that few size-related data are available for
some of the nanomaterials in widest use. In particular, additional data on copper
carbonate, silicon, zinc, organic nanomaterials, and some characteristics of silver and
titanium dioxide would be valuable. The OECD programme on Safety Testing of a
Representative Set of Manufactured Nanomaterials will provide some relevant data,
but is not expressly designed to test materials of various particle sizes and compare
those data to the characterisation of bulk materials.

Therefore, one recommendation is to obtain additional data on the size related
properties of common nanomaterials in commercial use, and to consider whether
additional data should be collected on the size-related properties of natural or
incidental nanomaterials.

4.3.2 Adequacy of Data with Respect to Parameters Characterised

The data summarised in this report were also reviewed with respect to their adequacy
to describe the nanomaterials tested.

Solubility — both the rate of dissolution and the equilibrium solubility concentration — is
fundamental to environmental fate and the risks resulting from exposure.
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Thermodynamic theory predicts the change in equilibrium solubility with particle size,
yet few data are available from laboratory studies. Those studies examined the
solubility of metals in the following substances: particulate air pollutants, silver,
hematite, lead sulphite, and brushite. The data do not adequately characterise the size-
related solubility of nanomaterials, particularly by comparison to the roster of the most
common nanomaterials described above.

The size dependence of reactivity has been extensively studied for many catalysts.
Few studies were identified, however, pertaining to the size-dependent reactivity of
some of the most common nanomaterials, including copper, silver, titanium, and zinc.

Zeta potential and dispersibility characterise the properties which determine whether a
particle is transported in aqueous suspension or else agglomerates and accumulates
in soil or sediment. These parameters may relate to particle size. Additional data need
to be collected to characterise the size dependence of these properties.

The effects of particle size on crystallinity have been widely studied for some
substances. Changes in crystallinity can affect the behaviour of a material in the
environment. However, the data reviewed in this project do not point to a simple
relationship between size-related changes in crystallinity and characteristics such as
solubility or reactivity, Therefore, collection of additional data regarding crystallinity is
considered of lower priority with respect to the recommendations of this report than the
data described above.
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5 Conclusions

This project constituted a review of the literature to determine which physicochemical
properties make a nanomaterial different from a ‘conventional’ material and at what
size these properties change to ‘nanospecific’ properties. The European Commission
(2011) definition of “nanomaterial” provided the context for the review. That definition
is:

A natural, incidental or manufactured material containing particles, in an unbound
state or as an aggregate or as an agglomerate and where, for 50% or more of the
particles in the number size distribution, one or more external dimensions is in the
size range 1 to 100 nm.

In specific cases and where warranted by concerns for the environment, health,
safety or competitiveness the number size distribution threshold of 50% may be
replaced by a threshold between 1 and 50%.

By derogation from the above, fullerenes, graphene flakes and single wall carbon
nanotubes with one or more external dimensions below 1 nm should be
considered as nanomaterials.

A review of the parameters which characterise nanomaterials at ambient temperatures
and pressures led to a focus on morphology/crystallinity, water solubility, reactivity, and
photoreactivity. Other characteristics may also vary with particle size but were judged
to be of lesser priority and so are not discussed in this report in detail. Those
parameters include, among others, flammability, autoflammadbility, explosiveness and
magnetism.

The scientific literature was reviewed to obtain information on the effect of particle size
on morphology/ crystallinity, water solubility, reactivity, and photoreactivity. Few
published studies tested materials at size ranges that included particles both above
and below the threshold criterion of 100 nm. That lack of information, along with a
general lack of experimental focus on the percentage of particles in a test substance
within the size range 1 to 100 nm, limited the evaluation described in this report with
respect to the EU definition of nanomaterials. Most of the papers described herein
pertained to metals and metal oxides rather than carbon-based substances. The
emphasis on metals and metal oxides in the published literature may reflect the
commercial value of such inorganic substances and the consequent impetus to
research their properties. It may also reflect in part the parameters evaluated. For
example, carbon-based substances such as carbon nanotubes are valued in part due
to their physical strength and conductivity and the search terms used in this study,
which were based on the study objectives, did not reflect such properties.
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The outcome of the literature review for each of the target parameters is summarised
below.

Surface morphology may affect the rate of dissolution and equilibrium solubility, as well
as the reactivity of a particle. The literature review identified two relevant papers.
These papers suggest that in some cases the shape and structure of an inorganic
particle may depend upon its size, but the data are too few to draw general
conclusions about the size dependence of morphology. Additional information is
available regarding the effect of size on crystalline structure, a specific aspect of
morphology.

The crystalline phase refers to how molecules are physically arranged in space.
Many materials with the same chemical composition can have different lattice
structures and consequently exhibit different physicochemical properties. The
literature search identified 46 papers that examined size-related effects on crystalline
structure, most of which indicated that crystalline structure depended in some way on
particle size. The researchers often recognised the interrelationship between
calcination temperature, particle size, and crystalline structure. Several aspects of
the crystallinity of metals and metal oxides may vary with particle size. With changes
in particle size the unit cell can contract or expand, as represented by changes in
lattice parameters. Particles of two different sizes can also assume different
crystalline phases. In some cases, different experiments with the same material
found different results with respect to lattice contraction or expansion. In summary,
while many studies have demonstrated size-related effects, no simple conclusions
can be drawn to inform the definition of nanomaterial.

Water solubility can depend on particle size, as well as on solution characteristics
and the particle coating. Two aspects of water solubility can change with particle
size: the rate of dissolution and the equilibrium solubility concentration. The rate of
dissolution of soluble materials commonly increases with decreasing particle size.
However, based on the 9 papers reviewed in this report, no clear threshold of a size-
related effect exists to support a definition of nanomaterial. Further, thermodynamic
theory predicts that equilibrium solubility should increase with decreasing particle
size, which is supported by some experimental data. Thermodynamic considerations
suggest that the solubility varies as an exponential function of the particle size
diameter.

Catalytic activity was studied as a measure of nanopatrticle reactivity, which also
depends on particle size. Decreasing the particle size affects the surface free energy
and can change the geometry at the surface of the particle, thereby increasing the
catalytic activity of surface atoms. Most of the studies described in this report
determined that catalytic activity increased as particle size decreased, with maximum
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activity often occurring below 15 to 20 nm. Some studies reported the opposite
effect, and some noted a size corresponding to peak reactivity (i.e., with lesser
catalytic activity of particles above and below that size).

Photoactivity refers to the generation of electron-hole pairs by nanomaterials
exposed to light. The thirteen studies summarised herein generally showed that
photoreactivity increased with decreasing particle size. In some cases the behaviour of
the material changed at a patrticle size of approximately 5 to 10 nm.

Finally, as discussed in the Recommendations section of this report, the data do not
suffice to characterise the size-related behaviour of natural or incidental nanomaterials
or of many of the common nanomaterials in commercial use. Additional data on the
critical properties of such materials would provide valuable input to the definition of
nanomaterials.
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Appendix A

Details of Database Searches

1 Developing the Database Searches

An index search string was developed to query the Dialog® databases, which consists of 58 individual
databases. The index search consisted of three major concepts, each designed to search titles and subject
headings. Duplicate references and patents were removed.

Concept 1 - was designed to capture titles/subject headings that studied nanoparticles. This
concept included the following search terms (“?” indicates that the search term will include all words
containing additional characters following the “?” symbol):

—  NANO or NANOPARTICLE? or NANOMATERIAL?

AND
Concept 2 - was designed to capture titles that investigated the size of nanoparticles and a
threshold

- (DIAMETER OR SIZE) AND (RELATED or DEPENDENT or DEPENDENCE or DRIVEN or REDUCTION or
THRESHOLD or RELATIONSHIP)

AND
Concept 3 — was designed to capture title/subject headings that investigated one of the priority
physicochemical properties (“()” indicates that two adjacent terms are next to each other in that

order [i.e., a space or a punctuation mark such as a hyphen can be found between the search
terms])

- (WATER()SOLUBILITY) or DISSOLUTION or

- (CRYSTALLINE()STRUCTURE) or (CRYSTAL()STRUCTURE) or

- MORPHOLOGY or

- REACTIVITY or REDOX or (REACTIVE()OXYGEN()SPECIES) or

- (PHOTOCATALYTIC(ACTIVITY) or (PHOTO()ACTIVATION) or

- FLAMMABILITY or

- (AUTO(QIGNITION) or (SELF(OIGNITION) or

- EXPLOSIVENESS or EXPLOSIVITY or EXPLODE or COMBUSTION or
- OXIDIZING or OXIDISING or OXIDIZER or OXIDISER or OXIDANT or
- MAGNETISM or MAGNETIC or

- DISPERSABILITY or (DIS)AGGREGAT?) or DISAGGREGATION or

- APPEARANCE or COLOR or COLOUR or

- (MELTING()POINT) or (FREEZING()POINT) or

- (BOILING()POINT) or

- (PARTICLE()SIZE) or GRANULOMETRY or

- (PARTITION()COEFFICIENT) or KOW or (OCTANOL()WATER) or POW or
—  (SOLUBILITY(2W)(ORGANIC()SOLVENTS)) or

- (FAT()SOLUBILITY) or

- (RELATIVE()SURFACE()AREA) or

A-1



— DUSTINESS

The first index search was performed on 9 February 2012. Twenty-nine of the databases contained at least
one reference that matched the search criteria. Focused queries of these databases and elimination of
duplicate references identified 611 potential references.

The applicability of each reference (i.e., studying size-dependent effects of a low/medium/high priority
property) was determined by examining each reference’s title, and, in many cases, the abstract. Many
publications were ruled out because they pertained to synthesis methods, characterization methods, or to
the antimicrobial properties of nanoparticles such as nanosilver. Therefore, it was necessary to refine the
literature search to exclude such references.

2 Refining the Database Search

In the second Dialog® search, performed on 27 February 2012, a fourth concept was added to the original
literature search to remove references whose titles contained any of the following terms:

Concept 4

—  SYNTHESIS or SYNTHESES or CHARACTERIZATION or CHARACTERISATION or PREPARATION or
COMPOSITIONS or FABRICATION or FORMATION or ANTIBACTERIAL or ANTIMICROBIAL

This search produced 724 references.

The second Dialog® search failed to identify any relevant papers investigating carbonaceous nanomaterials
such as fullerenes, carbon nanotubes or carbon black. Therefore, on 19 June 2012 a supplemental Dialog®
search was performed by modifying the search terms in the first concept and keeping concepts 1-3 identical
to the second Dialog® search.

Concept 1
— FULLERENE? or NANOTUBE? or CARBON()BLACK

This search produced 83 potentially-relevant references. Based on the titles and abstracts of the papers, 5
papers were obtained for possible inclusion into the database. Upon review, none were judged relevant and
included.
3 List of Databases Queried in the Dialog® Search
The Dialog® searches inspected the following databases:
2: INSPEC_1898-2012/Jan W5
5: Biosis Previews(R) 1926-2012/Jan W5
6: NTIS_1964-2012/Jan W5
8: Ei Compendex(R)_1884-2012/Feb W1
10: AGRICOLA_70-2012/Jan
24: CSA Life Sciences Abstracts 1966-2012/Jan
28: Oceanic Abstracts_1966-2012/Jan
29: Meteorology & Geoastrophysical Abstracts 1966-2012/Jan
34: SciSearch(R) Cited Ref Sci_1990-2012/Jan W5



35: Dissertation Abs Online_1861-2012/Jan

40: Enviroline(R)_1975-2008/May

41: Pollution Abstracts_1966-2012/Jan

44: Aquatic Science & Fisheries Abstracts_1966-2012/Jan
49: PAIS Int._1976-2012/Jan

50: CAB Abstracts_1972-2012/Jan W4

51: Food Sci.&Tech.Abs_1969-2012/Jan W5

53: FOODLINE(R): Science_1972-2012/Feb 06

58: GeoArchive 1974-2012/Aug

60: ANTE: Abstracts in New Tech & Engineer_1966-2012/Jan
61: Civil Engineering Abstracts. 1966-2012/Jan

64: Environmental Engineering Abstracts_1966-2012/Jan
65: Inside Conferences 1993-2012/Feb 06

72: EMBASE_1993-2012/Feb 06

73: EMBASE_1974-2012/Feb 06

74: Int.Pharm.Abs_1970-2012/Feb B1

76: Environmental Sciences_1966-2012/Jan

87: TULSA (Petroleum Abs) 1965-2012/Jan W4

89: GeoRef 1785-2012/Jan B1

96: FLUIDEX_1972-2012/Feb

98: General Sci Abs_1984-2011/Nov

99: Wilson Appl. Sci & Tech Abs_1983-2011/Nov

103: Energy SciTec_1974-2012/Jan B2

108: Aerospace and High Technology Database 1962-2012/Jan
110: Wastelnfo_1974-2002/Jul

117: Water Resources Abstracts_1966-2012/Jan

118: ICONDA-Intl Construction_1976-2011/Sep

134: Earthquake Engineering Abstracts_1966-2012/Jan
144: Pascal_1973-2012/Jan W5

155: MEDLINE(R)_1950-2012/Feb 03

156: ToxFile_1965-2012/Jan W2

162: Global Health_1983-2012/Jan W4



172:
181:
203:
266:
292:
317:
332:
336:
354:
369:
370:
428:
429:
434:
444:
624:

4

EMBASE Alert_2012/Feb 06

Adverse Reaction Database 2008/Q3
AGRIS_1974-2012/Dec

FEDRIP_2012/Dec
GEOBASE(TM)_1980-2012/Jan W5
Chemical Safety NewsBase_1981-2012/Jan
Material Safety Data Sheets 2
RTECS_2012/Q1

Ei EnCompassLit(TM)_1965-2012/Jan W4
NEW SCIENTIST_1994-2010/JAN W5
Science_1996-1999/Jul W3

ADIS Newsletters(Curr)_2012/Feb 06

ADIS Newsletters(Arc)_1982-2012/Feb 06
SciSearch(R) Cited Ref Sci_1974-1989/Dec
New England Journal of Med._1985-2011/May W3
McGraw-Hill Publications_1985-2012/Feb 04

Screening Database Results

The papers were sorted into one of three categories:

References either initially or ultimately determined to be relevant for this project were entered into the

Relevant for this project

— Based on title, the reference was obtained.

Possibly relevant for this project

— Based ontitle, it was unclear if the reference was relevant for the project and required discussion among the
ARCADIS project team. Abstracts were obtained for each reference to assist in this determination. Papers
ultimately determined to be relevant were obtained while papers determined not to be relevant were moved to

the third category.

Not relevant for this project

— Based onttitle, the reference was determined not to be in-scope for this project. No further action was taken for

these references.

literature database.

5

An Excel database was created to summarize the information from each paper deemed critical and to
highlight any size-dependent relationships. Table 1 summarizes the number of papers entered into the

Project Literature Database

database for each property.



Table 1 Summary of Papers Entered into Database Per Property

Total Number of Number of Papers Determined

PElE iy, P Papers Identified to be Relevant
Boiling point Low 0 -
Dispersability Low 0 -
Low priority papers were not
Dustiness Low 1 reviewed
Low priority papers were not
Melting / freezing point Low 12 reviewed
Low priority papers were not
Partition coefficient Low 1 reviewed
Low priority papers were not
Solubility in organic solvents Low 1 reviewed
Auto-flammability: Medium 0 -
Medium priority papers were
Explosiveness Medium 10 not reviewed
Flammability Medium 0 -
Medium priority papers were
Magnetism Medium 48 not reviewed
Crystalline structure (structure) High a7 46
Photocatalytic activity High 13 13
Reactivity High 64 52
Surface morphology High 3 2
Water solubility High 9 9
TOTAL: 209 122

A-5
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Copy of Database
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