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ABSTRACT

A state-of-the-science review was undertaken to identify and assess sampling and analysis methods to
detect and quantify selected nanomaterials (NMs) in the ambient atmosphere. The review is restricted to
five types of NMs of interest to the U.S. Environmental Protection Agency under their Office of Research
and Development Nanomaterial Research Strategy: cerium oxide, titanium dioxide, carbon nanostructures
(carbon nanotubes and fullerenes), zero-valent iron, and silver nanoparticles. One purpose is to determine
the extent to which present-day ultrafine sampling and analysis methods may be sufficient for identifying
and possibly quantifying engineered NMs (ENMs) in ambient air. Conventional sampling methods for
ultrafines appear to require modifications. For cerium and titanium, background levels from natural
sources make measurement of ENMs difficult to quantify. In cases where field studies have been
performed, identification from only bulk analysis samples have been made. Further methods development

is needed to identify these NMs, especially in specific size fractions of ambient aerosols.

Nanoparticles‘ (NPs), which are defined as particles having at least one dimension < 100 nm ', often
possess different physical and chemical properties compared to their bulk-sized counterparts.

Increased reactivity, strength, and conductivity at the nano-scale are key features leading to a boom in



production of nanomaterials (NMs), those materials with nano-scale morphology comprised of NPs or
other nanocomponents. Sometimes, these differences can be attributed to increased surface area.
However, in many cases, even the surface-area normalized reactivity of the NP is greater than that found
in its bulk counterpart. In these instances, the increased reactivity may be due to surface defects (as with
nano-cerium oxide) or the fact that particle size is approaching the quantum regime. >

NPs have become integral to the production of a variety of commercial products, such as sports
gear, electronics, cosmetics, clothing, medicine, and food. >* The Project on Emerging Nanotechnologies
of the Woodrow Wilson International Center for Scholars maintains an online database desi gned to track
the role of nanotechnologies and NMs in the production of consumer products
(http://www.nanotechproject.org/inventories/consumer). A search of this database in February 2008
y-ielded 606 nanotechnology-based consumer products.” A subsequent search in September 2009 showed
that the numbel; of nanotechnology-based consumer products had nearly doubled, increasing to 1020.
While this product survey is not authoritative, it does illustrate the increased use of NMs (68% increase in
19 months) and thus the greater potential for releases into the atmosphere. The intense interest
surrounding NPs can also be seen from a research standpoint. From 1990 to 1999, approximately 4,000
articles were retrieved from the Web of Knowledge database using the search term “nanoparticles.” The
same search, performed in the date range January 2005 to September 2009, retrieved more than 67,000
articles. From a manufacturing standpoint, Meyer et al.® observed a sector-dependent increase in growth
in production of products containing NMs—71% to 700% over a two-year period ending in 2008. These
observations show the increased interest and importance of NPs in both the public and scientific
communities. With the boom in NP production and lack of fundamental knowledge regarding their
behavibr in the air environment, NPs can truly be considered an emerging pollutant.®

The atmospheric aerosol community has long been investigating the composition and toxicity of
ultrafine (UF) particles.”* However, until recently, most studies of UF particles have focused on
incidental nanoparticles (INPs), that is, NPs created as byproducts of other processes. A large fraction of

INPs in the atmosphere originate from combustion sources or freshly nucleated particles. The focus on



UF fractions (and therefore INPs) is, in large part, driven by the fact that these small particles can pose a
danger to human health. Nano-sized particles can easily penetrate into the lower regions of the lungs and
have been shown to enter the bloodstream through the CO,/O, cardiopulmonary system exchange
barrier.”” As a result, UF particles are linked with both respiratory and cardiovascular morbidity.'*'2

The recent explosion in NM production has resulted in concerns about a new type of NP, the
engineered nanoparticle (ENP). Unlike INPs, ENPs are intentionally produced for use in commercial
products, as described above. With the expanding interest in and enormous economic potential for ENPs,
it is likely that atmospheric emissions of these materials will increase.” As ENP production evolve; into a
more mature industry, it is essential to establish methods to quantify and characterize airborne ENPs both
in occupational and environmental settings.

Since research on ENPs in the atmosphere has yet to be undertaken to a substantial degree, and
presently there are few ENP-specific sampling techniques, an examination of the measurement methods
for UF particles (diameter < 100 nm) represents a first step for selecting methods for ambient ENP
measurements. UF measurements are generally performed by collecting samples using filter- or impactor-
based techniques followed by off-line analytical measurements, and typically reported as air
concentrations in terms of mass per volume of air passing through the collection medium, usually as pg
m”. However, mass measurements may significantly underrepresent the importance of particles < 100
nm. For example, Figure 1 (adapted from Kittelson et al.'*) shows the mass and number distribution of
particles collected from diesel engine exhaust. In terms of particle mass, three modes are observed: nuclei,
accumulation, and coarse modes. However, on the basis of particle number, only the nuclei mode is
important to a significant degree. In this light, substantial work has recently been performed to determine
the size distribution of NPs rather than their overall mass. The details of these and other considerations
have driven the measurement methods reviewed in this paper.

The U.S. Environmental Protection Agency has recently formulated a Nanotechnology White
Paper to consider policy implication of the use of NMs and its Nanomaterial Research Strategy develops a

strategic plan to understand sources of and exposures to NMs."* One of the initial activities in the plan has



been to examine the applicability of present-day measurement techniques to ENPs released into the
atmosphere. Measurements aimed at elucidating the sources and potential impacts of ENPs could be
confounded by background concentrations of INPs, especially in ambient UF particles. Understanding the
techniques likely to be applicable for measuring and quantifying NMs in ambient air initially requires an
understanding of the sources, properties, and potential transformations of these compounds in real world
airsheds to provide adequate requirements for precision and accuracy of candidate methods.

This review presents the state-of-the-science of sampling and analysis (currently considered to be
applicable to UF particles in ambient air) of five selected NMs: cerium oxide, titanium dioxide, carbon
nanostructures (carbon nanotubes and fullerenes), zero-valent iron, and silver NPs. A primary goal of this
review is to determine the extent to which present-day techniques used to characterize UF particles are
applicable to the sampling and analysis of ENPs. While the review focuses on work found in traditional
peer-reviewed journal articles, information was also drawn from communications with current
investigators, as well as reports prepared by industry and government agencies.

We begin with a description of known sources, properties, and potential transformations of the
selected NMs to provide context for the measurement methods being considered. Next, sampling
techniques for UF particles (and NPs by extension) are reviewed, followed by current analytical and
characterization techniques. Lastly, we summarize results from relevant field measurements. An appendix
of acronyms has been provided as a convenience to the reader, as well as for cases where first use

descriptions prove to be awkward.

Sources, Properties, and Transformations of Engineered Nanoparticles in the
Atmosphere

NPs are released into the environment by natural mechanisms and through anthropogenic routes. The
increased production of NMs may lead to an increased concentration of these materials in the air. To
understand the impact of ENPs on human health exposures and deposition to ecosystems, and also to

place this review in context, it is important to understand their potential sources of release into the



atmosphere, their physical and chemical characteristics, and possible transformations once emitted. The
factors discussed in this section will address several or all of the following topics for each NM: (1) the
origin of NPs emitted into the atmosphere (engineered or incidental, natural or anthropogenic), (2) the
chemical and physical nature of the NPs, (3) the potential physicochemical transformations of the NPs
upon release, and (4) potential effects of the NPs on physicochemical transformations of other
atmospheric species. Information on the sources of the NPs considered in this review is summarized in

Table 1.

nano-Ceria (n-ceria; n-CeQO,)

Cerium is the most abundant rare-earth element in the earth’s crust, with an average concentration of 50
ppm.' Reff et al."” recently reported anthropogenic emissions of 69.3 tons yr'' of cerium in PM s
(particulate matter with diameter < 2.5 um) in the U.S., and identified seven corresponding source
categories. Mass fractions of cerium in all seven source categories fall below 0.6%. In the form of cerium
oxide (CeO,), major commercial uses of the compound include flint material, glass polish and
decolorizer, and as a catalyst for control of vehicle emissions, either as a thin washcoat in three-way
catalytic converters in gasoline engines or as a fuel-borne catalyst (FBC) in diesel engines.'® "
Applications also exist in other industrial processes,'® solar cells,”® and fuel cells.*’ The most likely
potential source of n-ceria in the ambient atmosphere would be from its use as a FBC. We, therefore,
focus on this source here.

There are presently three diesel fuel additive products that contain nano-sized cerium as a FBC:
(1) Eolys™, manufactured by Rhodia Electronics & Catalysis, based in France; (2) Envirox™, originally
manufactured by Oxford-based Oxonica Energy Limited, and now owned by Energenics Pte Ltd.; and (3)
Platinum Plus®, from Clean Diesel Technologies, based in the U.S. Of these, only Platinum Plus® is

currently registered with the EPA for use in on-road diesel vehicles in the United States. Because all

contents of Platinum Plus® and Envirox™ are already listed on the Toxic Substances Control Act



(TSCA) Chemical Substance Inventory, both can be used for off-road diesel applications in the U.S.
While all three of these additives contain nano-scale cerium (5-7 nm in primary particle size), the specific
formulation of each is proprietary and confidential business information. Nevertheless, some details are
public knowledge. Eolys™ (particularly the DPX-9 formulation) has been reported to contain n-CeO,
dispersed in an organic solvent,” Envirox™ contains n-CeO,, which is described as being dispersed in an
aliphatic/cycloaliphatic hydrocérbon fluid with the aid of dispersants,” and Platinum Plus® contains a
nanocrystallite cerium product comprised of a colloidal mixture of amorphous and crystalline cerium
hydroxide, which is transformed into n-ceria upon combustion.**

The primary purpose of n-ceria FBC:s is to cétalyze the oxidation of soot, resulting in reduced
diesel particulate matter (DPM) emissions and increased fuel economy. Unlike ceria on the micron scale,
n-ceria has been shown to contaiﬁ a large number of surface defects. These defects are primarily a result
of oxygen vacancies in its crystal structure.” As a result of these defects; molecular oxygen is easily
adsorbed to the surface, and thus n-ceria is a powerful oxidation catalyst. As the vacancies become filled
with oxygen, the oxygen becomes available to oxidize soot at temperatures more than 200°C below the
temperature at which soot would otherwise be oxidized. During the process of soot oxidation, the oxygen
trapped in the vacancies oxidizes the soot and the n-ceria becomes reduced. Oxygen can then be
readsorbed and the process can continuously cycle.®

The oxidation of diesel soot and corresponding reduction of particulate carbon emissions by
cerium-based fuel addi"fives has been demonstrated in several studies.””' Although these additives reduce
DPM emissions on a mass basis, studies have also shown that they can cause significant increases in
number concentrations of particles in the nuclei mode illustrated in Figure 1 (that is, particles with
mobility diameters < 50 nm).”*** This shift in particle size distribution, which becomes more pronounced
as the additive concéntration in fuel is increased, may be the result of at least two different processes:

(1) the oxidation of soot may lead to increased concentrations of volatile organic compounds (VOCs) that
could form nuclei mode particles, and (2) homogeneous nucleation of n-ceria. Imaging and chemical

analysis of the resulting nuclei mode particles indicates that they are predominantly composed of n-



ceria.”* Jung et al.”? found that n-ceria can be emitted in diesel exhaust in two ways: (1) “decorating”
the surface of larger soot agglomerates, and (2) as aggregates of n-ceria. It is important to note that in
both of these cases, the size of the n-ceria is 5-7 nm.

No studies have yet been published on the fate of n-ceria FBCs once emitted into the atmosphere.
However, one study has determined that n-ceria has the ability to efficiently reduce hydrogen peroxide, a
common atmospheric constituent generated as a chain-terminating product of the self reaction of
hydroperoxyl radicals in the atmosphere.* Another study showed that n-ceria both decarboxylates and
polymerizes some small organic molecules.* Therefore, it is expected that emissions of n-ceria could

impact transformations of other atmospheric species.
nano-Titania (n-titania; n-TiO,)

Numerous consumer products, such as paints, cosmetics, and sunscreens, contain n-titania for its

pigmentary, photocalytic, and UV protective properties.” >

n-Titania is also receiving attention for its
photocatalytic properties in air purification and water treatment applications.””*' Release of n-titania from
the majority of applications summarized above will be to aquatic environments, however, TiO, has been
detected in the ambient atmosphere.**** Total anthropogenic emission of PM, s titanium in the U.S. is
reported to be 14,400 ton y™'."” Sources of n-titania in the atmosphere could include aerosolization from
water treatment processes, paint wear, and wind-blown crustal material. Titanium is the ninth-most
abundant element in Earth’s crust, and n-titania has been observed in the lungs of ancient humans,
including the Tyrolean ice man (a 5,300 year-old mummy found preserved in alpine glacier ice).* While
mechanisms of release to the atmosphere have not received much attention, airborne release of n-titania in
manufacturing plants has been investigated. During the manufacturing process, titania is primarily
released during material handling.” Employees in the manufacturing sector are most susceptible to

inhalation of ENPs of titania.

TiO;, is a semiconductor with a low band-energy, < 385 nm for anatase and < 400 nm for rutile



(two of the three crystalline forms of TiO,), leading to strong photolytic properties. As with n-ceria,
titania is capable of participating in both reduction and oxidation reactions. This is accomplished by

producing electron hole pairs, as shown below:*’

TiO, 2; e, (Ti0,) + h, (TiO,)
Several investigators have found that, compared to rutile, anatase is the more photoactive form of
titania.***° In fact, Jang et al. determined that the crystalline form of titania was a more important
parameter than particle size in the decomposition of bacteria and ammonia.*® Additionally, titania was
found to deactivate n-heptane for at least 30 hours without losing activity.” By contrast, aftera 15 h
interaction period with SO,, titania lost activity as a photocatalytic agent which was likely due to SO,
adsorbed onto the surface. However, the catalyst was found to be eaéily regenerated by sonication in
deionized water.”’

After TiO, is emitted to the atmosphere, it catalytically oxidizes nitric oxide (NO) to form
nitrogen dioxide (NO,) and oxidizes organic molecules to form CO,,%" which has implications with
respect to how particulate titania can interact with other atmospheric species and promote the formation
of ozone (O;). For example, the presence of uncoated rutile (anatase was not examined) allowed the
photooxidation of propan-2-ol to occur at a rapid rate.”> When coated with > 1% (w/w) silica, the
oxidation of propan-2-ol decreased and eventually terminated at approximately 16% silica (w/w). This
likely occurred due to an increased silica concentration on the surface of the titania blocking any resulting
photoactivity.”* This is relevant to atmospheric systems because a significant portion of crustal-derived
aerosols are composed of silica.”®>* Thus, it is possible that titania may be quickly deactivated in arid
areas with high concentrations of wind-blown dust. Clearly, additional studies would be required to

confirm this hypothesis.

Carbon Nanoparticles — Carbon Nanotubes and Fullerenes



Carbon NPs are common in the atmosphere in at least three forms: (1) carbon nanotubes (CNTs), (2)
fullerenes, and (3) soot. All of these may be .present as INPs produced by combustion of hydrocarbons.
We briefly summarize combustion sources of carbon-based INPs only to provide context for studies on
ENPs. Soot agglomerates, such as those found in diesel exhaust, are primarily carbonaceous and are
produced from the incomplete combustion of hydrocarbons. It is estimated that 25% of the particulate
carbon in diesel exhaust is amorphous soot while the other 75% is comprised of CNTs and fullerenes.”
Other incidental sources of CNTs and fullerenes include methane, propane, and natural gas combustion
streams.™ As for carbon-based ENPs, CNTs have been found to be one of the most promising materials in
“nanotechnology for energy storage and composite materials, among other applications.”” Fullerenes, and
derivatives thereof, have been studied extensively for applications in solar cells, chemical sensors, drug
delivery, bacterial and viral inhibition, and antioxidant activity.”® Although CNTs and fullerenes
accounted for a quarter of available NMs included in the Nanowerk LLC online database in 2009,
airborne sources have not been investigated outside of exposures in manufacturing facilities. Potential
sources of these ENPs in the atmosphere include release during incineration of industrial and medical
solid waste, as well as treatment of liquid waste, as described for silver NPs by Quadros and Marr.”
Engineered CNTs and fullerenes are produced using several different methods and may contain trace
amounts of various contaminants such as yttrium and nickel, which are often used as catalysts in the
synthesis of these NMs.*® The presence of these contaminants could distinguish ENPs from INPs.

CNTs may exist as single-wall carbon nanotubes (SWCNTSs) or multi-wall carbon nanotubes
(MWCNTs). SWCNTs can be thought of simply as one-atom-thick sheets of graphite (called graphene)
rolled into tube-like structures that are typically 1-2 nm in diameter and can have lengths up to several
millimeters. MWCNTs are modeled as concentric tubes or as a graphene sheet rolled around itself. CNTs
have many unique properties that can be “tuned” by varying their dia-meter, length, and chirality: 1) they
have the largest tensile strength and elasticity of all known materials; 2) they can act as conductors,

semiconductors, or superconductors; and 3) they are excellent thermal conductors. Like CNTs, fullerenes



are pure carbon structures, but are cage-like rather than tube-like. The first fullerene discovered
(buckminsterfullerene, i.e., Cgp) fesembles its namesake’s geodesic domes as well a soccer ball.
Variations of these “buckyballs” consist of structures such as Cyy and C;,. Fullerenes have been
considered to bé the most efficient radical scavengers and have actually been described as “radical
sponges”.®" Fullerene Cg, has been shown to exhibit the quantum behavior of wave-particle duality.>
Although fullerenes are hydrophobic, they can be functionalized to become water-soluble and capable of
carrying drugs and genes for delivery to cells.

Unlike fullerenes and CNTs, which have high degrees of crystallinity, soot is a highly amorphous
entity.*> > % Typical NTs in a combusted-methane air stream averaged 20 nm in diameter, with
aggregates about 2 um long composed of several thousand NTs.”® Aggregates in a propane combustion
stream had a similar diameter and were on the order of 1.5 pm long. In most aqueous and organic
solvents, pure CNTs tend to aggregate due to van der Waals forces, forming rope-like structures.**

Although a significant amount of work has gone into understanding the atmospheric chemistry of
carbon NPs, there is still considerable uncertainty in interpreting experimental observations. For example,
investigators have concluded that O, and N, in'the atmosphere will adsorb onto SWCNTs.** % However,
using CNTs and pristine “buckypaper” (essentially a macroscopic film of CNTs), Goldoni found that
these adsorption properties disappeared after contaminants contained in the carbon matrix were
removed.” Several studies have examined oxidation reactions of fullerenes in the gas phase, and have
demonstrated influence by temperature, oxidizing species, and specific fullerene structure. These have
shown that, while exposure of crystalline Cg to pure O; at room temperature and heating in ambient air at _
250 °C produced no detectable oxides, a mixture of Cg (90%) and C;, (10%) exposed to O, in a.ir at 300
°C produced a mixture comprised of 33% by mass oxygen, and a C:O molar ratio ~100 times lower than
that of pure Cg.** * Both Cgo and C;, exposed to.room-temperature O, containing 6.4% by volume O,
yielded formation of CO, gas and ketonic groups on the fullerenes.”’ An average fullerene composition of
Ce0Os,6 resulted from mechanical stress applied to crystalline Ce in a pure O, atmospﬁere for several

hours.”" Investigations of physicochemical transformations of CNTs and fullerenes with other
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atmospheric species were not found in the literature.

Zero-Valent Iron (ZVI)

Iron is the fourth-most abundant element in Earth’s crust, and typically exists as iron oxide compounds in
the +2 (ferrous) and +3 (ferric) oxidation states. According to Reff et al.'’, total PM, 5 iron emissions in
the U.S. are 103,000 ton yr". NPs of zero-valent iron, i.e., metallic iron (Fe®), have received considerable
attention for application in remediation of contaminated groundwater and soil.” While this application
will not likely lead to appreciable releases of ZVI NPs to the atmosphere, ferrocene, an organometallic
iron compound, is one of three most-used cetane enhancers in diesel fuel in the U.S. and Canada, and has
been considered as a diesel fuel additive to reduce emissions of DPM.”"* The iron in ferrocene is
normally assigned an oxidation state of +2, but is emitted as NPs of iron oxides or ZVI in diesel exhaust
when combusted in diesel fuel.”* As a result, the primary route of ZVI NPs emitted to the atmosphere is
from the combustion of ferrocene in diesel engines.

ZVINPs as used in remediation applications are commonly represented by a core-shell model in
which metallic iron comprises the core, and iron oxides and hydroxides form the shell.”” These NPs thus
exhibit characteristics of both forms of iron acting as sorbents and reductants. Upon combustion of
ferrocene-additized diesel fuel, ZVI NPs form when vaporized iron in the diffusion flame self-nucleates
in cooler regions outside the flame.” In existing studies where ferrocene was doped into diesel fuel, ZVI
NPs (ca. 5-10 nm) were imaged in the exhaust. Similar to cases with n-ceria, the ZVI NPs were found in
metallic aggregates ranging from 20 to 200 nm and as single particles decorating carbon agglomerates.”
77

Once released to the atmosphere, ZVI has been shown to be very unstable. Upon exposure to
molecular oxygen, ZVI reacts to form Fe(II) and hydrogen peroxide. Once Fe(ll) is formed, Fenton
chemistry dominates, resulting in Fe(IIT) and additional hydrogen peroxide.” " After 1 h in pure water,

ZV1 is transformed completely to magnetite (Fe;0,) and lepidocrite (a-FeOOH).* Upon oxidation to
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Fe(1I) or Fe(III), reactive oxygen species (ROS) are produced, which may react with organic or sulfur
compounds in the atmosphere. ZV1 has also been shown to react with oxalate, another important

atmospheric constituent, forming oxidized iron and hydroxyl radicals.”
Silver Nanoparticles (Ag NPs)

The U.S. emissions inventory of silver in PM, s is 157 ton yr, according to Reff et al."” In 2009, Ag NPs
were used in half of all consumer products included in the Project on Emerging Nanotechnologies’ online
database.’ They are most commonly used as antimicrobial and antibacterial agents and are added to
products including detergents, clothing, medical devices and supplies, water purifiers, personal care
products, and air filters.*® > ®"-# In their review of environmental and human health risks of airborne
silver NPs, Quadros and Marr* estimate that, during use, about 14% of these products have potential to
release silver particles into air. They describe releases that may occur into indoor air (during
production/manufacturing and domestic use) and the ambient atmosphere through pathways such as
spraying, dispersion, and waste disposal as noted previously for CNTs and fullerenes.

Due to their low solubility and high reactivity, some silver NPs are “capped” with stabilizing
agents (e.g., surfactants, ligands, and polymers) during synthesis to prevent particle aggregation and
cont;'ol particle size.*****"-* Some products described by manufacturers as silver NPs may actually be
silver colloids,”® but product details are often confidential. Considering the range of products containing
Ag NPs, unknown details about pathways of release into air, and a limited number of measurements of
airborne Ag, little can be said about specific physical and chemical characteristics. One study of Ag NP
agglomerates generated by evaporation and condensation of a 99.999% silver powder reported
agglomerate aspect ratios of 1.77 = 0.56, 1.71 £ 0.51, and 1.79 + 0.51 for mobility diameters of 80, 120,

and 150 nm, respectively, as well as an average primary particle size of 13.8 + 2.5 nm.** Shin et al.*

also
summarize data from other studies on Ag NP agglomerates in which average primary particle sizes

ranged from 13-20 nm. Quadros and Marr™ generated silver NPs that had a median diameter of 32.4 nm.

12



Ag NP aerosols have also been generated in numerous inhalation toxicology studies, and those employing
nebulizers have produced particles with aerodynamic diameters as small as 5 nm.”

Upon release of Ag NPs to the atmosphere, a number of physicochemical transformations of the
NPs and other airborne species could potentially occur. Examples include agglomeration of Ag NPs,
aggregation with larger particles, coating of the NPs by organic matter, dissolution into cloud or fog
droplets, and chemical reactions with atmospheric oxidants.” The adsorption of SO, to Ag NPs in
solution and of various organic compounds to substrates of Ag NPs used in surface enhanced Raman
spectroscopy (SERS) studies has been observed.®! Aside from a study demonstrating that Ag NPs in

contact with ambient air tarnish rapidly,* other data on airborne transformations were not found.

Sampling Techniques for Atmospheric Nanoparticles

Most sampling techniques used for the collection of NPs are based on methods previously developed for
the collection of UF particles. While these UF particle sampling methods, such as filter collection and
impactor sampling, can often be successfully adapted to the collection of ENPs, a number of complicating
factors have been observed with the use of such methods. For example, an examination of a traditional
impactor sampling device adopted for use with NP collection revealed several potential complicating
factors: (1) The high pressure drop produced in the impactor sampler could potentially disrupt NP
agglomerates. Such disruption might not significantly affect bulk analysis methods (e.g., ICP-MS, EC-
OC, total mass) but could severely compromise single-particle imaging techniques (e.g., TEM, SEM).%
(2) Particle bounce from the supermicron stages during impactor sampling may have a large relative
effect on bulk analyses in the NP size range.* (3) Due to their low density, the aerodynamic size of
carbon agglomerates is generally much smaller than their mobility diameter equivalent. This leads to a
much higher concentration of particles below 100 nm collected in the impactor sampler relative to a

87, 88

mobility measurement.

Factors such as these can potentially affect other UF sampling methods adopted for the sampling
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of NPs. While they may be mitigated by various modifications, strict quality assurance controls are
generally required to minimize potential sampling artifacts. In some cases, investigators have begun to
examine the use of less traditional sampling methods, such as techniques focused on electrical charging or
thermal deposition, in order to better preserve the morphological properties of airborne NPs.

NP sampling methods can be broadly divided into two classes: bulk sampling methods and size-
classified sampling methods, most of which are included in Table 2. Bulk sampling methods, such as
filter sampling, can be of considerable value for occupational sampling or source sampling studies, where
NP concentrations tend to be high. For atmospheric sampling, however, where background concentrations
of INPs or ambient PM can be significantly higher than the concentrations of ENPs of interest, bulk
sampling techniques tend to be less valuable and the use of size-classified sampling methods, such as

impactor samplers, is often required.

Bulk Sampling Devices. Filter sampling is among the most widely used methods for the sampling of fine
and UF particles. From the perspective of atmospheric sampling of NPs, the primary disadvantage of
filtration is the fact that a relatively broad size fraction is collected on the filter media, making it difficult
to differentiate ENPs from other collected p.articles. However, many ambient PM monitoring networks
already make use of filter-based samplers, which tends to encourage the development of analytical
methods that can detect NPs collected on filters. In addition, many of the archived samples available from
previously conducted field campaigns consist primarily of filter samples, so retrospective analyses of
ENPs will likely need to contend with bulk filter samples.

The non-size selective nature of filter samples can be dealt with in a number of different ways.
One common approach is to couple filter sampling with a single-particle analytical technique, such as
electron microscopy (discussed in more detail in the Analytical Techniques section), which is capable of
picking out NPs of interest from a more complex mixture. For example, Chianelli et al.>* collected
particles in Mexico City using a high-volume sampler, then suspended the filter in an ult-rasonic bath

containing isopropanol. A single drop of suspension was then placed on a TEM grid for analysis. They
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obtained particles in the nanometer range (average 40 nm) and found crystalline nano-structures
containing silicon, iron, and manganese. Peters et al. used low-volume (4 L fnin") respirable filter-based
samplers to collect particles on mixed cellulose ester (MCE) filter media.*” The MCE filter media were
prepared for analysis by collapsing them in a water-dimethyl formamide-glacial acetic acid mixture as
described by Burdett and Rood.”” ' Han et al.”* used another type of low-volume sampler (1.5 L min™) to
collect particles on MCE filters in a MWCNT manufacturing facility. Using NIOSH Method 7402, the
investigators affixed the filters to a TEM grid for analysis.

The limitations inherent in non-size selective filter samplt_es can also be mitigated to some extent

through experimental design. For example, Park et al.”

developed a sampling campaign intended to
examine cerium oxide emissions from the use of n-ceria diesel fuel additives. Ambient PM;, samples
were collected both before and after the introduction of doped fuel to a local bus fleet. Even though the
sampling relied on non-size selective filter samples and bulk analytical techniques, an appreciable
increase in cerium concentrations was detected and attributed to n-ceria emissions from the combustion of
the doped diesel fuels. While this filter sampling approach did not provide details regarding the size,
structure, or morphology of the cerium particles, it did serve as an effective screening technique.

One alternative to filter sampling that is of considerable interest for NP sampling is electrostatic
precipitation. Unlike impaction and some filter sampling techniques, electrostatic precipitation is a low-
pressure sampling method in which artificially charged NPs are attracted to an oppositely charged
electrode. It is estimated that the kinetic energy of particles in the electrostatic precipitator is about 10
times less than in a low-pressure impﬁctor, reducing the breakup of agglomerates.* Furthermore,
electrostatic precipitation has shown collection efficiencies of >99% for particles less than 100 nm.**
However this reported high efficiency is in contrast to a laboratory-constructed device described by Miller
et al.”* Several investigators have employed electrostatic precipitation with applications ranging from
roadway dust to biological molecules.**** Carbon nanofibers and diesel exhaust have been collected

directly onto TEM grids using electrostatic precipitation.””*® Dahl et al.”” used this device to collect tire-

wear particulate matter.
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A number of related techniques may also allow for particle collection without substantial pressure
drops. Photoelectric charging (PC) and diffusion charging (DC) have been used for sampling of fine and
UF particles, and may be suitable for use with NPs as well. In the photoelectric charging technique,
particles are exposed to UV radiation so that they emit photoelectrons. The electrons attach to the oxygen
in the air and form a negatively charged ion. The resulting positively charged particle is guided by an
electric field to an electrode and the particle number concentration is measured relative to the current at
the electrode. This method has been successful for the detection of particulate polyaromatic hydrocarbons
(pPAHS) less than 1um.””*® In diffusion charging, particles are exposed to a charged gas stream which
are then collected at an electrode. Like the PC technique, particle number is obtained relative to the
electric current produced.” In combination with PC, DC has been used to identify combustion sources
(e.g., diesel soot, cigarette smoke).”’

One additional family of sampling methods thought to be potentially useful for preserving the
structure of NP aggregates is thermal precipitation or thermophoretic precipitation (TP). In the TP
technique, the sampler uses a heated tungsten wire and a cooled copper block to guide the particles
directly to a TEM grid. The particles are thermally driven to the cold copper TEM grid where they can be
directly analyzed. The collection efficiency of the TP is nearly 100% for particles less than 100 nm.* For
soot aggregates, Zhang and Megaridis contend that the TP is ideal because it preserves the morphological
state of the aggregates.”® Many investigators®* %1% use the TP to collect directly onto the TEM grid.
However, Shi et al.*” have shown that Téﬂon filters can also be used. In addition, Ku and Maynardg‘5 used

a TP device for collection and characterization of Ag NP aggregates.

Size-Classifying Sampling Devices. Size classifying sampling devices, which collect one or more
narrowly-bounded particle size fractions onto suitable media, can be particularly useful for ambient
atmospheric sampling, since highly complex mixtures of particles with size distributions ranging from the
nanometer to supermicron size ranges are common. The use of size classifying sampling devices helps

remove potential sampling biases introduced by particles that are not in the size range of interest, which
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allows a wider range of analytical methods to be employed. In particular, the use of size-classification at
the sampling stage can allow chemical characterization and quantification of NPs to be performed with
lower-cost, higher throughput bulk analytical methods.

One of the more widely examined size-classifying sampling methods available is impactor
sampling. Impactor samplers divide particulate matter into a series of different size fractions by impacting
smaller and smaller particles as the flow is passed over a substrate. Generally, size segregétion is achieved
by passing the air through sequentially smaller nozzles or slits. Impactor samplers allow investigators to
easily collect various size fractions of aerosols using a single sampler. One common impactor sampler is
the micro-orifice uniform-deposit impactor (MOUDI). When combined with the nano-MOUDI, this
device size segregates aerosols into 15 fractions with size cuts at: 18, 10, 5.6, 3.2, 1.8, 1.0, 0.56, 0.32,
0.18, 0.1, 0.056, 0.032, 0.018, and 0.010 pum.

] 101

Fang etal.”™ used a nano-MOUDI to measure the size-distribution of NPs near a roadway. They

used sealed covers to minimize volatilization and reaction with atmospheric gases following collection.

Grose et al.'”

collected particles smaller than 320 nm using a nano-MOUDI for chemical and gravimetric
analysis. The issue of particle bounce was addressed by greasing the impactor plates in the supermicron
fractions so the large particles stick to the plates rather than bounce into the nano-fraction size range.

Ntziachristos et al.'”

used a MOUDI/nano-MOUDI to collect particles near a freeway in Los Angeles.
The MOUDI was modified by plugging two-thirds of the inlet holes. Consequently, the airflow was
reduced to 10 L min™ (from 30 L min™). While the motivation for plugging the holes was not explicitly
stated, presumably, a decrease in the kinetic energy of the incoming particles led to a reduction in particle
binding and agglomerate breakup. In comparison to the distribution from a Scanning Mobility Particle
Sizer (SMPS), the size distribution using the nano-MOUDI yielded an R? value of 0.84 and a slope of
1.07, implying little difference between the two techniques for ambient particles.

One of the main drawbacks of the MOUDI impactor is the high flow rate and associated high

pressure drop, which, as discussed earlier, can lead to certain sampling artifacts. Low-volume impactors

(LVI) and low-pressure impactors (LPI) are intended to reduce or remove these artifacts. By reducing
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airflow through the impactor, Fushimi et al.'® have reported that particle bounce is negligible. Low-
volume impactors (e.g., Dekati Ltd., Tempere, Finland), which separate aerosols into 15 fractions, with
size cuts at 10; 6.5; 4; 2.4; 1.6; 0.98; 0.62; 0.38; 0.25; 0.15; 0.10; 0.055; 0.028; and 0.007 pum, are

commercially available. Fujitani et al.'®

utilized the Sioutas personal cascade impactor sampler (PCIS)
operating at 9 L min™ to measure the size distribution of aerosol in a titanium dioxide manufacturing
facility. The ratio of the personal sampler to the SMPS in the fine fractions was somewhat higher than
that observed by Ntziachristos et al.'** for the MOUDI/SMPS pairing, ranging from 1.1 to 1.3. These
relatively small differlences indicate that low-volume impactor samplers are candidates for use in NP
sarﬁpling.

LPIs have been used by several investigators for collection of NPs.™ Lee et al.” used a LPI in a
study that measured the metal content in diesel exhaust, but the sampling details (i.e., flow rate, substrate)

were noted to be available in a future study. Using a LPI, Miller et al.”*

collected aerosol samples greater
than 50 nm directly onto a TEM grid for subsequent analysis. However, Shi et al.*® hypothesize that
electrical LPI (ELPI) samplers overestimate particle volume due to particle fractal properties.

Another widely used size-classifying sampling device is the electrostatic classifier. The
electrostatic classifier uses a charged electrode to separate particles based on their electrical mobility. By
screening for a specific mobility range, the electrostatic classifier continuously produces a monodisperse
aerosol. The most common electrostatic classifier is the differential mdbility analyzer (DMA). The
standard DMA can generate monodisperse particle distributions with mobility diameters of as little as 10
nm. The nano-DMA can separate particles down to a mobility diameter of 2 nm.'® The monodisperse
aerosols generated by the DMA are commonly analyzed with particle counters to evaluate particle size
distributions. However, the DMA output may also be directed into other sampling devices, such as an
electrostatic precipitator. At least one commercial electrostatic precipitation sampler is available from
TSI, Inc. (St. Paul, MN; Model 3089: Nanometer Aerosol Sémpler). In a personal communication,

however, Jennerjohn reported that the collection efficiency of the Model 3089 was negligible when

collecting particles in a CNT research laboratory.'”’
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Another device developed previously for fine and UF particle sampling that is being evaluated for
use with NPs is the parallel-flow diffusion battery (PFDB). The PFDB uses cells of increasing diffusion
length in parallel to each other (as opposed to a serial flow diffusion battery) and ar;‘anged such that the
same air flow rate passes through each cell of the instrument and each cell samples the input aerosol
(Cheng and Yeh'®; Cheng et al.'”®). Aerosol exiting each cell can be collected independently on filters or
TEM grids for determining the chemical composition and/or particle morphology in each size fraction.
Barr et al.''’ employed a seven-cell PFDB operated at a flow rate of 14.7 L min™ to determine the size
distribution of diesel exhaust, oilshale dust, and carbon black coated with benzo(a)pyrene. Particles

smaller than 0.7 pm were classified into eight size bins by the PFDB.

Analytical Techniques for Characterization of Atmospheric Nanoparticles

General Overview

The techniques reviewed in this section have been used to characterize NP samples collected in
laboratory, occupational, or atmospheric settings and are subdivided into three main categories: (1) real-
time particle size determination, (2) chemical analyses of bulk samples, and (3) single-particle analyses.
The primary tool for determination of particle size distributions is a scanning mpbility particle sizer
(SMPS), which has been used extensively for particle analysis under a variety of conditions. The bulk
analyses covered here are primarily concerned with determining the chemical composition of a sample.
Most have been used previously for the analysis of UF particles, and have been more recently evaluated
for use with NMs under laboratory conditions or for occupational sampling. These techniques include
elemental carbon and organic carbon (EC-OC) analysis and a number of spectroscopic techniques, such
as inductively coupled plasma mass spectrometry (ICP-MS), atomic absorption spectroscopy (AAS), and
X-ray fluorescence spectroscopy (XRF). Many single-particle analysis techniques have been extensively

used to examine NMs under laboratory conditions, and these techniques are increasingly being used to
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examine NP constituents in occupational and atmospheric samples. While mény single-particle analysis
techniques require sample collection prior to analysis (e.g., SEM, TEM, EDS, ED), several real-time
single-particle analysis methods are also available, including single-particle mass spectrometry (SPMS)
and nanoaerosol mass spectrometry (NAMS). Details of the operation of some of these techniques are
provided below, along with examples of their applicability to the evaluation of atmospheric samples. The

analytical techniques are also summarized together with some salient features in Table 3.
Particle Size Distribution

Scanning Mobility Particle Sizer (SMPS). Twenty years after its development, the SMPS is still the most
common method many investigators use to measure aerosol size distributions.”* ** 102, 11118 The SMPS is
a two-component device that contains (1) an electrostatic classifier and (2) a particle counter. The |
electrostatic classifier produces a monodisperse aerosol that is sent to the particle counter. By scanning a
series of different size fractions in sequence and counting the resulting particles, an overall particle size
distribution can be obtained. The most common electrostatic classifier is the differential mobility aﬁalyzer
(DMA). Commercially available DMAs are capable of producing monodisperse aerosols down to 10 nm
(standard DMA) or 2 nm (nano-DMA).'"* Investigators have used various forms of the SMPS in several
settings, including ambient sampling''>'*® and laboratory studies.’® ' '** 1! While the SMPS in not very
effective in analyzing ENPs in the atmosphere, due to the complex nature of ambient aerosols, it can be a

very useful tool in occupational settings or in the evaluation of specific ENP sources.

Engine Exhau._st Particle Sizér (EEPS) & Fast Mobility Particle Sizer (FMPS) Spectrometers. The EEPS
and FMPS can be used to measure the size distribution of aerosols emitted from sources, such as engines,
where the particle distribution changes rapidly with time.'% 122 Similar to the SMPS, size separation is
achieved with the use of a DMA. Whereas the SMPS uses a fixed slit and a single detector (a iaarticle

counter) to scan and quantify the particle distribution, the EEPS and FMPS use a series of electrometers

20



(one per size channel) spaced along the axial dimension of the charging rod, thus acting as a spectromefer
to a mixed ensemble of particles. The advantage of this approach compared to the SMPS is a considerably
improved time resolution, of up to two orders of magnitude for the EEPS. Thus for engine operation, the
particle size distribution can be determined at various stages of engine operation (e.g., for the Federal Test
Procedure). For cases where particle changes are slow with time, the SMPS has the advantage of using a
detector with considerably higher sensitivity. Like the SMPS, the EEPS and the FMPS are most effective

as laboratory tools for the evaluation of potential NP emission sources.

Bulk Analyses

Inductively Coupled Plasma—Mass Spectrometry (ICP-MS). ICP-MS is a powerful analytical tool used in
environmental elemental analysis of soils, water, and air. ICP-MS uses a plasma to ionize a sample
dissolved in a weakly acidic solution. ICP-MS can be used to detec-t iron, titanium, cerium, and silver, but
cannot be used to detect CNTs or fullerenes. The primary strength of ICP-MS is that very low detection
limits can be achieved (<1 ppt for most elements using high resolution). The primary weakness of ICP-
MS is that information contained in the sample regarding structure and agglomeration is lost during the
digestion. This can be partially overcome by utilizing a reliable size-resolved sampler. ICP-MS may
become increasingly important because it is currently-unclear if the adverse health effects of CNTs are a
result of the NT or of the metals contained within the NT*" 7. Another weakness of ICP-MS is the
requirement for a sample to be in aqueous form, which frequently constitutes an extra analytical step. For
difficult digestions, as is the case with CNTs,”” highly-trained personnel are generally required.

One application of ICP-MS in current NP research is the determination of total metal content in
NPs collected near limited-access fr.f:eway.s.."33 In addition, investigators measured the residual catalysts in

CNTs to better understand toxicity and explored the use of Y:Ni ratios to identify CNTs.'""'*
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Atomic Absorption Spectroscopy (AAS). AAS is a venerable technique that quantitatively measures the
elemental composition of metals in aqueous solutions. Concentrations of the target analyte are
proportional to the amount of light absorbed by the sample (using Beer’s Law) after being vaporized by
an acetylene flame (FAAS) or in a graphite furnace. Although AAS has been largely supplanted by other
analytical techniques, such as ICP-MS, it is still in use in a number of analytical laboratories. For
example, Fang et al.'" used FAAS to measure NP concentrations in air after collection using a néno—

MOUDI sampler.

Elemental Carbon / Organic Carbon Analysis (EC-OC). EC-OC is measured using a carbon analyzer.
There are two approaches for conducting this measurement. One method used in the IMPROVE
monitoring network collects aerosol on quartz filter media."** Following collection, OC is measured by
heating the aerosol to 500 °C in an inert atmosphere (usually helium). The elemental carbon, which
consists primarily of soot, fullerenes, and CNTs, is measured by heatin g the residual aerosol to up to 800
°C in a 2% oxygen stream. A similar approach, referred to as the STN method, uses a somewhat different
temperature program and means of detection. The ease of use makes this technique attractive. If used in
parallel with a sfze-segregated sampling technique, the EC values can provide an estimate of carbon-
based NPs. However, this technique cannot distinguish between CNTs, fullerenes, and diesel soot.
Using EC-OC, Fushimi et al. observed that the OC/EC ratio decreases with particle size in
particulate matter collected near 5 roadway.'® This finding indicates that nucleation of organic particles
may be a mechanism of NP production in this setting. Fujitani et al."® distinguished carbon ENPs from

INPs using EC-OC measurements in a nanocarbon production facility.

Fluorescence. Studies have shown that CNTs undergo fluorescence in the near-IR range. The energy of
the fluorescence is dependent on at least two parameters: the chirality and the tube length.”® This
specificity makes fluorescence a potentially valuable tool for characterization of CNTs. If the CNT is

present as an agglomerate, however, the fluorescing photon may be quenched by the neighboring carbon
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atoms. As a result, much of the light may never reach the detector. Therefore, while this technique may be

-useful for the characterization of CNTs, it is likely to be unsuitable for CNT quantification.'?’

X-ray Fluorescence (XRF). XRF spectroscopy measures the elemental concentrations directly from a
solid sample. The sample is bombarded by high-energy X-rays, and the lower energy X-rays emitted from
the sample, which are specific to an element, are measured. XRF has been used by investigators to

measure the elemental composition of fine fibers collected from the atmosphere.>*

X-ray Absorption Spectroscopy (XAS). XAS includes techniques such as X-ray absorption near-edge
structure (XANES) spectroscopy and extended X-ray absorption fine structure (EXAFS) spectroscopy.
XAS techniques use a focused X-ray beam (usually from a synchrotron source) to exploit subtle
differences in excitation energy based on the oxidation state and bonding environment of the target
analyte. XAS is useful for NP analysis in two ways: (1) to directly measure the oxidation state or
chemical speciation of the NP or (2) to directly measure hﬁw a pollutant transforms in the presence of the
NP.

Chen et al.*” utilized XANES spectroscopy to measure how n-titania behaves in the presence of
the common pollutants copper and mercury. Using Ti, Cu, and Hg XANES, the authors observed that n-
titania was able to effectively reduce Cu(II) to Cu(0) and Hg(II) to Hg(0). EXAFS spectroscopy has been

employed to identify platinum NPs emitted from a diesel engine.'*°

Single-Particle Analyses

Scanning Electron Microscopy (SEM) & Transmission Electron Microscopy (TEM). SEM is a very
common electron microscopy imaging technique. When using SEM, an electron beam is focused onto the

sample and the secondary electrons emitted from the sample are detected. SEM creates a 2-D image, with
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a spatial resolution on the high-end instruments as good as 1-2 nm.'” SEM can be used to image any type
of NP, as long as the size is sufficiently large. A host of authors have used SEM in order to directly
observe NPs in ambient and laboratory settings.”

While SEM is suitable to detect NPs in most situations, analysis of particles approximately 1 nm
or less requires the use of TEM. ‘Although analysts have been using TEM for decades to image
atmospheric particles, it is quickly becoming one method of choice for characterizing airborne NPs.
During TEM analysis (which is more like an optical microscope than SEM), the electron beam passes
through the sample. Here, an image is created on a screen behind the sample. Using TEM, a resolution of

~0.05 nm can be obtained with the higher-end instruments.""

TEM analysis .is not restrictive in terms of
potential analytes. CNTs, fullerenes, silver, ZVI, and ceria have been observed on a TEM. Like SEM, the
major drawbacks of TEM are that (1) they require highly trained technicians and (2) only a small fraction
of the sample is typically analyzed, leaving open the possibility that the analyzed area is not
representative of the sample. Environmental TEM (ETEM) can also be used tﬁ measure how NPs behave
in different gases outside of a vacuum."” Similar to SEM, TEM is an extremely common analytical tool
for observing NPs. A host of authors have used TEM in order to directly observe NPs in ambient and

. 4
laboratory settings.**: ** 895117

Energy Dispersive Spectroscopy (EDS) & Electron Energy Loss Spectroscopy (EELS). EDS (or energy
dispersive X-ray spectroscopy [EDX]) utilizes the X-rays produ'ced from the sample during TEM or SEM
analysis. As each element emits X-rays at a unique energy, elemental maps can be created for individual
particles. EDS, or EDX, is useful for detecting and quantifying elements present in the sample.

TEM provides an ideal setting for EDS measurements. While focusing on a particle for imaging
purposes, the operator can simultaneously obtain an elemental map of the particle in view. This approach
has been utilized in multiple studies, including observation of n-ceria and ZVI in soot aggregates,”> ™
measuring elemental maps in diesel soot,''® and determining the elemental content of MWCNTSs in a

research laboratory.”
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Like EDS, EELS uses the electrons from the TEM or SEM beam. Instead of measuring the X-
rays produced from the sample, however, EELS scatters electrons from the sample. EELS is used for
quantifying and detecting elements during SEM and TEM analyses. For example, EELS has been used to

observe redox changes in n-ceria upon reduction by H,.'**

X-Ray Diffraction (XRD) & Electron Diffraction (ED). XRD measures the diffraction of X-rays in a
sample. XRD is primarily used for the detection and characterization of crystalline phases (such as soil) in
a sample® and the differentiation of crystalline phases from amorphous phases. XRD can be especially
useful for detection of soil particles or crystalline CNTs and fullerenes in the atmosphere.*>* XRD has
also revealed that ZVI will readily oxidize in aqueous solutions.*

ED is similar to XRD except electrons, instead of X-rays, are fired at the sample target. The
resulting interference pattern provides an image of crystal structures in the sample. Wang et al. utilized
ED to understand how n-ceria can be re-oxidized following reduction."’ Using ED, Jung et al.? identified
irregularities in a n-ceria crystal structure. A more thorough review of electron diffraction techniques

relating to CNTs is available elsewhere."*

Scanning Probe Microscopy (SPM). Two common types of SPM are atomic force microscopy (AFM) and
scanning tunneling microscopy (STM). In both cases, a sharp metallic tip is used to measure the force
(AFM) or tunneling current (STM) between the tip and the sample. SPM techniques can sense height
differences of 10 pm and can therefore create 3-D images of the sample. AFM has been used by a number
of researchers to examine several different types of NPs, including CNTs, iron, and silver.'**"*” AFM has

been reported to be especially useful in detecting chirality and tube length of CNTs."* ¥

Single-Particle Mass Spectrometry (SPMS). SPMS is a real-time mass spectrometry technique capable of
determining the chemical composition of individual aerosol particles. SPMS is often used to measure C-,

N-, O-, and S-containing compounds, and airborne ZV1I has also been detected using this technique.”
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Johnston et al."*® have developed SPMS instruments specifically designed for sizing and analyzing single
NPs. As with ICP-MS, SPMS techniques suffer because information regarding particle size and degree of
aggregation is distorted or lost. A nanoaerosol mass spectrometer (NAMS) has also been used to measure
test aerosols (e.g., NaCl, oleic acid) and to determine real-time composition of nano-aerosols in an urban
area.” > %1% In addition, a thermal desorption chemical ionization mass spectrometer (TDCIMS) has

been used to characterize 10—33 nm particles in a study in Mexico City.'*?
Field Measurements of ENPs

Field measurements are conducted to characterize ambient particles, in terms of size distribution,
concentration, composition, and morphology, and are used to understand their sources and
transformations. Moreover, they provide the best estimate bf human and environmental exposures.
Measurements of particle size distribution contribute to the understanding of particle formation and
growth processes in ambient air. They are typically made along roadways or in urban centers, with
simult_aneous collection of samples at sites farther from the road or at rural sites, respectively, to estimate
contributions of “background” sources. Additionally, they are usually designed to consider temporal,
seasonal, and/or meteorological variations. In occupational settings, ENP size distributions are usually
measured within the “breathing zone” of workers handling the NPs, and in additional locations, such as
inside fume hoods and several meters away from the work zone. Measurements of particle composition
and morphology further contribute to the understanding of particle evolution, and support identification of
particle sources and potential health effects.

While research on INPs (i.e., UF particles) in the atmosphere has been ongoing for more than a
decade, very few studies of atmospheric ENPs have been published. However, cerium, titanium, CNTs,
fullerenes, and iron have all been identified in atmospheric UF particles. Additionally, measurements of
airborne NPs in two types of NM (titania and carbon) production facilities have been reported in the

literature. Existing applications of the techniques described above in atmospheric and workplace
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environments, as well as corresponding investigative approaches, can be leveraged to meet the challenges
of sampling and analysis of ENPs in the atmosphere. Field measurements for UF particle characterization
include use of impactor samplers combined with bulk chemical analyses,'®"'® thermal precipitators with
TEM imaging,”” and several other permutations of sampling and analysis techniques. Below we
summarize available field measurements of the five types of NMs considered at the beginning of this
review. Our intention is not to present an exhaustive survey of all available data, but to provide examples

of measurements that illustrate important insights for differentiating ENPs from INPs in the atmosphere.

Field Measurements of NPs in the Atmosphere

Several studies have been conducted in which cerium levels were determined in various urban
environments. Two studies in the Los Angeles area report average cerium concentrations of 0.19 ng m™
and 1.2 ng m” in UF particles, measured with impactor- and filter-based collection methods followed by
neutron activation analysis.* '** Hu et al."** also analyzed impactor-based PM samples from several sites
in the Los Angeles-Long Beach harbor, the busiest harbor in the U.S., and one urban site. They report
water-soluble cerium concentrations of 0.001 to 0.003 ng m” in a PM, 5 “quasi-ultrafine” mode measured
by ICP-MS. Ntziachristos et al.'®* measured trace elements and metals in a UF mode (defined as <0.18
um) during the winter at a location next to a busy Southern California freeway. Particles in this mode
were segregated into four size fractions (180-100, 100-56, 56-32, and 32-18 nm) using a nano-MOUDI,
and ICP-MS measurements showed that the percentage contribution of cerium to the total elemental mass
generally decreased from largest to smallest size fraction. The authors also indicated that the percentage
of cerium increased away from the freeway and that the cerium was primarily of crustal origin.
Introduction of the n-ceria-based diesel additive Envirox™ into the 7,000-vehicle fleet of
Stagecoach UK Bus, one of the largest bus operators in the United Kingdom, prompted measurement of

cerium in PM,, (diameter < 10 um) collected at monitoring sites at various locations in the UK. Park et
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al.” used ICP-AES (atomic emission spectroscopy) to analyze available PMjj filter samples collected
over approximately four-week intervals during the 12 months before and after the FBC was introduced
into the bus fleet. At one site in northeast England, namely Newcastle Centre, they found a four-fold
increase in the average cerium concentration from 0.145 ng m™ to 0.612 ng m™. The air quality
monitoring station at Newcastle Centre is located approximately 20 m from a major through road. On an
average daily basis, buses on three different routes travel directly past the monitoring station 563 times,
and five other routes direct buses within 100 m of the station an additional 767 times. At two sites in

1.°* found no statistically significant change in the PM;¢-cerium
y sign

London, England, Park et a
conceﬁtrations, as the bus fleet using the n-ceria additive represented only a small fraction of the passing
traffic. While these measurements indicate an association between increased concentration of cerium in
ambient particles and use of n-ceria as a FBC, they do not demonstrate whether or not the cerium is
present in ambient NPs.

Studies involving titania have shown that aggregates were detected in urban UF particles.** 1%
Sources of the n-titania are not necessarily consistent with ENPs. Therefore, it is possible that n-titania

does have natural sources. Cass et al.**

found Ti to be among the most abundant catalytic metals in UF
particles collected in seven Southern California cities, with a mean concentration of 43 ng m™. Hughes et
al.'"* reported an average concentration of Ti in UF particles sampled in Pasadena, CA of 7.65 ng m™. A
much lower concentration (1-2 ng m™) was measured next to a busy Southern California freeway by

l 103

Ntziachristos et al.'® These values are substantially lower than concentrations measured in titania

production facilities.*® '*¢

A series of articles by Murr et al. and Bang et al. focus 6n collection (with TP) and imaging (with
TEM) of NPs in El Paso, Texas. *>* #1947 Dyring a two-year sampling study in El Paso, Texas, the
authors observed aggregates ranging from two nanocrystals to thousands of nanocrystals. They note that
greater than 90% of particles in the PM, fraction were crystalline and greater than 80% of the PM,

fraction were aggregates of NPs. Surprisingly, 58% of the aggregates in the PM; fraction were less than

0.1 pm. Overall, more than 40% of the particles contained carbon, with approximately half of the carbon
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in the form of CNT aggregates. Even though carbon NPs were found in each sampling trip in El Paso,
number concentrations were very low compared to diesel particles and particulates from cigarette smoke.
In Mexico City, fullerene-like particles were observed, while in El Paso aggregates were primarily
MWCNTs ranging in size from 3 to 30 nm. ® Additionally, Chianelli et al. observed fullerene-like
materials in PM collected in Mexico City.” Important results have also resulted from characterization of
NPs in remote environments. For example, Posfai et al. observed fullerenes over the open ocean
intermixed with silicates.'** As there are likely no natural sources of fullerenes over the open ocean, this
result, along with the fact that NPs have atmospheric lifetimes ranging from months to years due to their
small size, '"' has implications for long-range transport modeling of aerosols.

As the most abundant element on Earth, it is not surprising that large concentrations of iron have
been measured in atmospheric NPs. Average concentrations up to 186 ng m™ have been reported for UF
particle samples collected in various locations in Southern California.** ' '** Concentrations of silver
have also been detected in atmospheric particles: in Atlanta and in PM, s in Mexico City.”g’ 15 However,

silver concentrations in UF atmospheric particles have not been reported.

Field Measurements of Airborne NPs in Workplaces

In two workplace studies, the highest concentration of titania measured was 7.75 mg m™ 4% 146

Particles collected inside titania production facilities were also analyzed using TEM and SEM.*" % In
these settings, titania aggregates were observed with sizes ranging from 0.2 to several microns, consisting
of individual particles 10-80 nm in diameter.* This finding implies that, due to the high degree of
aggregation, airborne NPs may deposit on the supermicron stages of an impactor sampler. ICP-OES was
used to determine Ti concentrations, which assisted in distinguishing ENPs from INPs.”

1‘1]4

Yeganeh et al.” ™ sampled NPs of diameter 4-160 nm in a fullerene manufacturing facility using

an SMPS with a nano-DMA. For a set of measurements conducted during one step of a production run
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called sweeping, in which the raw product contajning carbonaceous NMs is handled by a technician, they
illustrate particle size distributions. The total number concentrations averaged 5352, 4834, and 3667 cm™
in the fume hood where the NM was handled, in the work zone just outside the face of the fume hood, and
in the background about 2 m away from the hood, respectively. Although concentrations of NPs with
diameter less than 10 nm had large variability, they were highest inside the fume hood. Two individua.l
measurements in the fume hood showed particle number concentrations to be significantly enhanced
around 5 and 20 nm, with particles smaller than 14 nm accounting for 3-5% of those measured below 160

1.1 observed aggregates of carbon NPs (single particles < 100 nm) in a carbon NP

nm. Fujitani et a
production facility using TEM and SEM imaging. They collected NPs on quartz-fiber filters using an
impactor sémpler and also analyzed the NPs using EC-OC analysis.'” Using this analysis technique, a
distinction between INPs and ENPs became apparent. This is one of the only studies in the literature that
reports a distinction of ENPs and INPs using a bulk-analysis technique.

The data summarized above demonstrates the importance of characterizing airborne NPs, whether
in the atmosphere or in workplaces, to differentiate between INPs and ENPs. Simply measuring the
presence of a species of interest will not be sufficient in most cases to characterize them as ENPs. The use
of analytical techniques (e.g., ICP-OES and EC-OC analysis) in studies described above assisted in
identifying ENPs in atmospheric samples. The limited amount of literature on field measurements of the
NMs considered in this review, and lack of data on airborne n-CeO,, ZVI NPs, and Ag NPs in
workplaces, indicates a need for further research on ENPs. Additional measurements in occupational
settings could provide valuable data for distinguishing ENPs from INPs in the atmosphere. Understanding

ENP sources, as well as any differences between their physical and chemical characteristics and those of

INPs, will be critical to evaluating their fate and transport and exposures to humans and the environment.

Conclusions

30



This state-of-the-science review has considered sources, characterization, transformations, sampling
techniques, methods for analysis, and field measurements of selected NPs in the atmosphere. Major |
sources of entry into the air environment range from direct emissions of ENPs, such as n-ceria or ZVI
NPs through their use as FBCs in diesel fuel, to incidental emissions of ENPs, such as n-titania, carbon
NPs, and Ag NPs through wear and disp.osai of NM products. At the present time, the only viable means
of sampling and analysis of these ENMs is by conventional methods used for UF particles. These
methods have limitations in the NP regime. Despite the potential shortcomings, numerous investigators
have shown that with appropriate attention to detail, filter-based and impactor samplers may be used to
collect NPs for off-line characterization.

Techniques adapted for ENP measurements by various investigators were found to give
reasonable results as seen from the summary of field studies. However, some compound-specific issues
are present for the selected NPs. For cerium and titanium, specific identification techniques, such as ICP,
can be limited by the presence of high background concentrations from natural sources. Other issues can
arise. For example, identification from only bulk analysis samples can be made for cerium emitted as n-
ceria in FBC applications. While measurements in workplaces have the advantage of high concentrations
of ENPs relative to INPs, such studies may be drawn upon to inform sampling and analysis methods used
for atmospheric aerosols, as well as distinction between INPs and ENPs. A review of ENP measurements
in workplaces was beyond the scope of this work, but can be found elsewhere."”" '** Considerable

methods development is needed to identify the selected NPs in specific size fractions of ambient aerosols.
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Appendix

Acronym Definitions

AAS
AFM
Ag NP
CNT
DC
DMA
DPM
EC

ED

EDS
EDX
EEPS
EELS
ENM
ENP
ETEM
EXAFS
FAAS
FBC
FMPS
GC-MS
ICP-AES
ICP-MS
ICP-OES
IMPROVE
INP

LPI

LVI
MCE
MOUDI
MWCNT
NAMS
NIOSH
NM

NP

NT
(p)PAH
PC

PCIS
PFDB
PM

ROS
SEM
SERS
SMPS
SPM

atomic absorption spectroscopy

atomic force microscopy

silver nanoparticle

carbon nanotube

diffusion charging

differential mobility analyzer

diesel particulate matter

elemental carbon

electron diffraction

energy-dispersive spectroscopy
energy-dispersive X-ray spectroscopy

Engine Exhaust Particle Sizer

electron energy loss spectroscopy

engineered nanomaterial

engineered nanoparticle

environmental transmission electron microscopy
extended X-ray absorption fine structure

flame atomic absorption spectroscopy
fuel-borne catalyst

fast mobility particle analyzer

gas chromatography—mass spectrometry
inductively coupled plasma—atomic emission spectroscopy
inductively coupled plasma—mass spectrometry

- inductively coupled plasma—optical emission spectroscopy

Interagency Monitoring of Protected Visual Environments
incidental nanoparticle

low-pressure impactor

low-volume impactor

mixed-cellulose ester

Micro-Orifice Uniform-Deposit Impactor
multi-wall carbon nanotube

nanoaerosol mass spectrometer

National Institute for Occupational Safety and Health
nanomaterial

nanoparticle

nanotube

(particulate) polycyclic aromatic hydrocarbon
photoelectric charging

personal cascade impactor sampler

parallel flow diffusion battery

particulate matter

reactive oxygen species

scanning electron microscopy

surface enhanced Raman spectroscopy
Scanning Mobility Particle Sizer

scanning probe microscopy
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SPMS
STM

STN (CSN)
SWCNT
TDCIMS
TEM
TSCA

TP

UF

VOC
XANES
XAS

XRD

XRF
ZVINP

single-particle mass spectrometry

scanning tunneling microscopy

Speciation Trends Network (now called: Chemical Speciation Network)
single-wall carbon nanotube

thermal desorption chemical ionization mass spectrometry
transmission electron microscopy

Toxic Substance Control Act

thermophoretic precipitator

ultrafine

volatile organic compound

X-ray absorption near-edge structure

X-ray absorption spectroscopy

X-ray diffraction

X-ray fluorescence spectroscopy

zero valent iron nanoparticle
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