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ABSTRACT

Nanoparticles are a class of materials with properties dis-
tinctively different from their bulk and molecular coun-
terparts. A critical review of the very broad topic of envi-
ronmental nanoparticles is presented. Because of the vast
nature of the topic, the review is focused primarily on
gas-borne nanoparticles. The “life history of nanopar-
ticles” is presented, tracking it from its formation to its
potential use and eventual fate in the environment.
Nanoparticle sources, anthropogenic emissions from in-
dustrial and occupational settings, and conversion and
formation in the atmosphere are discussed. The ability to
characterize and capture these nanoparticles (as would be
necessary in a nanoparticle production system), as well as
their control (of emissions from an industrial source) is
discussed. A description on the use of nanoparticles in
environmental technologies and the potential impact on
the energy sector is provided. The potential effects on
human health and the environment, both adverse and
beneficial, are important aspects that need to be consid-
ered. As will be evident, the study of “environmental
nanoparticles” is a new and fast-growing field. Much work
remains to be done before we can fully harness the ad-
vantages of nanoparticles and ensure that there are no

IMPLICATIONS

The mushrooming field of nanotechnology is finding appli-
cability in the field of environmental protection. However,
there is also a growing concern that nanoparticles could be
potentially detrimental to the environment and to human
health. To avoid mistakes made by the biotechnology food
industry and the past practices of the chemical industry,
research in environmental and health impacts needs to go
hand in hand. Proper design of products and materials from
nanotechnologies is needed to ensure that they have a
minimal environmental footprint.
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potential adverse consequences. A set of recommenda-
tions for additional work in each area is provided.

INTRODUCTION
Nanotechnology has been defined as research and develop-
ment at the atomic, molecular or macromolecular scales.?
Nanoparticles are considered to be the building blocks for
nanotechnology, and are referred to particles with at least
one dimension <100 nm. Particles in these size ranges have
been used by several industries and humankind for thou-
sands of years; however, there has been a recent resurgence
because of the ability to synthesize and manipulate such
materials. Nanoscale materials find use in a variety of differ-
ent areas, such as electronic, magnetic and optoelectronic,
biomedical, pharmaceutical, cosmetic, energy, environmen-
tal, catalytic, and materials applications. Because of the po-
tential of this technology, there has been a worldwide in-
crease in investment in nanotechnology research and
development.?2 The investment for nanotechnology re-
search by the federal government in the United States will
be approximately $1 billion, in Western Europe about $600
million, in Japan $800 million, in Korea $200 million, and
other countries totaling about $800 million in 2005. This is
a 7-fold increase in nanotechnology research and funding
since 1999. Major emphasis is also being put on ensuring
broader societal improvements and sustainable develop-
ment.3

Nanotechnology has great potential in improving air,
water, and soil quality in the environment. It can improve
detection and sensing of pollutants and help in the de-
velopment of new technologies for remediation. Under-
standing the formation and growth dynamic processes of
nanoparticles (e.g., in the combustion system) allows the
development of efficient methodologies for minimizing
the formation of pollutants in the first place and for
reducing their emissions. Although nanotechnology has
the potential to improve environmental quality, there are

Volume 55 June 2005



concerns that it can also lead to a new class of environ-
mental hazards.+5 Such concerns are associated with prac-
tically all new technologies, and they need to be ad-
dressed upfront. With proper attention, careful research,
and incorporation of findings at an early stage, the safety
of nanotechnology can be ensured.!

Although the above concerns are relevant, appropri-
ate, and justified, there are many other reports in the
popular literature that probably should be classified in the
“fiction” category. The book Prey® is an example and
explains how a failed experiment resulted in emissions of
nanoparticles (a major aspect of this review) that self-
replicate to form robots that become deadly and cannot
be destroyed, and human beings become the “prey.” Al-
though one cannot doubt that such books are very effec-
tive at bringing awareness of the subject matter to the lay
reader, it is unfortunate that the statements are miscon-
strued (even by the Prince of Wales). For example, certain
groups have called for a moratorium on nanotechnology
research.” Facing such incorrect interpretation and under-
standing by the public, scientists are the ones who have
the responsibility to raise the questions, design studies to
answer them, and effectively communicate the results to
both the public and the policy makers.
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The subject of nanoparticles and the environment is
very broad, and justice cannot be done in a simple review
as presented herewith. With increased funding, there has
been a mushrooming of research and development
projects and with it a great increase in the number of
publications. Coverage of all articles cannot be provided
here. Therefore, a brief description of the many scientific
and technological challenges and opportunities is pro-
vided with an illustration of the need for multidisci-
plinary efforts to further our understanding.

Figure 1 provides an overview of environmental nano-
particles, as will be discussed in this review. First, there are
several sources that result in nanoparticle formation: sta-
tionary industrial sources,® such as coal fired combustion
systems and incinerators; mobile sources,” such as automo-
biles and diesel powered vehicles; and occupational envi-
ronments, !0 such as those where welding processes are prev-
alent and those where engineered nanoparticles are
deliberately synthesized. There are several natural sources
and nanoparticles of biological origin!! that also need sig-
nificant attention. For example, pollen fragments are poten-
tial causes of allergies, and viral nanoparticles can be used as
vaccines or can play a significant role in the spread of dis-
ease. Once nanoparticles are emitted to the atmosphere,
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Figure 1. Schematic diagram illustrating nanopatrticles in the environment.

Volume 55 June 2005

Journal of the Air & Waste Management Association 709



Biswas and Wu

they are readily transformed, and this may result in alter-
ations in size and composition from their point of origin.
Furthermore, nanoparticles are also formed in the atmo-
sphere by nucleation events!? arising out of photochem-
ical processes. These nanoparticles are important to cloud
formation, but they can also be transported in the atmo-
sphere over large distances and can eventually result in
human exposure via inhalation routes.!3 Nanoparticles
can also be deposited onto the soil and water bodies and
result in secondary contamination or other environmen-
tal effects.

Also illustrated in Figure 1 are several environmental
nanotechnologies. Nanoparticle science and technology
can improve the processes to reduce formation and emis-
sions of pollutants. Nanostructured sorbents can capture
noxious gases in an exhaust plume.'# Nanomaterials can
be used as catalysts to reduce mobile source emissions.!s
Nanoparticles can be injected into subsurface groundwa-
ter to remediate contaminated plumes.!¢ Being of a size
and with certain surface characteristics, nanoparticles can
travel to contaminated zones and can be carried to great
distances with the groundwater plumes.'” Adsorbents
made of nanoparticles can be used to purify drinking
water, for example, in the removal of arsenic.1819

Figure 2 summarizes the nanoparticle system. The

objective of this review is to track the “life history of
nanoparticles” from their formation to their use and fate
and transport in the environment. Human activities and
industrial and environmental processes are viewed as
nanoparticle generation systems. In some systems, pro-
cesses result in the formation of unwanted nanoparticle
emissions. In others, the processes create useful and func-
tional nanoparticles, including nanomedicine. In many
instances, the source or the process is a high-temperature
operation. In both cases, there is a control/collection and
measurement/characterization device. If the nanopar-
ticles are unwanted byproducts, efforts are made to re-
move them from the effluent before disposal. If nanopar-
ticles are deliberately synthesized, the objective is the
same: to collect them efficiently as a useful product. In
many instances, unwanted nanoparticle emissions can be
converted to a useful byproduct. Other features of the
system are the resultant exposure if uncaptured followed
by potential environmental or health impacts. The devel-
opment and advancement of environmental technology
will improve environmental quality by material substitu-
tion, better sensing, emission control, and waste treatment,
although by itself it can be a new source of nanoparticles to
the environment. Because many pollutants are formed from
fossil fuel combustion for energy production, alternative

Environment Exposure Respiratory| | Translocation | | Toxicity
Deposition
Transport | | Bioavailability
Toxicity Human Health
Diagnosis | | Treatment | | Prevention
Emissions
Nanomedicine ?
Nanoparticle Sources
Nanoparticle Control Device/
Stationary || Mobile ||Occupational || Atmospheric Instrumentation
Settings Conversion | ——Pp|
| | Inertial || Filtration || Thermophoretic || Electrostatic Real-time
Industrial || Engineered Control Collection Collection || Measurement &
Processes || Nanoparticle Characterization
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A Useful nanoparticles
P
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Environmental & Sustainable Energy Technology
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Figure 2. Nanoparticle system reviewed in this paper.
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energy generation enabled by nanoparticle science and
technology has the potential to reduce the emissions.
Care, however, should be exercised for different types of
environmental and health consequences resulting from
alternative energy sources. A feedback loop as in a “life
cycle analysis”2° should provide guidance to the front end
of the system.

Whereas the use of the term nanoparticles is cur-
rently in vogue, the atmospheric sciences research com-
munity has used terms such as ultrafine particles. Figure
3 outlines the terminology used, and in this review the
term nanoparticle has been used interchangeably with
ultrafine particles. It should be noted that as the size of
the particle decreases, the fraction of molecules that are
present in the outer layer close to the surface with respect to
the total number in the particle increases. This characteristic
is an important aspect that results in properties of nanopar-
ticles being different from their bulk counterparts. Further-
more, when the particle size is less than approximately 10
nm, quantum effects begin to play an important role, result-
ing in alteration of the properties of the particle.

There have been excellent reviews of some of these
aspects.21.22 The field of nanoparticle aerosol science and
technology has received significant attention in recent
years, and detailed review documents have been prepared
that outline research needs.23 This review elaborates those
with a more holistic and critical treatment of the different
features of gas-borne nanoparticles and their applications
related to the protection of the environment and human
health. The review starts with a discussion of nanoparticle
sources-industrial and occupational-and conversion and
formation in the atmosphere. The ability to capture these

Biswas and Wu

nanoparticles (as would be necessary in a nanoparticle syn-
thesis system) and their control (e.g., of emissions from an
industrial source) is discussed next. This is followed by a
brief review of nanoparticle instrumentation and character-
ization methods. The use of nanoparticles in a few environ-
mental technologies and the potential impact on the energy
sector is addressed. The environmental impact and potential
health effects are summarized. Each section provides a re-
view of selected past studies; identification of research gaps;
and a summary table of key references, findings, and recom-
mendations. As will be evident, much work remains to be
done before we can fully harness the advantages of nano-
particles and ensure that there are no potential adverse con-
sequences.

NANOPARTICLE SOURCES

The sources of nanoparticles are numerous. A summary of
some of the important nanoparticle source categories is
provided in Table 1. In addition, the key features are
outlined along with a set of recommendations for addi-
tional research that needs to be done.

Nanoparticles can be directly emitted from combustion
processes that include both stationary® and mobile® sources.
They can be formed in the atmosphere through reaction
and/or nucleation of vapor precursors or by radioactive de-
cay.2+25 In industrial settings, nanoparticles are also com-
monly produced. With the recent advancement of nano-
technology, the presence and potential emissions of
engineered nanoparticles has become an emerging issue.

Combustion processes play an important role in the
economy, but they are also responsible for many emissions.
Hildemann et al.2¢ characterized aerosol size distributions of

emissions from industrial boil-

Fine Particles ers, fireplaces, automobiles, dies-
Dp <2.5 pm ‘_( el trucks, and meat-cooking op-
‘3; Nanoparticles erations. The predominant peak
] Dp < 50 nm in the mass distribution was ob-
Qg — served to be at or below ~0.2 pm
%_ ‘—i gltriﬁ{\goParticles PM10 (200 nm). On examining the
-§ b m Dp < 10 ym number distribution, many of
‘E '—{ these sources have their predom-
g inant peak much below 100 nm.
% 1 Many of these sources also have
=§ 4 Nuclei ' ‘ Coarse distinctive bimodal distribu-
s Mode Accumulation Mode tions, with a nuclei mode peak
Mode . between 20 and 60 nm (even in
o ; ; the mass distributions). This in-
0.001 0.010 0.100 1.000 10000 dicates clearly the occurrence

~ Diameter (um) and importance of nucleation.
------ Mass Weighting Number Weighting An interesting phenome-

Figure 3. Typical engine exhaust size distribution: both in mass and in
(Reprinted from Kittelson® with permission from Elsevier.)
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Table 1. Sources of nanoparticles.

Category

Key References

Summary of Findings

Recommendations

Stationary emissions (coal/oil/gas
boilers, incinerators, smelters,
cooking, cigarette, residential
combustors)

Hildemann et al.?5; Ebelt et al.3; Lipsky

et al.3'; Maguhn et al.?7; Chang et al.8;
Utsunomiya et al.37; Tolocka et al.34;
Wallace et al.#0

Mobile emissions (diesel/gasoline/LPG/  Hildemann et al.26; Rickeard et al.*3;

CNG vehicles, metals in catalytic
converters/fuel cells)

Atmospheric conversion (urban, rural,
remote area)

Occupational settings: industrial
processes (hot process, combustion
process, bioaerosol, high energy
mechanical process)

Occupational settings: engineered
nanoparticle production (cleaning,
disposal, conditioning application)

Kittelson®; Burtscher et al.*5; Ristovski
et al.5"; Artelt et al.57; Tobias et al.*4;

Harris and Maricqs; Shi et al.4%; Wehner
et al.%3; Kim et al.55; Zhu et al.#; Sakurai

et al.*5; McDonald et al.#7; Luther?;
Mathis et al.59; Zhang and Wexler32

Clarke8; Koutsenogii and Jaenicke®s;

McGovern et al.84; Covert et al.”0.73;
Wiedensohler et al.”s77; Weber et al.”#85;
Eisele and McMurryss; Makela et al.’¢;
Seinfeld and Pandis®2; Hughes et al.2;

Clarke et al.”?; Birmili and Wiedensohlert?;
Yakovleva et al.%4; McMurry et al.'2; Shi et
al.49; Chung et al.8'; McMurry and Woo®s;

Laakso et al.82; Stanier et al.%; Park et

al.’%; Jimenez et al.8¢; Fine et al.20; Cabada

et al.92; Tolocka et al.%8; Hussein et al.%;
Herner et al.8°

Knight et al.3’¢; Rendall et al.377; Hewett37;
Hémeri et al.379; Camata et al.3¢; Vincent

and Clement'0; Zimmer and Biswas3¢';
Zimmer et al.%2; Zimmer and
Maynards3es; Luther22; Wheatley and
Sadhras84; Brouwer et al.®

Zhang and Wang'®; Schmid et al.?6; Dahn et

al.7; Cheng and Jenkins3e5; Luther22;
Maynard et al.%; Lecoanet et al.'%;
Kuhlbusch et al.®®

Ultrafine particles formed in
combustion systems vary by fuel
types. They grow out of ultrafine by
coagulation and condensation.
Ultrafine particle emission may
increase after effective removal of
coarse and fine particles in system, a
process similar to that in the ambient.
Important indoor ultrafine sources also
from combustion.

Nuclei mode nanoparticles dominate
the number concentration. Sulfate and
hydrocarbons are major composition.
Nucleation also occurs after emission.
Noble metal ultrafine particles may be
potentially emitted.

A new nucleation mode (3—10 nm) of
ultrafine particles is identified, which
is universal in urban and remote
areas.

Ultrafine composition is different from
that of fine and coarse particles due
to different formation processes.

Fine mode mass concentration and
ultrafine mode number concentration
are not always correlated.

Nucleation mode formation follows the
diurnal pattern or atmospheric
perturbation.

Sulfuric acid is key to the nucleation
mode formation.

Nucleation formation varies
geographically and seasonally,
depending on the types of reactants.
Varieties of sources for nanoparticles
from industrial processes not intended
to produce engineered nanoparticles
have been identified.

High spikes of number concentrations
during active operation and then
decay over time.

Exposure is more likely to happen
after the manufacturing process,
including cleaning, waste/wastewater
disposal, handling, and commercial/
consumer application.

Certain types of nanoparticles are
intentionally released.

@ Develop control techniques that can

reduce mass concentration of larger
particles and prevent formation of high
number of ultrafine particles.

Develop pertinent sampling methods.
Characterize metals in ultrafine.
Correlate outdoor and indoor ultrafine
particles. Characterize indoor sources.

Develop control techniques that can
reduce mass concentration of larger
particles and prevent formation of high
number of ultrafine particles.
Examine emission of noble metals in
catalytic converts.

Assess the potential of nanocatalysts
emission for the future use of fuel cells.
Develop real-time measurement
techniques for size fractionated
composition down to a few
nanometer.

Characterize geographical variations.
Understand the dynamic interaction
with fine and coarse mode particles.
Assess if successful reduction of fine
and coarse mode mass concentration
will result in the increase in ultrafine
mode number concentration.

Develop instrumentation for measuring
personal exposure on a routine basis.
Develop pertinent sampling protocols
for true assessment of exposure.

Expand investigation of source
strengths of all production processes
and exposure after the production.
The distribution and fate of
nanoparticles after production is
currently not assessed for most cases.
Set up protocols for handling and
disposal of nanoparticle containing
products in workplace and for
consumers.
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mobile, atmospheric conversion, and occupational set-
ting) is the disappearance of nanoparticles (those <100
nm) when high concentrations of larger particles are
present. Larger particles can serve as a sink for scavenging
ultrafine particles or their vapor precursors. This phenom-
enon raises an important and challenging question on the
establishment of standards for regulation, especially if the
concentration of ultrafine particles is to be controlled on
a number basis. An important point that has not been
extensively researched is the control of condensable spe-
cies and/or vapor precursors at the source, with the even-
tual intent to reduce the resultant ultrafine or nanopar-
ticle concentrations. Detailed discussions on each source
category that is listed above are provided below.

Stationary Sources

Stationary combustion systems have long been known to
be an important source of fine particle emissions. How-
ever, ultrafine or nanometer-sized particulate matter
emission characterization is only now starting to receive
attention. Maguhn et al.2” analyzed ultrafine particles in
the flue gas and in the stack of a municipal waste incin-
erator. The peak size was found to be ~90 nm at 700 °C
(in the combustor). The particles grew to larger sizes in the
cooler downstream regions, and grew up by coagulation,
condensation, and reactive bonding of gaseous chemicals
onto the nucleated particulate matter. Intermittent peri-
ods of high emissions of ultrafine particles <40 nm after
the wet electrostatic precipitator (ESP) were observed,
probably formed by nucleation of gas-phase constituents
in cooler regions downstream of the ESP (because of the
absence of particle surfaces on which to condense, which
would have resulted in larger particles). The number of
ultrafine particles at exit of the wet ESP was correlated
with the SO, concentration in the effluent. The use of
back-up oil burners also resulted in the formation of a
dominant peak of 30-nm particles. Chang et al.8 reported
ultrafine particle size distributions from coal-, oil-, and gas
fired stationary combustion sources. Peaks in particle size
(in the number distribution) were observed at 40-50,
70-100, and 15-25 nm on combusting medium sulfur
bituminous coal, No. 6 fuel oil, and natural gas, respec-
tively. Clearly, the composition of the fuel plays an im-
portant role in the resultant size distribution. Laboratory
scale studies on understanding the emissions from coal
combustors have been conducted, and pathways of trans-
formation of metallic species have been established to
determine nanoparticle formation.282° The high ash con-
tent in coal results in the presence of an aerosol that may
provide a large surface area for vapor condensation and
coagulation with smaller particles, thereby potentially re-
ducing nanoparticle formation.
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With advanced instrumentation, measurements are
helping to point out the role of aerosol formation and
growth dynamics on resultant particle size distributions.
However, very little theoretical work has been conducted
to create process parameter maps that would indicate a
relationship of particle emissions to operating conditions.
This is partly because of the complexity of the systems
and the aerosol growth dynamics models. Biswas and
Wu'4 proposed methods to estimate characteristic times
for different particle growth processes, such as coagula-
tion and condensation. Such tools could be used to pro-
vide guidance and to establish conditions under which
different size distributions would be dominant. An impor-
tant consideration is also the adoption of regulations for
the reduction of fine and ultrafine particles and whether
the reduction of the mass concentrations of the larger
particles actually enhance the ultrafine particle concen-
trations in the emissions.3¢

The sampling of ultrafine particles at high tempera-
tures is challenging because of the dilution process that
affects nucleation, coagulation, and condensational
growth. Lipsky et al.3! reported that residence time and
dilution rates did not influence particle mass emission
rates from coal combustion, but they affect the size dis-
tributions and number concentrations (ultrafine particle
concentration increased as the dilution ratio increased).
Zhang and Wexler32 show that if dilution is sufficient, gas
concentration falls below the supersaturation level, and
nucleation rates decline. Chang et al.® reported an aging
time of 10 sec and a dilution ratio of 20 to be sufficient to
obtain representative primary particle emission samples
from such sources. The needed aging times were longer
for hot gas that had lower initial particle number concen-
tration and discouraged condensation. Several dilution
probes and sampling systems have been designed for un-
biased measurement.33

Metals can serve as markers for specific emission
sources (e.g. selenium [Se] for coal combustion, vanadium
[V] and nickel [Ni] for oil combustion, and zinc [Zn] for
municipal waste incineration), and some of them ad-
versely affect human health. Tolocka et al.3* measured the
real time concentration of metal species in ultrafine am-
bient aerosols. In Baltimore, MD, the number concentra-
tions of ambient particles containing metals were found
to be as high as 10* cm 3. Vanadium was observed to
originate from all wind directions; lead (Pb) and iron (Fe)
were observed to have a common emission source,
whereas arsenic (As) and Pb came from different sources.
In the past, trace metals in particulate matter (PM),, and
PM, < have been used to determine the contributions of
various emission sources by using receptor models.35.36
Similar chemical mass balance modeling of the nanome-
ter fraction of the ambient aerosol has not been done and
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would provide rather useful results. The dynamic nature
of nanometer-sized particles may cause their chemical
profiles and size distributions to change between source
and receptor. Utsunomiya et al.3” identified trace metals
in fine and ultrafine particles in Detroit, MI. Many trace
metals were observed mainly as individual particles, with
some as small as 10 nm. Strong correlations between
certain metals were used to infer the emission sources.

In modern times, people spend more time indoors than
outdoors, and there are many sources in the indoor envi-
ronment. In assessing the effects of air quality to human
health, characterization of the indoor aerosol and its corre-
lation with the outdoor aerosol is essential. Cigarette smoke
has long been recognized to be a primary source for partic-
ulate matter indoors, and it is a contributor to ultrafine
particles.38:3° Cooking, especially frying and sautéing, is also
an important source for indoor ultrafine particles. Wallace et
al.#0 reported that >90% of the particles by number were in
the ultrafine fraction during cooking, with a primary peak at
60 nm and a secondary peak <10 nm. A gas burner or an
electric stovetop heating element alone (i.e., without pot or
food being cooked) resulted in up to 1.1 X 10° cm ™2 ultra-
fine particle concentrations.442 Candles, residential wood,
coal combustors, tobacco smoke, incense, and mosquito-
coils in Asian countries also contribute to indoor nanopar-
ticle levels. Venkataraman et al.#3 characterized soot emis-
sions on the combustion of biofuels used for cooking in the
Indian subcontinent; and the measured emission factors
ranged from 0.38 to 0.62 g kg~ ! from wood combustion for
varying burn rates (0.9-2.0 kg hr ') and from 0.12 t0 0.17 g
kg~ ! from straw and dried cattle manure. Measured organic
carbon (OC) emission factors ranged from 0.17 to 4.69 g
kg~ !. Black carbon and OC emission factors from kerosene
and liquefied petroleum gas (LPG) stoves were lower than
biofuel stoves by a factor of 3-50. They also concluded that
these cooking stove emissions could have a significant im-
pact on climate change in the South Asia region.

Mobile Sources
Diesel engines are major sources of nanoparticles (<50 nm),
which dominate by number concentration, whereas the
mass distribution is dominated by the accumulation mode
(50 nm < particle diameter < 1 pm), as shown in Figure 3.°
Recent advances in instrumentation have also revealed a
nucleation mode (<10 nm) for freshly formed particles.
Nanoparticles from diesel engines are typically hydrocar-
bons (soluble organic fraction) or sulfate particles formed by
nucleation, whereas the accumulation mode particles are
primarily carbonaceous soot aggregates. Tobias et al.#* re-
ported that diesel exhaust nanoparticles are comprised pri-
marily of unburned fuel and lubricating oil. Sulfuric acid
accounted for a small percent, but played a critical role as
nuclei that provide a surface for condensation of organic

714 Journal of the Air & Waste Management Association

species. Sakurai et al.#5 carried out online measurements of
diesel exhaust nanoparticle composition and reported the
volatile component to be comprised of =95% unburned
lubricating oil. Lower emission standards for diesel engines
reduce particle mass emissions, but nanoparticle number
concentrations may increase because of the lower availabil-
ity of condensation surfaces. Burtscher et al.#¢ examined
emissions from a diesel engine and reported a mode diam-
eter ~60 nm measured at ambient temperature. They re-
ported that the volatile fraction decreased, whereas polycy-
clic aromatic hydrocarbons on the particle surface increased
as the load increased. Catalysts can be used to enhance
oxidation of organic compounds, and effective use in after-
engine exhaust treatment will help reduce both the mass
concentrations and the potential to form the nuclei mode
downstream. McDonald et al.#” studied the impact of diesel
truck emissions on the ambient aerosol in the vicinity of
highways. The mass concentration was reported not to be a
function of distance from the highway, whereas the number
concentrations showed clear peaks in the ultrafine range in
the near vicinity of the highway, decreasing to upwind
levels within 50 m of the downwind roadside.
Spark-ignition (SI) engines are reported to generally
emit a lower total number concentration of particles than
diesel engines.” However, under high-speed highway
cruise conditions, it has been found that they emit at
levels equivalent to diesel engine exhausts.48 Studies con-
ducted by Shi et al.#° have reported that SI engines emit
higher number concentrations of the nucleation mode
particles (<10 nm) than diesel engines. Emissions from SI
engines have a number-based mode size of 20-40 nm,5°
and these particles primarily contain a high fraction of
volatile material,#¢ one that vaporizes below 300 °C. Ris-
tovski et al.>! reported that both unleaded and leaded
gasoline engine emissions have a number or count me-
dian diameter (CMD) ~45 nm, with the number concen-
tration 200 times higher for the leaded gasoline engine
exhaust (1.8 X 10° cm ™3 vs. 8 X 10* cm™3). LPG, which is
considered to be a cleaner fuel,52 results in larger nano-
particle emissions than those of unleaded gasoline
(CMD = 60 nm, N = 2.6 X 10° cm?). In New Delhi,
India, there have been regulatory changes that replaced
diesel fuels with LPG and compressed natural gas fuels.
Whereas the mass concentration of PM has decreased,
there is no clear understanding as to how the nanoparticle
emissions have changed. Wehner et al.53 measured nano-
particle size distribution from traffic in a street canyon.
The mode size (15 nm) was smaller than those directly
measured in vehicle exhausts in laboratory dynamometer
tests (50 nm), suggesting the nucleation of emitted va-
pors. Zhu et al.>* characterized ultrafine particles near a
major highway in Los Angeles, CA, and reported three
distinctive ultrafine modes (13, 27, and 65 nm) at 30 m
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downstream the highway. At another Southern California
site,55 the ultrafine particles were reported to have a mode
size ~30-40 nm. The size distribution changes as a func-
tion of distance to the road: mode size increases, whereas
number concentration decreases, indicating aerosol
growth by coagulation and condensation and a reduction
by dilution and evaporation. In addition to the fuels and
lubricating oils contributing to particle formation in en-
gine exhausts, metal parts from engines and catalytic
converters, including platinum (Pt), are believed to be
emitted as ultrafine particles.5¢ Artelt et al.5” reported that
nanocrystalline platinum was observed, and was almost
exclusively attached to micron-sized alumina. However,
their impactor sampling method was not designed for
studying ultrafine particles, and, hence, more studies will
be needed to identify these emission characteristics.
Other noble metals, such as palladium (Pd) and rhodium
(Rh), may potentially be emitted as nanoparticles. Recent
studies have suggested the use of transition metals, such
as cobalt (Co) and barium (Ba), to replace Pt in nitrogen
oxides (NO,) storage and reduction catalysts>® for lean
burn engines. Whereas most catalysts are selected based
on their performance for the reduction of gaseous pollut-
ants, no life cycle-type analysis or potential re-entrain-
ment and emissions have yet been considered.

Two-stroke engine vehicles are common in develop-
ing nations, and they have high emissions. However, no
studies were found in the literature that measured nano-
particle emissions from two-stroke engines.

Similar to sampling under conditions of high temper-
atures and particle concentrations in stationary sources,
measurement in vehicle exhausts is equally or more chal-
lenging. Various parameters in the sampling process, such
as dilution temperature, dilution ratio, residence time,
and relative humidity,5° may affect the formation and
growth of ultrafine particles and result in varying obser-
vations. The effects of different dilution ratios on the
measurement of mobile source emissions are additionally
complicated because of a variety of operating cycles of the
engine. Only when clear protocols are developed for mea-
surement of nanoparticle emissions from these sources
can comparisons be made among various studies and
clear trends derived for eventual exposure and environ-
mental impact assessments.

Outdoor mobile sources have also contributed to the
indoor aerosol.°® Although it is expected that the ultrafine
particles would penetrate and enter the indoor environ-
ment, detailed studies were not found for this review that
can firmly quantify this relationship.

Atmospheric Conversion
Nucleation has long been known as a process that results
in the formation of ultrafine particles in the atmosphere.
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Aiken®! in the late part of the nineteenth century reported
the observation of the nuclei mode particles, typically in
the range of 20—50 nm, which are now also known as the
Aiken mode. The key species in the atmosphere are sul-
furic acid, nitric acid, and organic gases.®? With the ad-
vances in instrumentation in recent years for the detec-
tion of ultrafine particles,%3-65 the formation of a new
mode of atmospheric particles of sizes of a few nanome-
ters has been reported. This phenomenon has been ob-
served in urban Atlanta, GA;!2:66 the Pittsburgh, PA, ar-
€a;%” urban Birmingham, AL;#° urban Helsinki, Finland;®8
and moderately polluted continental air in Germany,%° as
well as remote atmospheric regions, such as the North
Pole,’071  South Pole,”2 Mauna Loa,”® high moun-
tains,”475 and in a Finnish forest.7¢ Figure 4 displays the
size distribution of the nucleation mode particles along
with the larger mode measured at the South Pole. Re-
searchers have also argued that nucleation mode particles
can be produced aloft in the free troposphere cloud out-
flows that are then transported to the surface.”0.73.77 Ul-
trafine particle formation in the upper troposphere is a
source of global atmospheric particles.”®7° These nucle-
ation mode particles can continue to grow by coagulation
and vapor condensation to become the Aiken mode and
accumulation mode particles, which result in atmo-
spheric optical effects and, subsequently, climate change
on a global scale. The lifetime of ultrafine particles in the
atmosphere is typically short (15 min for 10-nm parti-
cles?), but they can become fine particles that can be

600 — ey

[ pA o 7.04

s o 8:04

i oo o 9:04
200 ¢ x 10:04
400 | . .
0F ]
200 [ ’ ap ;

L x ooeo 4

L guo xnggo o ]
100 F e % ]

: °n° x§° LT] ]

0 - W o X
1 10 100 1000
D ,nm

Figure 4. Size distribution measured during a “nucleation event” in
South Pole. (Reprinted from Park et al.”2 with permission from
Elsevier.)
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transported over long distances adding regional air qual-
ity degradation. The number concentration of ultrafine
particles and PM, 5 mass concentration are not necessar-
ily correlated,®7-80-82 in other words, PM, 5 mass concen-
tration is not a consistent surrogate for health effect end
points that are associated with number concentration.

The nucleation mode particles can follow regular diur-
nal patterns with peak production around noon when the
sunlight is most intense, 83 from traffic emissions,*9.67,68,82
and from stationary sources.*® Figure 5 shows examples of
nanoparticle formation around noontime. Such production
of small nanoparticles has also been reported during the
morning rush hours instead of noon in Finland.®882 An
annual pattern was observed with higher concentrations in
winter and spring, whereas lower concentrations were ob-
served in summer. Geographic locations seem to have a
strong influence on the observed particle formation pat-
terns. The formation of nucleation mode particles also oc-
curs during atmospheric perturbations (e.g., the removal of
pre-existing aerosol’? and the addition of gas phase reac-
tants from a surface sources4). Nucleation has also been
observed in the remote marine atmosphere downwind of
penguin colonies where the reaction of ammonia and sul-
furic acid was speculated to be the source of the ammonium
sulfate particles.85 Sulfuric acid has been reported to play a
critical role in many nucleation events.42.67.79.86 The mea-
sured size distributions in urban Atlanta are consistent with
a collision-controlled nucleation process, as would be ex-
pected for a highly supersaturated system.!? Photo-oxida-
tion of diiodomethane (CH,I,) and its derivatives have also
been shown to result in ultrafine particle formation in
coastal areas.87.88 Meanwhile, it should be pointed out that
the presence of high concentrations of fine mode particles
serves as a sink for nanoparticles, because it results in the
suppression of particle formation.°®

There have been many studies on particle size distribu-
tion of ultrafine particles, and reports of the composition are
also emerging. To study the transient and rapidly changing
nature of nanoparticles, real-time measuring instruments
are a must to provide the necessary data. However, current
analytical capabilities are limited, and only recently have
single particle mass spectrometers been used, and these have
also been limited in their capabilities in the ultrafine particle
size ranges (see “Nanoparticle Control and Instrumenta-
tion” section below). Many studies have relied on the use of
high-velocity impactor stages for the collection of the ultra-
fine particles on a time-weighted average basis (e.g., 24 hr
average). Hughes et al.8° analyzed the ultrafine particles
collected by micro-orifice uniform deposit impactors
(MOUDIs) in Los Angeles, CA, in winter. Organic com-
pounds were found to be the largest constituents in the
ultrafine mass with a small amount of sulfate. The most
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abundant catalytic metal was iron. The ultrafine composi-
tion was different from the co-collected fine particle com-
position. Similar results were observed in the PM study car-
ried out in Northern California (Herner et al.8?). Chung et
al.81 carried out the analysis of ultrafine particles collected
by MOUDIs in Bakersfield, CA, in winter. OC accounted for
20% of the mass. There were also significant amounts of
water-soluble cations and anions with water-soluble calcium
(Ca*") as the dominant cation (20%) and nitrate (11%) and
sulfate (5%) as the dominating anions. The particle acidity
was a function of particle size, and ultrafine particles were
more alkaline. Similar to the Los Angeles study, the ultrafine
composition was different from the fine particle composi-
tion (nitrate, ammonium, and OC; neutral acidity). Fine et
al.0 analyzed ultrafine particles (<0.18 wm) for organic
compounds in Los Angeles and identified vehicular emis-
sion markers, such as hopanes,®! in the ultrafine mode. In
the eastern United States, Cabada et al.°2 analyzed the ultra-
fine particles (PM,, os¢ and PM,, ;), which were also collected
by MOUDIs at the Pittsburgh supersite. Ultrafine particles
accounted for <5% of the PM, 5 mass. During summer, the
ultrafine mass was 50% carbonaceous material and 50%
inorganic sulfate and ammonium. In winter, the percent-
ages were 70% and 30%, respectively. Tolocka et al.”3 ana-
lyzed ultrafine particles at the Aiken mode at the Baltimore
supersite using a real-time single particle mass spectrometer
and reported that nitrate played the dominant role in the
formation with condensational growth of ammonium ni-
trate. The nucleation event occurred in cold and humid
weather and followed a diurnal pattern with the peak in the
early morning hours. However, these studies did not target
the nucleation mode of the ultrafine particles because of
instrumentation limitation in this mode. Size-classified and
real-time chemical speciation for these ultrafine particles,
especially the nucleation mode particles, is critical in deter-
mining the sources of precursors and in evaluating the ef-
fects on climate, health, and the environment.®4 Therefore,
the composition of ultrafine particles should be additionally
investigated, which no doubt will depend on the advances
in instrumentation. Another aspect, where information is
lacking, is the long-term pattern (at least >5 years) data set,
which is not sensitive to episodal weather or emission con-
ditions.o8

Occupational Settings
Industrial Processes. There are a variety of industrial pro-
cesses that are sources of unwanted nanoparticles. Vin-
cent and Clement!© categorized ultrafine particles in the
workplace as the following: (1) fumes from hot processes
(e.g., smelting, refining, and welding), (2) fumes from
(incomplete) combustion processes (e.g., transportation
and carbon black manufacture), and (3) bioaerosols (e.g.,
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viruses and endotoxins). They also summarized the “fa-
vorable” conditions required for the generation of ultra-
fine particles in a workplace: (1) presence of vaporizable
material, (2) sufficiently high temperature to produce
enough vapor, followed by condensation to form an in-
dependent aerosol, and (3) rapid cooling and a large tem-
perature gradient.
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There has been a long history of occupational exposure
to ultrafine particles, which is summarized in Table 2. In
many of these studies, high spikes of ultrafine particle num-
ber concentration were observed during active operations,
followed by a gradual decay after the operation, primarily
because of coagulation, evaporation, dilution, and/or depo-
sition. The fraction of the total ultrafine particle number
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Figure 5. Diurnal pattern of number concentration of ultrafine particles at Pittsburgh. (Courtesy of Drs. Charles Stanier and Spyros Pandis.)
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concentrations generally decreases, whereas that of the fine
particle number concentrations increases with time and dis-
tance from the point of emission. To accurately estimate
exposure, the effects of spatial and temporal changes will
need to be evaluated. It is also important to identify the time
needed for the concentration to decline to the normal or
background levels. There are a spectrum of other industrial
settings that have the potential to generate ultrafine parti-
cles that have not been investigated yet, including plasma
cutting, milling, powder coating, printing, copying, baking,
and cooking.??

The instrumentation used in some of these studies
did not accurately target the ultrafine range (i.e., 1-100
nm). Pertinent design of the sampling instrument, proce-
dures, and protocols are needed to truly assess the expo-
sure of ultrafine particles in an occupational setting.®s
There are instruments available to conduct this assess-
ment. For example, condensation nuclei counters can be
used as screening devices to determine ultrafine particle
emission sources; low-pressure impactors for collecting
ultrafine particles for subsequent analysis and character-
ization; and scanning mobility particle sizers or electrical
low-pressure impactors can be used to measure number-
weighted size distributions. Distance from the source and
time of measurement also need to be factored in the
sampling protocols. Eventually, personal exposure moni-
tors need to be developed and routinely used to track
exposure to ultrafine particles.

Engineered Nanoparticle Production. The production of en-
gineered nanoparticles can be generally categorized into
two approaches.”® The first is a top down approach that
starts with a bulk material and then breaks it into smaller
pieces using some form of energy. Processes that can be
listed in this “top-down” category include high-energy
ball milling, mechanochemical processing, etching, elec-
troexplosion, sonication, sputtering, and laser ablation.
The second approach is to synthesize materials from the

Table 2. Occupational exposure to nanoparticles.

atomic or molecular level by growth and assembly to
form the desired nanoparticles. Processes included in this
“bottom-up” category are sol-gel, aerosol routes, chemical
vapor deposition, plasma or flame spraying, laser pyroly-
sis, atomic or molecular condensation, supercritical fluid,
spinning, and self-assembly. Most of these processes are
performed in a closed reaction chamber. Human exposure
to these engineered particles does not occur during syn-
thesis unless there is an unexpected system failure (e.g.,
rupture of a seal) or during the starting and stopping of
continuous processes. Human exposure is more likely to
occur after the manufacturing process?2 when opening
the reaction chamber, drying the product, or in the post-
process handling of the products.

The collection of produced nanoparticles also poses in-
creased risks, especially in a dry form. Because of their small
sizes, gravity has negligible effects on nanoparticles. The
lack of gravitational settling results in a long lifetime in the
air, increasing the chances of human exposure and health
risks. The risk of dust explosion arises, especially for metal
powders, which have high pyrophoricity. Figure 6 summa-
rizes the conditions under which dust explosions could oc-
cur.?” The handling of nanoparticles as aerosols in the
ventilation/filtration system also requires extra caution, in-
cluding respirators, to avoid entrained particles.

The release of nanoparticles during cleaning opera-
tions of the production chamber is another critical point.
Cleaning typically involves using water or some sol-
vent, resulting in wastewater containing nanoparticles.
Brushes, sponges, or tissues used in the cleaning will carry
nanoparticles into the waste stream. Other items that will
enter the waste stream include filters that were used to
collect the nanoparticles. Disposal of the waste and waste-
water may become a source of nanoparticle release into
the environment.

Conditioning (e.g., compression, coating, and com-
position) of nanoparticles to form final products may also
result in the release to the environment and resultant

Reference

Setting Concentration (cm~3)

Knight et al. 376
Hameri et al. 370
Cunningham et al. 386
Rendall et al. 377

Silicon from smelter
Arc spraying

Diesel-powered vehicles in confined industrial spaces (e.g., mining)
Ski hot-waxing using fluor powder

5 % 10*
N/A (TEM analysis)?
382 mg/m?; 50 nm

Hewett378; Zimmer and Biswas3®8'; Zimmer3e7; Gas metal arc welding operation 10° — 107
Zimmer et al. 382; Brouwer et al. 9
Zimmer and Maynard3e3 High-speed grinding 6.5-800 x 10°
Camata et al. 380 Laser ablation N/A (only size distribution)
Wheatley and Sadhra3s4 Diesel exhaust fumes in bus/truck distribution depots 58-231 X 10°

aTEM = transmission electron microscopy.
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the postdetonation environ-

Secondary explosion
and/or fire

Figure 6. Summary of conditions for dust explosions. (Reprinted from Dahn et el.97 with permission.)

exposure, although very few studies have been carried out
on this subject. Recent studies®® to evaluate the aerosol
release during the handling of carbon nanotubes showed
that the generation of ultrafine particles occurred under
vacuum to remove spilled nanotube material or vigorous
mechanical agitation; however, they reported that the
concentrations were very low. Measurements of ultrafine
particle levels during the bagging of carbon black showed
no increases in nearby air.® There are many current con-
sumer products that have nanoparticle ingredients,100
such as sunscreens and paints (nanostructured titanium
dioxide and zinc oxide), additives in tires (fumed silica,
carbon fibers, and nanotubes in the future), lubricants
and chemical mechanical polishing slurries (nanosized
silica), and shampoos and detergents (nanosized alu-
mina). Self-cleaning surfaces made out of coatings of
nanostructured titanium oxides are being used in window
panes and ceramic tiles. With the additional advance-
ment of nanotechnology, the use of nanoparticles will
increase. The use in pharmaceutical products is a good
example. There may be several pathways for nanopar-
ticles in the products to enter the environment by me-
chanical release from the product or when the consumer
product is disposed.

Whereas most engineered nanoparticles are not de-
signed to be released into the environment, there are cer-
tain types of nanoparticles that are inevitably or inten-
tionally released in their applications. Examples include
nanoenergetic materials/explosives,’°! high obscurance
nanoflakes, and nanoscale metals for groundwater dechlo-
rination.'¢ Exposure potential of nanoexplosives exists in
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The capture and control of
nanoparticles are important to
prevent unwanted emissions
into the environment, to un-
derstand design of devices for
respiratory protection, and to collect engineered (useful)
nanoparticles that are synthesized in processing systems.
The fundamental behavior of particles in air streams has
been explained in several textbooks, such as, Friedland-
er,102 Seinfeld and Pandis,®? and Hinds.1%3 The following
discussion emphasizes new developments in cyclones
(operating at low pressures), filters, thermophoretic dep-
osition, and electrical precipitators. A brief review of
nanoparticle instrumentation for size distribution mea-
surement and characterization is also provided.

Inertial Control Devices
Pioneering work on the drag force acting on fine particles
was done by Stokes!'?4 and Cunningham.!°5 The relaxation
time (time required for the velocity of a particle to equal that
of the fluid it is carried in or the time to come to rest with
respect to the fluid) for a particle in the nanometer size range
is rather small (8.6 X 102 sec for a 100-nm particle of unit
density and 6.5 X 10~ '° sec for a 1-nm particle), and, hence,
it tends to follow the airstream lines. Therefore, methods,
such as inertial separation, are not expected to be as effective
unless high velocities are used (such as in high-velocity
impactorst©¢) or low-pressure conditions (such as in low-
pressure cyclones to collect nanoparticles). When operating
inertial devices at high-fluid velocities, scaling parameters
(such as Stokes number) that determine particle collection
efficiency may be altered. Biswas and Flagan'°¢ conducted a
study to examine scaling criteria for high-velocity impactors
operating at low downstream pressures. They found that the
same scaling criteria (impaction efficiency and Stokes num-
ber relationships) could be used, provided that property
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values were determined at stagnation point (in an impactor,
this would be where the center line from the nozzle inter-
sects the collection plate) conditions. Steep curves for the
nanoparticle collection efficiencies as a function of the
Stokes number were obtained for impactor operating condi-
tions wherein the jet velocities equaled the speed of sound
(highest jet velocity possible). Hillamo and Kauppinen'0”
have demonstrated the viability of a multistage impactor
operating several stages at high velocities where the flow was
compressible. Different designs, such as virtual impactors
and particle trap impactors, have also been designed for
nanoparticle collection.’°8 Whereas laboratory scale impac-
tors are good for establishing the scaling criteria for inertial
collection at lower pressures, they are not control devices
per se, other than designs such as the particle trap impac-
tor.19° However, cyclones, which also operate on inertial
collection principles, are particle control devices that are
extensively used because of their simplicity in design, low
cost, and ease of operation.!'® A key advantage is the low
pressure drop through the unit. However, the collection
efficiency is a function of the Stokes number, and it drops
for particles in the nanometer-size regime. Tsai et al.!! have
successfully demonstrated that axial flow cyclones can be
operated at low pressures to remove particles <100 nm. An
expression for the collection efficiency of the cyclone oper-
ating at low pressures (<20 Torr) was derived. In addition to
correctly estimating the Cunningham slip correction factor
at low pressures (because of altered mean-free paths), they
determined that the aerodynamic cutoff size was also a
function of the flow Reynolds number. The collection effi-
ciency of the device therefore depends on the Stokes num-
ber and an additional parameter, the Reynolds number. The
results suggested that such devices could be operated under
low-pressure conditions (6-20 Torr). At a pressure of 6 Torr
and a flow rate of 0.5 liters/min, the collection efficiency of
100 nm particles was close to 100%, with a 50% cutoft size
of ~50 nm. Such cyclones could be used for preventing
emissions of nanoparticles from exhaust gases of reaction
chambers prevalent in the semiconductor and optoelec-
tronic industries. Other designs of cyclones have used addi-
tional forces on the nanoparticles, such as electrical fields
for overcoming the low capture efficiencies in these size
ranges.!12 Clearly, more developmental work is necessary
for designing simplistic inertial devices for the capture of
nanoparticles.

Filtration Systems
Filtration devices are also used for particle control, and
there are various designs for nanoparticle collection.
Baron and Willeke,''3 Friedlander,'°2 and Hinds!'3 pro-
vide detailed information on approaches to determine the
total collection efficiency of filtration systems. The first
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step involves determining the single target collector effi-
ciency and then combining it in a packed configuration
of certain porosity to establish the overall collection effi-
ciency. An intriguing feature in such systems is the tran-
sition point when a very small particle can be considered
to behave like a gas molecule. It is well known that gas
molecules pass through filters, and the only effect is an
associated pressure drop. Whereas the diffusional trans-
port of nanometer-sized particles are expected to result in
capture on the filter elements, it is not clear at what size
the particles will behave like molecules and slip through.
Fundamental research needs to be conducted in this arena
to clearly answer the above questions.

High-efficiency particulate air (HEPA) filters have
been constructed and are widely used for the capture and
removal of fine particles from airstreams. Disadvantages
of such systems are that they have high-pressure drops
and require frequent maintenance and replacement.
Whereas conventional HEPA-rated and ultra-low particu-
late air-rated filters have high capture efficiencies for air-
borne nanometer-sized particles (99.97% at 7300 nm and
99.9999% at 100 nm, respectively), alternate methodolo-
gies have been developed to overcome the major limita-
tion of the associated high-pressure drop. For example,
electrostatically augmented air filters!14-117 and dielectric
screens!!® attain high collection efficiencies (>99.9%)
with a smaller associated pressure drop that is one-eighth
that of HEPA filters.''¢ These filters are used only in spe-
cialized applications, such as ultraclean rooms for micro-
electronics component assembly or surgical rooms in
hospitals, primarily because of their high capital and
operating costs.

There are large-scale designs of filters, such as bag
configurations, for capture of particles in industrial scale
operations. Such systems have also been used to collect
deliberately produced nanoparticles at the exit of engi-
neered reactors. However, the operational details (such as
collection efficiency as a function of size and operating
costs because of high pressure drops) of such systems
purely for collecting nanoparticles are not known. After
operation for a length of time, the bags are vibrated me-
chanically, acoustically, or with reverse air-pulse jets, to
drop the collected particles onto hoppers. The removal of
particles by these means often shortens the life span of
the bag filter system. The process streams where these are
used are often at elevated temperatures, which also reduce
the life span of the bags.

Thermophoretic Collection Systems
Thermophoretic forces act on particles because of the
presence of a temperature gradient causing them to move
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from a high to low temperature region.1°2 The thermo-
phoretic velocity arises because of the differences in mo-
lecular energies at the different temperatures and their
resultant interaction with the nanoparticles. Expressions
for the thermophoretic velocity have been derived by
Waldman and Schmitt'!® using the Kkinetic theory of
gases. In the nanoparticle size regimes, the thermo-
phoretic velocity is independent of particle size and,
hence, a good method for collection without a bias to-
ward size selectivity.

Many synthesis systems operate at high temperatures
to promote chemical reactions that result in formation of
the desired molecular state from which nanoparticles are
formed by nucleation. To promote nucleation (the con-
version of the gaseous molecular state to nanoparticles),
there is often a quench zone with a high-temperature
gradient in nanoparticle synthesis reactors. High-temper-
ature gradients are often also necessary to promote pref-
erential crystallization of a desired state, such as the ana-
tase phase of titanium dioxide or the magnetic (y) phase
of iron oxide.120.121 Because of the presence of tempera-
ture gradients in nanoparticle synthesis systems, thermo-
phoretic forces can be used for the collection of nanopar-
ticles. Thermophoretic collectors have been used in many
laboratory scale studies with flame and furnace reac-
tors.120,122-124  Thermophoretic phenomena have also
been successfully used in the deposition of particles to
form nanostructured films.125

Electrostatic Collection Methods
The best methodology to collect nanoparticles in systems
with low pressure drops is the use of electrical fields. In
these devices, the particles that enter are typically charged
using unipolar ions generated in a corona (most often
created by applying a voltage that generates a localized
electrical field greater than the breakdown level for the
gas; for industrial scale units, the voltages applied are on
the order of 60 kV, whereas in smaller scale units for
indoor air cleaning, the voltage applied is 8—-15 kV). Sev-
eral researchers have studied the charging behavior of
nanoparticles.126-128 Once the particles are charged, they
experience a force because of the electrical field causing
them to migrate to the collector walls that result in their
removal from the gas stream. Studies conducted for the
capture and collection of nanoparticles in such systems
have revealed that a certain fraction remains uncharged,
resulting in lower capture efficiencies.'?°-131 The collec-
tion efficiency dropped from ~90% for 60-nm-sized par-
ticles to <10% for 10-nm-sized particles. Similar trends
have also been observed in industrial scale ESPs, wherein
a drop in collection efficiency was observed for nanome-
ter-sized particles.!32133 The co-use of soft X-ray irradia-
tion and unipolar coronas has resulted in a dramatic
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improvement in the charging efficiencies of nanopar-
ticles.131 Using a device with both a soft X-ray and unipo-
lar corona source, a very high capture efficiency (>
99.99%) for nanometer-sized (5-100 nm) particles was
obtained because of effective charging of nanoparticles by
increased ion concentrations and direct photocharging of
the particles.

The capture of nanoparticles with high efficiencies is
important in several air cleaning and bioagent inactiva-
tion devices. For example, it is desirable to remove bio-
logical particles, such as viruses in aircraft cabins, to pre-
vent spread of infections (such as colds and Severe Acute
Respiratory Syndrome). Because of increased concerns of
bioterrorism, there is a need for robust air cleaning units
in building ventilation systems that will remove agents,
such as small pox and other nanoparticle-sized viruses.
HEPA filters are effective at trapping such particles; how-
ever, they do not inactivate them. Once captured, biolog-
ical particles can give out endotoxins, and these would
continuously be released from the surface of the filter and
entrained in the airstream.!34 Biological particles, such as
pollen and bacteria, may fragment, resulting in the release
of constituents that can be potentially harmful to
health.'3> Hogan et al.!' have designed a soft X-ray-
enhanced corona system that has been demonstrated to
have >4 logs removal (>99.99% collection efficiency) of
such viral bioagents, with an inactivation (kill) rate >7
logs (> 99.99999%). Corona-based systems are now being
used in commercial room air cleaning systems (Ionic
Breeze, Orcek Inc.). These rely on the concept of ionic
wind to generate a flow, and, hence, no external pumping
devices, such as fans, are needed. However, the particle
capture efficiencies of such devices for nanoparticle cap-
ture have not been rigorously tested and are mostly un-
known.

Real-Time Nanoparticle Instrumentation and
Characterization

There are several instruments for real-time measurement
of gas-borne nanoparticles. The design of the instruments
is based on the same principles as the collection devices,
with stricter control of operating parameters. There are
many reports in the literature and excellent descriptions
of aerosol instrumentation.!!3

Electrical Instruments. Chen et al.°4 developed a nanodif-
ferential mobility analyzer that measures on a real-time
basis the size distribution of particles down to 3 nm. After
acquiring a charge, the particles are passed through a
classification section where they are classified by mobil-
ity. Improvements in design have been possible because
of the use of transport models to determine diffusional
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losses'36 and accordingly to redesign the unit. Single-
mobility classified particles are then introduced into a
condensation particle counter to obtain the number con-
centrations. Developments are currently under way to
now extend the operational range of these instruments
down to smaller sizes (<1 nm) by overcoming limitations
in the counting device.137.138 Another important consid-
eration is the effective charging of nanoparticles, and it is
desirable to have a larger fraction charged to improve
sensitivity and reduce counting errors. Chen and Pui®®
have designed an effective nanoparticle charger using
unipolar ions in a well-designed electrical field to prevent
loss of both ions and charged nanoparticles. The combi-
nation of soft X-ray with the corona chargers!3! may also
be effective in charging larger number fractions of nano-
particles. Kumar et al.’3° have used a modified nanodif-
ferential mobility analyzer system with a high through-
put for the collection of nanoparticles in their flame
aerosol reactors in narrow size regimes.

Real-Time Inertial Impactor. The only commercially avail-
able real-time nanoparticle measurement device based on
inertial principles is the Electrical Low Pressure Impac-
tor.140.141 Tt consists of a corona charging system and a
cascade impactor. The principle of operation is similar to
the impactors described in the previous section; however,
an electrometer at each stage allows for the real-time
monitoring of the deposited particles. Steep collection
efficiency characteristics as a function of particle size have
been obtained, with better performance in the smaller
size ranges.

Dynamic Light Scattering. Light scattering methodologies
allow for both real-time and in situ monitoring of aero-
sols. The intensity of the elastically scattered light varies
as the sixth power of diameter for nanoparticles. Because
of this, the scattered light signals from nanoparticles are
very small and cannot be detected reliably. Nonelastic
light scattering methodologies, such as dynamic light
scattering, have been used for measuring nanopar-
ticles.113.142 Dynamic light scattering, also called photon
correlation spectroscopy, is the spectral broadening of the
signal because of Brownian motion of the particles. In this
method, the diffusion coefficient of the particles is deter-
mined by interpretation of the dynamically scattered
light signal, and with knowledge of the temperature, an
estimate of the particle size can be obtained. Clearly, this
poses challenges because of difficulties in accurate deter-
mination of temperature, for example, in combustion
systems. Moreover, the optics are rather complicated,
and, hence, the technique is not extensively used in situ.
However, there are several commercial instruments that
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are used offline to determine the fractional size distribu-
tions of particles in the nanometer-size regime.143

Characterization. Along with size distribution measure-
ments, determining chemical composition and other
properties of nanoparticles are also important. Develop-
ments in single particle mass spectrometers!4+.145 allow
the determination of composition as a function of size. In
a single particle mass spectrometer, a size-classified parti-
cle is irradiated and fragmented with a high-intensity
laser (optical targeting), and the molecular and atomic
constituents are then introduced into a conventional
mass spectrometer. Whereas previous designs of these
instruments were not effective in the nanoparticle-size
regimes, development of the aerodynamic lens!'46-148 has
resulted in better optical targeting to overcome the limi-
tation.'4® Single-particle mass spectrometers have been
primarily used for determining the composition of the
atmospheric aerosols.?3 These devices have been used in a
few laboratory studies to examine emissions from com-
bustion systems;'5° however, more needs to be done with
full-scale combustors, such as coal-fired power plants,
smelters, incinerators, and other mobile sources. There is
a need for the development of robust measurement and
characterization methodologies for nanoparticles in full-
scale industrial systems.

Some of the other characterization tools that are
routinely used for nanoparticles are summarized in Ta-
ble 3. Interesting features are observed in the nanopar-
ticle size ranges. For example, broadening of X-ray dif-
fraction peaks are observed, and the Scherrer equation
can be used to determine crystal sizes.15! Line shifts are
observed in Raman spectra as has been demonstrated by
Xu et al.’52 and Almquist and Biswas'>3 for nanostruc-
tured titanium dioxide. Quantum effects in small nano-
particles also result in the separation of energy levels
and increase of band gaps, which are correlated to par-
ticle sizes.153,154

A summary of important characteristics of several
collection methods is provided in Table 4. Recommenda-
tions for the development of improved collection effi-
ciency devices for the different methods are also pro-
vided.

ENVIRONMENTAL NANOTECHNOLOGIES

Nanoparticle-based technologies find applications in
several environmental areas,*155 and some of these are
listed in Figure 2. The applications of nanoparticles in
environmental technologies are collectively referred to
as “environmental nanotechnology.” Because nanopar-
ticles have enhanced structural, magnetic, electrical,
and optical properties, they have a significant potential
to replace existing materials. Because of their superior
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Table 3. Nanoparticle characterization techniques.
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Method

Observahle

Electron microscopy (transmission and scanning)
X-ray diffraction

BET surface area
UV-vis absorption spectroscopy
Raman scattering

Mdssbauer spectroscopy
FTIR spectroscopy

Nuclear magnetic resonance
X-ray absorption spectroscopy EXAFS, XANES

Real space structure—particle size and morphology; particle morphology

Phase and crystallite size measurements in the 4-40 nm range from Bragg peak linewidths using Scherrer
formula’20

Surface area and porosity of nanoparticles

Fundamental optical gap; interpretation of band gap energies

Phase analysis by phonons, crystallite size measurements by phonon linewidths; shifts as a function of size
because of relaxation of selection rules

Identification of magnetic behavior through internal fields: superparamagnetism by blocking temperature;
identification of chemical shifts and quadrupole effects

Vibrational spectra in infrared region. Analysis of surface adsorbed species such as OH radicals

Localized bonding states (chemical shift and coupling constants) by detecting presence of specific nuclei

Element-specific information on coordination environment to determine structure of nanocrystalline domains

Notes. BET = Brunauer-Emme H-Teller; FTIR = Fourtier transform infrared; EXAFS = edge X-ray absorption near edge structure; XANES = X-ray absorption fine structure.

properties, lower quantities will be used that will not
only lower costs but also leave a reduced environmental
footprint. Nanoparticles are finding applications in
newer sensing technologies to detect pollutants at
lower concentrations with greater selectivity and preci-
sion. Because of inherent size advantages they can be
used to probe more difficult-to-reach regions, such as in

Table 4. Comparison of collection devices for capture of airborne nanoparticles.

the subsurface environment or complex engineered sys-
tems. Nanomaterials also find great applicability in ex-
isting processes to reduce or prevent emissions or to
convert effluents to useful byproducts. Nanoparticles
can also be used to clean up contaminants that are
present in the environment because of deleterious past
practices.

Device Operational Principle

Size Range (Efficiency)

Configurations Key Advantages Recommendations

Low-pressure cyclone

by other methods) nm (~50%)

Filtration Diffusion and inertia Up to 5 nm (>95%)

Thermal precipitators Thermophoresis 1-100 nm (>99%)

Electrostatic precipitators Electrical mobility 60-100 nm (>95%)

efficiency drops below

60%

Inertia (although enhanced 100-60 nm (>98%), 50 Axial, tangential, low
pressure

Low pressure drop; ease of @ Improve capture
operation and low cost efficiencies for
nanoparticles by using
additional force fields

HEPA, packed bed, bag High capture efficiencies o Fundamental study of

filtration (understanding
transition between
molecules and
nanoparticle behavior)
® Develop low pressure
drop filters with high
capture efficiencies

Plate Capture independent of ® Determine scale up
particle size criteria (used only for
small scale applications)
Tubular, parallel plate  High capture efficiency o Understand charging of
with low pressure drop; nanoparticles
low operating costs ® Design of systems with

other forms of radiation
to enhance capture

® More detailed studies of
pathways of inactivation
of biological particles

® Compact high voltage
sources, reduce cost
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Material Substitution

Hazardous materials in manufacturing can be replaced by
the more functional nanomaterials that are designed for
specific, targeted functions resulting in reduced produc-
tion of wastes. The more mature field of “green chemistry
and green engineering” can guide the increased usage of
nanomaterials.156 For example, nanomaterial-based cata-
lysts can be used in place of more harsh catalysts for the
synthesis of compounds. Film reactors with environmen-
tally benign nanostructured photocatalyst films have
been demonstrated to be effective in the synthesis of
partial oxygenates from different precursors.'2 In con-
trast to conventional processes that use harsh operating
conditions and toxic materials, these processes are envi-
ronmentally benign. For more effective implementation
of such processes, a multiscale approach needs to be
adopted. Such an approach includes developments at the
molecular level, linking of these to fluid dynamics/trans-
port, and reactor models at the micro- and macroscales.
Studies at such disparate length and time scales are only
possible by interdisciplinary research and collaborations
among theoretical and computational specialists, engi-
neers, chemists, and industrial partners (with experience
in plant scale perspectives).157 New classes of nanomate-
rials can also replace conventional materials with less
toxicity and better performance.* As an example, field
emission displays constructed with carbon nanotubes can
provide better functionality than the conventional cath-
ode ray tubes that contain many toxic metals.'58 The field
emission displays use only 0.5 g of carbon nanotubes per
monitor compared with the large amount of lead in cath-
ode ray tubes.

Nanoparticle Sensors and Detectors
The need of sensing of pollutants and other compounds is
of immense importance not only for public health pro-
tection but also in the design of safe and effective manu-
facturing processes. With the increase in potential terror-
ism acts, there is an increased need for effective sensors,
and they are finding use in many homeland security
applications. Developments in sensor technology have
been under way for the last 2 decades, with an emphasis
on miniaturization. Various nanostructured materials
have been used in sensors. Upon exposure to gases such as
NO,, the electrical resistance of single-walled carbon
nanotubes (SWCNTs) has been found to change dramat-
ically. A chemically functionalized SWCNT with co-
valently attached poly m-aminobenzene sulfonic acid has
been demonstrated to have improved sensor performance
for detection of ammonia,!5 thus allowing higher sensi-
tivity (as low as 5 ppm) than existing solid-state sen-
sors.16% Boron-doped silicon nanowires have been devel-
oped that are highly sensitive sensors for chemical and
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biological species.1¢? Kennedy et al.'62 have developed a
fully automated gas sensing and electronic parameter
measurement system for testing miniaturized nanopar-
ticle-based gas sensors. Such systems allow for the quick
optimization of gas sensor configurations and for the
understanding of their size-dependent properties. Gas
sensing properties of zinc oxide (ZnO) nanostructures
were found to have a sensitive response, good selectivity,
and very short response time to very low concentrations
of ethyl alcohol. Single crystal ZnO nanowires synthe-
sized by gas-phase routes have been shown to be very
sensitive to oxygen concentrations, with increased sensi-
tivity at lower-wire radii.’¢3 The detection sensitivity of
these nanowires could be modulated by altering the gate
voltage of the n-type semiconductor to extend the con-
centration range over which oxygen could be detected.

Nanostructured Sorbents for Process Emissions
Control

Understanding particle formation and growth dynamics
in combustion systems would allow developing strategies
to minimize emissions.'* Several methods have been
proposed for the control of toxic metal emissions from
combustors.'#4164 The capture of heavy metal species in
combustion systems by bulk sorbents has been demon-
strated.165.166 However, once the outer surface has chemi-
sorbed the metallic species, the inner volume is rendered
ineffective, thus requiring a large volume of bulk sorbent
to trace metal that is being captured. Furthermore, the
bulk sorbents have been ineffective in certain environ-
ments, for example, when chlorine is present.16” They do
not effectively suppress the nucleation of the heavy metal
species that result in the formation of the submicrometer-
sized aerosol that is difficult to capture in conventional
particle control devices. An alternative is the use of a
nanostructured sorbent agglomerate process to capture
the heavy metals in combustion environments.168-170
Several studies have been conducted to understand the
effectiveness of this process for heavy metals, such as
lead.1”t Capture efficiencies of lead exceeded 95% in a
high-temperature environment on injection of a precur-
sor that resulted in the formation of a nanostructured
silica sorbent particle.

The understanding of metallic species formation and
growth pathways has resulted in the use of sorbent injec-
tion methods to control and prevent the release of toxic
metal species, such as lead, cadmium, and arsenic, from a
variety of combustion systems.165,168,169,172,173 The objec-
tive of the sorbent process is to suppress the homogenous
nucleation pathway (to prevent eventual formation of the
difficult-to-capture submicrometer-sized particles) and
promote chemisorption of the metallic species vapors (to
firmly bind the metal species to the sorbent to prevent
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leaching into the water body when disposed), as illus-
trated in Figure 7. This is promoted by a large available
specific surface area (increasing with decreasing particle
size) of the sorbent material. It is essential that the sorbent
particle is in a size range (preferably >500 nm12°.174) that
would result in its effective capture in a particle control
device. These contrasting requirements are overcome by
using a nanostructured agglomerate, which has a large
specific surface area and is in an overall size range that
would be effectively captured in a conventional particle
control device.

Several sorbent materials, such as calcium, silica, and
other oxides, complexes of aluminum-silicon, are effec-
tive reacting and capturing heavy metal spe-
cies.14,169,175-180 As outlined earlier, there are several fac-
tors that determine the effectiveness of the sorbent for
capture of the heavy metal species. Equilibrium calcula-
tions provide a feasibility determination and temperature
range for the choice of sorbents.181.182 These also allow
qualitative comparisons of various types of sorbents and
their effectiveness under a variety of combustion system
conditions, such as temperature, equivalence ratios, and
presence of other reactive species.

Mercury, a toxic element, primarily emitted from
coal combustion systems, is a pollutant transported on
a global scale. Brown et al.183 have discussed several
methods for mercury control. One of the most touted
methods is that of activated and other forms of carbon.
The carbon sorbents have been found to be most effec-
tive when they are impregnated at the nanoscale with
functional groups that have a high affinity for mercury,
such as halogens and other chelating groups.184
Whereas carbonaceous species in various forms have
been proven to be effective in the capture of mercury,

in

Nanosorbent Process

VN nucleation  stable % growth
N clusters
~ coagulation
toxic
metal vapor suppress nucleation

promote chemisorption
& condensational growth

%

sorbent precursor
or nanosorbent

ceramic agglomerate
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metal complex

Figure 7. Mechanistic pathway of toxic metal species in combustion system resulting in particle
formation. In the absence of the nanosorbent agglomerate, the resultant particles are in the
difficult-to-capture submicrometer sizes. In the presence of nanosorbent agglomerates, nucle-
ation is suppressed resulting in association of the metal species with the larger agglomerate

particles that are readily captured.
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there remains a problem of its low temperature appli-
cability and problem of disposal when mixed with fly
ash.173 The use in packed or fluidized beds would result
in additional costs because of the large flows that need
to be treated in a typical full-scale coal combustor.
Thus, significant research and development is currently
under way to develop inorganic sorbents.185-189

To effectively design and scale up nanoparticle-based
sorbent processes, the following need to be studied: (1)
interaction of the metal species with sorbent compounds
to elucidate pathways of capture and determine rates of
chemisorption, (2) growth dynamics of the sorbent parti-
cles to determine injection locations to maximize the
surface area of the agglomerate and its size, (3) pilot test-
ing of these methodologies, and (4) cost comparisons
with bulk sorbent methods.

Byproducts of value can sometimes be synthesized from
nanoparticle effluents, thereby reducing emissions to the
environment while offsetting control and disposal costs.
Biswas et al.1°0 proposed the injection of titanium-based
precursor compounds into lead-enriched exhaust streams,
such as that from a lead smelter to produce ferroelectric
materials. This was successfully demonstrated in laboratory-
scale studies. Zimmer and Biswas!'®! suggested the use of
magnetic fields to capture magnetic nanoparticles in a weld-
ing plume. This would protect the workers in an occupa-
tional setting, and at the same time produce high-value
magnetic oxides. Zimmer'®? demonstrated the viability of
using captured welding-generated aerosol particles for the
treatment of contaminated water streams.

Remediation and Waste Treatment
Groundwater is often contaminated by spills, agricul-
tural practices, past waste disposal practices, and leak-
ing underground storage tanks.
Contaminated groundwater poses
threats to human health by entering
drinking water source streams, and
it also damages ecosystems. Restora-
tion of contaminated sites in the

w/o sorbents

L Y D S
10 100 1000 United States alone has been esti-
A (nm) mated to be a multibillion dollar

w/ sorbents industry.1°3 Remediation is often

difficult because of inaccessibility
and slow mass transfer rates from
nonaqueous phases. Nanoscale sci-

I T
1 10 100 1000 ence and engineering may provide
(nm) cost-effective and environmentally

friendly options to restore such con-
taminated sites, both by direct con-
version of contaminants by reaction
on nanoparticle surfaces and by ar-
tificial enhancement of naturally
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occurring biogeochemical reduction processes. Because
of their high-specific surface area, nanoparticles exhibit
enhanced reactivity with respect to their bulk counter-
parts. Size effects on reactivity at the solid-liquid inter-
face are due to various reasons, such as the proportion
of surface sites at edges or corners, the presence of
distorted high-energy sites, contributions of interfacial
free energies to chemical thermodynamics, the effects
of altered surface regions, and quantum effects.21,194

Effective in situ remediation is possible by transport-
ing nanoparticles through porous media. Injection of iron
nanoparticles into the subsurface has been demonstrated
to be effective in the degradation of chlorinated organic
compounds to benign forms.17.195,196 Fundamental stud-
ies have also been conducted on the transport of nano-
particles in porous media'®® and deposition onto surfac-
es.197,198

Nanoparticles can also be anchored onto substrates
for the remediation of contaminated air and water
streams.1®® Various methods of anchoring onto sub-
strates, such as carbon,20° zeolites,2°1 silica gel,'8® and
membranes,2°2 have been demonstrated for the treatment
of contaminated streams. The use of nanostructured film
reactors has also been demonstrated to be effective at
remediation. Different deposition techniques have been
studied to control film characteristics to obtain optimal
reactor performance.125203-205

Various configurations of nanoparticles in different
geometries have been proposed to adsorb species, such as
organics and heavy metals. It has been reported that car-
bon nanotubes are more effective than activated carbon
in sorption of various organics.206:207 Onyango et al.18
have demonstrated the effective adsorption of arsenic on
zeolite active surfaces. The trapping and removal of heavy
metals from contaminated water is a challenging prob-
lem, and just recently the National Academy of Engineer-
ing has announced an award of $1 million to inventors
who come up with a system for the effective removal of
arsenic from drinking water supplies.

Nanoparticles have been used in the field of catalysis
for many decades. The best-known example is that of
precious metal nanoparticles, such as Pt, Pd, and Rh, in
catalytic converters to treat engine exhaust. The develop-
ment of better nanoparticle synthesis methods and char-
acterization tools, along with molecular design, has re-
sulted in better catalytic materials. Bimetallics of
nanoscale materials, such as iron/platinum and iron/pal-
ladium, have been demonstrated to be effective in the
degradation of organic environmental contami-
nants.208.209 Gold nanoparticles have been used for a va-
riety of catalytic applications.2'© Schlogl and Hamid?2!!
examined whether the science of nanoparticles was really
new or just being revisited and concluded that it is a new
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scientific arena with a lot more work to be done to fully
realize the potential of nanocatalysts.

A class of compounds, the wide-band gap semicon-
ductors, are finding applicability in remediation sys-
tems.212213 Optimum conditions for degrading specific
compounds have been determined.!53.214-216 There are
key factors that still need research and development be-
fore such wide-band gap semiconductors can be used
effectively in remediation technologies. The first is the
ability to synthesize these nanostructured materials with
controlled size, composition, and morphology in scalable
processes. Gas phase processes allow the scaling up of
production methods with the ability to control these
characteristics.217 The second is the understanding of the
fundamental reaction steps and relating them to the char-
acteristics of the nanoparticles. The third is the ability to
alter the band gap energies to increase the photoactiva-
tion at visible light frequencies. Methods such as nitrogen
doping, transition metal doping, and dye sensitization are
being researched (discussed in the “Nanoparticles and the
Energy Sector” section, below).

NANOPARTICLES AND THE ENERGY SECTOR

In 2000, oil, natural gas, and coal accounted for 39, 24,
and 22% of the U.S. energy supply, which totaled 3.3
tetrawatts.21® Two-thirds of the oil was consumed by the
transportation sector. By 2020, total consumption is pro-
jected to increase by 32% with roughly the same distribu-
tion among the fossil fuels. Fossil fuels are limited, be-
cause they are produced on geological time scales,
whereas human beings consume them over shorter time
scales. The rapid growth of secure energy needs coupled
with the increasing demands for clean energy sources that
do not increase the atmospheric loading of carbon diox-
ide and other pollutants have called for increased global
attention to a “hydrogen economy,” which is a poten-
tially sustainable solution to future energy needs.21® As
outlined in Figure 8, the transition to a hydrogen econ-
omy is anticipated to take place over a few decades. Nano-
technology has a major role to play over this entire pe-
riod. With our current reliance on fossil fuels,
nanoparticle technologies should be used to minimize
hazardous emissions (as described in the “Environmental
Nanotechnologies” section, above). In the transition pe-
riod, fossil fuel-based fuel cells, hybrid fuel cells, and
hybrid electric vehicles will rely on the development of
new nanomaterials. In the future, energy generation
maybe distributed, and the development of more efficient
solar cells and other nanomaterial-based technologies will
be important. The adoption and eventual transition to
the hydrogen economy will be dependent on the rapid
development of the field of nanotechnology. As just one
example, a sustainable method of hydrogen production is
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Figure 8. Role of nanotechnology in the transition to the hydrogen
economy.

by photosplitting water using nanocatalysts that are acti-
vated by sunlight.

To accomplish this goal, the U.S. Department of En-
ergy has initiated a National Hydrogen Vision and Road-
map.22° Though hydrogen itself is not an energy source
(because there is no natural hydrogen reserve), it can serve
as an energy carrier. On a mass basis, the chemical energy
of hydrogen (142 MJ/kg) is at least three times larger than
that of other chemical fuels (e.g., 47 MJ/kg for gasoline).
In addition to the reduction in carbon dioxide and other
pollutants, there are numerous benefits of the hydrogen
economy, including an abundant and sustainable supply,
a diversity of end uses, convenient storage for load level-
ing, and flexible interchange with existing energy media.
However, scientific and technical challenges in hydrogen
production, storage, and use must be overcome to realize
the hydrogen economy.218

Catalyst nanoparticles play a central role in the pursuit
of the hydrogen economy because of the capability in con-
verting solar energy to chemical energy, producing hydro-
gen from water or hydrocarbon-based fuels, and producing
electricity from hydrogen in fuel cells. They also improve
the efficiency of upload/release of stored hydrogen with
reduced requirement of thermal activation. The extraordi-
nary improvements in catalytic activity that depend on the
nanoscale size and shape have enabled advances in these
areas.2’® Understanding and controlling nanoscale pro-
cesses at the interface of hydrogen with materials will dictate
how fast the hydrogen economy will evolve.

Hydrogen Production
Current industrial-scale hydrogen production is by steam
reforming of natural gas. However, carbon-neutral hydro-
gen production will rely on sun-energized resources (so-
lar, biomass, and wind), nuclear energy, and geothermal
resources. The power from the sun that is intercepted by
Earth is ~1.8 X 10** MW, many thousand times that of
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the current usage rate.22! The key problems are the dilute
nature of the incident radiation (not exceeding 1000 W
mZ as a highest) and the spatiotemporal variation. Effi-
cient harvesting of solar energy for hydrogen generation
by splitting water through photovoltaic (PV) cells or
through direct photocatalysis at energy costs competitive
with fossil fuels is a major enabling milestone for a viable
hydrogen economy. Hydrogen produced in this way
would be readily available for use without additional pu-
rification.

The economic viability of solar hydrogen depends on
a high efficiency and a low cost of solar energy conver-
sion. The sequential processes of light collection, charge
separation, and transport in PV cells and photocatalytic
devices are all key steps, and nanoscale architectural con-
trol will play a key role by improving the efficiency.222
Currently, single crystal silicon PV cells have an efficiency
~25%, close to the theoretical solar energy conversion
limit of 32%, although the cost/efficiency is too high for
widespread use. Fujishima and Honda?23 demonstrated
semiconductor oxides to photoelectrochemically split wa-
ter. Grain boundary recombination reduces the quantum
yield of light-to-electrical energy conversion. By doping
metal ions (Fe, V, Mo, and Ru), researchers have success-
fully produced nanophotocatalysts with increased photo-
reactivity.154.224225 Nanoparticle materials with gradient
composition also exhibit better electronic transfer prop-
erties than abrupt-type materials.226:227 Gratzel cell?28 is a
dye-sensitized photoelectrochemical cell that consists of a
highly porous thin layer of nanocrystal TiO, aggregates
coated with an organic dye. Under irradiation, the dye
becomes energized and injects electrons into the TiO,
thin film, which are then transmitted to a conducting
glass electrode connected to an external circuit. The or-
ganic dye extends the absorption of wavelengths into the
visible range, compared with the ultraviolet range by the
TiO, nanocrystal itself, thus increasing solar conversion
efficiency (~10%). The advantage of separation of optical
absorption and charge-generation functions also includes
resistance to photocorrosion. Khan et al.22° doped carbon
atoms into TiO, nanocrystals and reported a similar ef-
fect. Extremely thin absorber solar cells are based on a
similar concept, except that the molecular dye is replaced
by a 2-3-nm thin layer of a small-band gap semiconduc-
tor.230 Tandem cells that connect two photosystems in
series, one capturing the blue part of the solar spectrum
and the other absorbing green and red light similar to the
photosynthesis in green plants, have also been pro-
posed.228 Nanostructured organic conducting polymers
(e.g., polymer/fullerene blends231.232) present another cat-
egory of materials with potential for solar cells, although
their efficiency and stability need improvement.
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Multicomponent nanoparticles containing more
than one absorber in various structures (e.g., core-shell,
and strips in nanowires or branches) may additionally
improve the energy conversion efficiency. Nanomaterials
that absorb at multiple wavelengths prevent electron-hole
recombination, provide short connection lengths be-
tween the excitation and collection points, and provide
possible energy conversion improvement.

As the transition to widescale use of hydrogen as a
fuel is under way, fossil or other hydrocarbon fuel re-
sources will play an important role in hydrogen produc-
tion. Nanocatalysts are needed for more efficient water-
gas shift reactions (eq 1233-236), which can operate at a low
temperature, are less susceptible to poisoning and fouling
and are more stable.

nanocatalyst

CO + H,0 ——— CO,+H, 1)

Another important process is autothermal reform-
ing,237-23% where nanocatalysts also enhance the conver-
sion. Chen and Goodman?4° reported that bilayer gold
clusters on oxides exhibits high catalytic activity for CO
oxidation, although gold in its bulk form is inert.

Hydrogen Storage

Hydrogen, produced from various sources and intended
for diverse uses, needs to be effectively stored and deliv-
ered to the point of use. Depending on the application,
there are different requirements for storage which are
as follows: appropriate thermodynamic for hydrogen
charge/discharge, fast kinetics, high storage capacity,
gravimetric/volume densities, effective heat transfer, long
cyclic lifetime, and high mechanical strength/durability/
safety.218 Mobile storage requirements are far more strin-
gent and difficult than those for stationary systems. On-
board hydrogen storage is one of the most challenging
obstacles to be overcome for realizing the widespread use
as a fuel for the transportation sector. Table 5 summarizes
mobile storage system requirements.

Hydrogen can be stored as a high pressure gas, liquid,
or solid. Gaseous and liquid hydrogen storage systems are
more mature techniques at present. However, they will
not meet the FreedomCar?2° criteria because of their low
energy density (4.4 MJ/L at 10 kpsi for gaseous storage and
8.4 MJ/L for liquid storage, compared with 31.6 MJ/L for
gasoline). A large tank will be needed to run such a vehicle
(e.g., 225 L at 200 bar for high pressure tanks to run 400
km). Additionally, the amount of energy required for
pressurization and liquefaction is one-third of the energy
value of the hydrogen stored. Solid storage in the form of
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Tahle 5. FreedomCar hydrogen storage system targets.

Targeted Factor 2007 2010 2015
Specific energy (KWhr/kg) 1.5 2 3
Hydrogen (wt %) 45 6.0 9.0
Energy density (KWhr/L) 1.2 1.5 2.7
System cost ($/kWhr/system) 6 4 2
Fuel cost ($/gallon of gasoline equivalent) 3 1.5 1.3
Operating temperature (°C) —20/50 —30/50 —40/60
Cycle life-time (absorption/desorption cycles) 500 1000 1500
Minimum flow rate (g/sec/kW) 0.02 0.02 0.02
Min/max delivery pressure (atmosphere) 8/100 4/100 3/100
Transit response (sec) 1.75 0.75 0.5
System fill time for 5 kg H, (min) 10 3.0 2.5
Loss of useable H, (g/hr/H, stored) 1 0.1 0.05

Note: Adapted from U.S. Department of Energy.220

metal hydrides, chemical storage materials, and nano-
structured materials are considered to have the best op-
portunity to meet the requirements for onboard storage.

Reversible metal hydrides may represent ideal storage
systems.?4! Metal hydrides have comparable volume den-
sity to hydrocarbon fuels, although they are heavier. A
database242 lists more than 2000 elements, compounds,
and alloys that form metal hydrides and reversibly release
hydrogen. In metal hydrides, hydrogen atoms fill in tet-
rahedral or octahedral interstitial sites of the metal ma-
trix. Upon release, atomic hydrogen recombines at parti-
cle surfaces to form molecular hydrogen. Magnesium
(Mg), a light metal, has a promising storage level (7.6 wt
%) and releases hydrogen at high temperature (300 °C at
1 bar). Other light elements (lithium [Li], boron [B], so-
dium [Na] and aluminum [Al]) and their alloys are also
candidates. The alanates (e.g., NaAlH, and Naz;AlH,) or
borohydrides (e.g., LiBH,) have even higher densities (7.4
and 18 wt %, respectively). Hydrogen release from these
storage materials can start at a lower temperature than
release from Mg and continue at several temperature
stages. These materials still need to have significant im-
provement of storage capacity, energy density, hydrogen
uptake, release kinetics, and cycling durability to meet
FreedomCar targets. The improvement can be accom-
plished by nanostructuring the metals. Ball milling is the
most commonly used method to prepare such materials,
because it can reduce grain size, increase defect concen-
tration that facilitates hydrogen transport, shorten hydro-
gen diffusion distance, and reduce heat.?43-245 Hydrogen
storage improvement can also be achieved by adding
transition metal nanocatalysts (e.g., V, Ti, Mn, Fe, and
Ni246), their oxides,247.248 or Pd.24° Interactions between
nonhydride-forming catalysts (e.g., Ni and Fe) and hy-
dride-forming elements (e.g., Mg) alter the bond strengths
and enhance kinetics and thermodynamics.250 Mixing
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hydrides to make multicomponent complex hydrides
have also been proposed.2!8 In such a system, the ionic
bonding of hydrogen-rich anions with light element cat-
ions can bridge the gap between hydrogen-poor inter-
matellic hydrides and hydrogen-rich compounds with
slower kinetics.

Nanoscale materials can be classified into two catego-
ries: atomic/dissociative and molecular/nondissociative.
For the first category, hydrogen molecules are split into
hydrogen atoms that are then bonded within the lattice
of the material (similar to the metal hydrides discussed
above with improved kinetics). For the second category,
hydrogen in the molecular state is stored via molecular-
surface interactions (van der Waals force). Hydrogen
stored in carbon materials has been correlated well with
the material’s surface area.251-253 Numerical simulations
show that hydrogen can be adsorbed both inside and on
the surface of carbon nanotubes.?54 Nanostructured ma-
terials relying on physical adsorption (e.g., carbon nano-
tubes, graphite, zeolite, aerogels, or xerogels) have low hy-
drogen storage capacity and require low temperatures for
storage. Carbon-based material may need to prevent the
formation of hydrocarbons if chemisorption does occur.255

Fuel Cells

Fuel cells transform chemical energy into electrical en-
ergy, and nanocatalysts enhance the transformation. Al-
kaline fuel cells have provided energy for space missions
since the 1960s. A fuel cell is an electrochemical cell
consisting of two electrodes separated by an ionically
conducting medium (electrolyte). Good efficiency comes
from close contact of the electrolyte, gaseous reactants,
electrocatalyst, and current collector (a triple-phase-
boundary interface). Because fuel cells do not rely on the
heat of combustion, the energy conversion efficiency is
much higher than that of conventional internal combus-
tion engines or boilers. Materials used for fuel cells are
determined by their operating temperature: low (polymer
and alkaline), medium (phosphoric acid), and high (solid
oxide and molten carbonate). Nanomaterials that are sta-
ble and durable in rigorous chemical environments and
under varying thermal cycles are needed.

The electrodes are electronically conductive and elec-
trocatalytically facilitate the reaction of fuel (at the an-
ode) and of oxygen (at the cathode). The U.S. Department
of Energy?25¢ has set a 2010 goal of fuel-cell demonstration
vehicles with 480-km (300-mi) range, a lifetime of 2000
hr, and a cost of $125 per kW. Most recent research and
development efforts focus on low-temperature polymer
proton exchange membrane fuel cells (PEMFCs) and
high-temperature solid oxide fuel cells (SOFCs). The
PEMEC is the primary type expected to be used for the
transportation segment. For low-temperature fuel cells,
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fluoropolymer conductors (Teflon with metal or carbon
powders that provide the electronic pathways) are used
with Nafion being the workhorse. Highly dispersed Pt
nanoparticles as the electrocatalyst are embedded in po-
rous composites of ionic/electronic conductors. Because
Pt supply is expensive, an alternative is sought for large-
scale automotive applications, such as a submonolayer/
monolayer amount of Pt coated on polymer particles.257-
260 Other challenges for PEMFCs include (1) durability, (2)
selective transport of hydrogen and oxygen that can elim-
inate critical contaminants or prevent leakage transport
between fuel cell compartments, (3) proton conduction
properties at elevated temperatures, (4) ability to operate
at a lower relative humidity, (5) tolerance of impurity in
the fuel, and (6) minimal polymer degradation over the
long operating life. Nanostructured materials other than
fluoropolymer are also emerging, including hydrocarbon-
based and polybenzimidazole-based nanocomposite
membranes.261.262 Besides PEMFC, direct methanol fuel
cell (DMFC) is also a viable technology (e.g., radiografted
membranes263). It does not require fuel processing equip-
ment, and therefore avoids humidification and thermal
management problems associated with the PEMFC. One
main issue with the DMFC is that methanol behaves like
water and will penetrate through membrane materials
resulting in a loss of fuel. The development of innovative
membrane materials can solve this problem. In pure hy-
drogen and air, Pt is the most active material. However,
oxidation of adsorbed CO species on Pt is slow and, there-
fore, it cannot be used in a system where CO may be
present or in a DMFC. Binary nanoparticles that have
enhanced CO oxidation by higher oxygen storage (e.g.,
Ru/Pt?64 and ceria2°5) are being developed to address this
issue.

SOFCs rely on solid oxides to transport oxygen ions
from the cathode to the anode that typically operate
between 500 and 1000 °C. The advantages of SOFCs in-
clude the use of a wide range of fuels, long lifetime, and
long runtime. The barriers are lower power density, in-
ability to withstand thermal cycles, and material corro-
sion. The most common materials used are yttria-stabi-
lized zirconia for the anode as well as the electrolyte, and
lanthanum-strontium manganese oxide (LaSrMnO,) for
the cathode. For the anode, Ni nanoparticles are used as
electrocatalysts, although coking is an issue. During ma-
terial preparation, the key challenge is to select com-
pounds for the electrodes and the electrolyte that do not
react with each other and have no thermal expansion
mismatch. There is a strong interest in the development
of intermediate temperature SOFCs, and new nanomate-
rials are being sought for this purpose. Ce,oGd, 0, 95
and Lag oSty ,Gag sMg, ,O4 are such candidates for the
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intermediate temperature anode and electrolyte.266.267 Be-
cause materials for the cathode also need to function at
lower temperature (<500 °C), some ceramic components
need to be replaced with metals. Anode catalysts that can
process fuels other than hydrogen are also sought (e.g.,
formic acid by a PtBi-ordered intermetallic electrode2¢8).

Environmental Impact

Although the primary benefits of the hydrogen economy
on the environment are rather clear, it is important that
we recognize the possibility of indirect effects of anthro-
pogenic hydrogen emissions on the complex and dy-
namic environment. Preliminary modeling results show
that an increased concentration of hydrogen in the atmo-
sphere can potentially do the following: (1) influence the
atmosphere’s oxidizing capacity (e.g., by scavenging OH
radicals?¢?), (2) interfere with the stratospheric ozone (by
increasing the moisture279), (3) alter the pace of climate
change (by indirectly increasing the lifetime of methane),
and (4) influence the hydrogen-consuming microbial eco-
systems in subsurface soils.271.272 Similar to nanoparticles,
the potential release of hydrogen into the environment
should also be assessed for its impact.

Several nanocatalysts are used in a hydrogen system.
During the repeated charging/discharging cycles of re-
versible metal hydrides, high-volume change (expansion/
shrinkage) induced by the metal/hydride transformation
may result in the release (emission) of the nanocatalysts.
Such a release from the matrix should be considered in
the design of the metal hydride materials and should be
assessed before practical applications are implemented.
Another scenario where nanoparticles may be released is
when the materials are in sudden contact with air or water
(e.g., rupture of the safety packaging). This is aggravated
by the high-specific surface area combined with the high
exothermal potential of the metals.22

Batteries
Batteries play an important role in energy storage.2”3 Lead
acid batteries are common in automotive and stationary
markets, whereas Li ion cells have dominated the portable
batteries market (63% in 2001) in recent years. Research
and development efforts are seeking engineered materials
that can electrochemically provide the energy that meet
the gravimetric and volumetric capacity requirements.
Among several routes taken, nanostructuring the material
to obtain high porosity and surface area constitute an
unexploited opportunity. Vanadia (V,0s) aerogels, net-
works with nanometer domains, have been reported to
improve the storage capacity 100% over its powder coun-
terpart.274275 Transition metal nanoparticles (Co, Ni, Fe,
Cu, or Mn) enhance the kinetics of Li,O formation and
decomposition and, therefore, can improve the capacity
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of Li batteries two- or three-fold.2”¢ Nanoparticle fillers,
such as Al,O or TiO,, are added to a polymer electrolyte
(e.g., polyethylene oxide) to increase the electrolyte con-
ductivity several-fold; these fillers also prevent the crys-
tallization of the polymer. Both are important to in-
creased Li transport.277

HEALTH AND ENVIRONMENTAL EFFECTS

The determination of exposure to nanoparticles is an im-
portant aspect before eventual health impacts can be
established. Although there are many studies on the ex-
posure to chemicals and particles in occupational envi-
ronments, data on the exposure to nanoparticles are just
emerging. Limited data and guidelines are available for
handling and dealing with nanoparticles, not only in
occupational settings but also in research laboratories.
Because of the lack of knowledge, there are no adequate
guidelines for respiratory protection selection for specific
nanoparticle system applications.

Fine (PM, 5) particle mass has been demonstrated to
be associated with increased symptoms and deaths from
cardiovascular and respiratory causes.278-282 Results for
such effects due to ultrafine particles are also emerging in
a few studies.283-288 In some studies, fine particles have
been reported to be more strongly related to certain symp-
toms than ultrafine particles (e.g., De Hartog et al.288),
whereas in others ultrafine particles are reported to have
stronger effects (e.g., Peters et al.28? and Penttinen et
al.285). More investigations are needed to have a better
and clearer understanding of the health effects of nano-
particles, one of the causes for greatest concern of the
public. Because this subject spans many dimensions, or-
ganized and integrated efforts from various government
agencies and researchers are needed. A holistic picture of
the key subjects to be studied in terms of health and
environmental effects along with the federal agencies re-
sponsible for each subject is summarized in Figure 9.
However, it should be noted that resources allocated for
assessing environmental impact are pretty low. In fiscal
year 2003, only $200,000 out of the $700 million invest-
ment in nanotechnology research was provided to ad-
dress environmental impacts2°© in the United States. Sig-
nificantly greater investment in research is essential in the
near future, and this will help answer the vital questions
and derive solutions that will enable society to rapidly
adopt and implement nanotechnologies.

The human body has three major contacts with the
environment: the skin, the lungs, and the gastrointestinal
tract. The uptake through the gastrointestinal tract has
been reviewed by Hussain et al.2°1 A complex mix of
compounds in the gastrointestinal tract can interact with
the nanoparticles and reduce the adverse effects of in-
gested toxins. The most critical concern with regard to
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Figure 9. Key subjects in the health and environmental of nanoparticles. (Adapted from Luster330.)

potential health and environmental effects of nanopar-
ticles are when they are gas-borne as aerosols. Nanopar-
ticles in the air have a high mobility and can enter into
the human body through the inhalation route. Although
there are some defense mechanisms, the alveolar tissue is
not as well protected against environmental damages as
the skin and gastrointestinal tract and is, therefore, the
most vulnerable contact site. Human lungs have adapted
to function and fulfill their work under natural exposure
to particles,?? so the challenge lies in understanding the
effects of manmade nanoparticles, especially from traffic,
energy production, or industrial processes.

Several hypotheses concerning physiochemical char-
acteristics of particles responsible for adverse health ef-
fects have been proposed.292293 These include general
properties, such as surface area or size, and also more
specific chemical properties, such as acidity or metal con-
tent.292.294 Particle number and surface area!028° may
cause larger effects than mass concentration. Nanopar-
ticles also act synergistically with other pollutants, such as
O; or NO,.287.295.296 The complex interactions between
particles and gaseous components complicate the assess-
ment of the nanoparticle effects.

It should be emphasized, however, that nanoparticles
have also provided a wide spectrum of opportunities for
better quality of life by advancing our capability in diag-
nosis and treating diseases. Various agencies (e.g., Na-
tional Institutes of Health) have placed significant sources
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and efforts to develop nanotechnologies for improving
human health.

Respiratory Deposition
The deposition and clearance rate of ultrafine particles is
a critical factor in assessing their health effects. Inhaled
ultrafine particles can effectively deposit in human lungs
(40-50% deposition fraction of 40-nm particles2®?) pri-
marily by diffusion, and a large fraction deposits in the
alveoli.??8 Fine submicrometer particles, which account
for most of the PM,, 5, have a lower deposition rate and a
smaller fraction deposit in the alveoli. Nanoparticles de-
crease the ability of alveolar macrophages to clear out
foreign particles, because their large numbers are over-
whelming.299,300 This results in an increased contact time
between particles and lung epithelial cells.

Cheng et al.301-303 measured the deposition of ultra-
fine particles in the human nasal/oral region, finding that
nasal deposition increased with decreasing human age.
The results agreed with turbulent diffusion deposition
models. However, variability among individuals was ob-
served, implying the need for population-wide dosimetry.
Cohen et al.3%¢ measured the deposition of 40-nm parti-
cles in adult human tracheobronchial (TB) airways and
reported higher deposition (by a factor of 9) than the
theoretical prediction for laminar flow. Deposition in
other regions was two times higher than predicted. Smith
et al.305 examined the deposition of ultrafine particles
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(1.75, 10, and 40 nm) in TB airways of humans of various
ages (3, 16, and 23 years old). The results showed that
deposition models for diffusion from laminar, parabolic
flow underestimated aerosol deposition, whereas the plug
flow deposition models overestimated TB deposition.
Deposition in the 3-year-old was higher than that for the
others, and deposition of 1.75-nm particles was substan-
tially higher than the larger diameters. An important fac-
tor reported by Cohen et al.306.307 was the influence of
electrostatic charge of the ultrafine particles. Charged par-
ticles have higher deposition efficiencies as compared
with neutral particles. Most studies have focused on
spherical nanoparticles. Many engineered nanomaterials,
such as carbon nanotubes, are nonspherical, or nanopar-
ticles in an agglomerated state3°® and have not received
full evaluation yet.

Mathematical models to describe respiratory deposi-
tion, clearance, and retention (i.e., biokinetic informa-
tion) of aerosols are available (e.g., the International
Commission on Radiological Protection model3©9:310 and
the National Council on Radiation Protection and Mea-
surement model3!1). These models have been developed
based on an experimental database of elements with iso-
topes, and they have been assumed to be applicable to
nonradioactive substances as well, because they rely on
the same physical mechanisms for deposition and clear-
ance. These models have been validated for nanoparticles
<5 nm (by measurement of radon progeny) and for par-
ticles >100 nm (by attaching radioactive labels). How-
ever, the model parameter values are interpolated for par-
ticle sizes between 5 and 100 nm, and this needs to be
validated. The biokinetic database, currently available
only for elements with isotopes, also needs to be estab-
lished for nonelemental compounds, because nanopar-
ticle biochemistry is a function of size and composition.
Mathematical modeling on a theoretical basis (instead of
fitting experimental data) can provide insights into the
mechanisms. Such models have started to emerge (e.g.
Broday312), although theoretical predictions only qualita-
tively explain experimental data trends. The difference
indicates a lack of understanding of the mechanisms in-
volved.

Translocation
Because of their small size and, therefore, high diffusivity,
inhaled nanoparticles are effectively deposited in all of
the respiratory regions (nasal, TB, and alveolar). The mu-
cociliary escalator is an efficient transport system to clear
particles in the upper airways, whereas macrophage
phagocytosis is the dominant clearance mechanism in
the deep lung. However, these mechanisms may not work
for nanoparticles. Nanoparticles can be translocated to
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interstitial sites in the respiratory tract (defined as “bio-
persistent”). Alternatively, they penetrate the alveolar ep-
ithelial barrier and enter the blood stream and lymphatic
system for transport to extrapulmonary organs.2?% Using
different testing materials, researchers have observed
translocations to various organs: graphite carbon to the
liver within 4-24 hr of exposure,313314 30-nm gold in
platelet,315 or 60-nm polystyrene causing thrombus.316,317
Comparing fine (250 nm) and ultrafine (20 nm) TiO,
particles, Oberdorster et al.2?? observed much more trans-
location of the ultrafine to the pulmonary interstitium
and persistence than the fine. In a study using 18- and
60-nm (CMD) iridium in rats, Kreyling et al.3'® found
only minimal translocation (<1%) into secondary organs.
However, there was 10 times more translocation for 15-
nm-sized particles compared with 80-nm-sized particles.
Protein binding was suspected to be the mechanism. Dif-
ferent materials may have different fates depending on
their physical, chemical, and biological properties. A sys-
tematic study of translocation covering a range of mate-
rials would provide a true picture.

The influence of ultrafine particles on extrapulmo-
nary organs has been recognized.3!° Most studies focus on
the effect on the cardiovascular system (e.g., low heart
rate variability because of the effects on cardiac auto-
nomic control).320.321 The fact that ultrafine particles can
be translocated certainly infers the potential impact on
other systems, such as liver and kidney. There are two
hypotheses for the effects on extrapulmonary systems: (1)
strong pulmonary inflammatory reactions in the lungs
lead to the release of mediators that can influence the
heart or other cardiovascular end points, and (2) translo-
cation of nanoparticles from the lungs into systemic cir-
culation directly impacts the cardiovascular system. Nem-
mar et al.322 reported lung inflammation and thrombosis
by ultrafine particles (60 nm) but only lung inflammation
by fine particles (400 nm), suggesting the importance of
systemic translocation from the lung into the blood.
There may be several factors that determine the contribu-
tion from each mechanism, although currently the fac-
tors are not clearly characterized yet. The understanding
of these mechanisms will also help manage in the admin-
istration of macromolecular or nanosized drugs by inha-
lation.

Translocation not only occurs from nanoparticles de-
posited in the lung, but also from those in the nasal
region (e.g., olfactory pathway). Oberdorster et al.323 ob-
served a persistent accumulation of ultrafine graphite rods
(CMD = 30 nm, concentration = 170 wg/m?®) in the
olfactory bulb of rats. Olfactory pathways in mammals
have been reported to be the responsible mechanism for
selective transport of xenobiotics to the brain.324¢ The
same pathways have been reported for viruses (30-nm
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Polio virus325), colloidal gold (50 nm32¢), and micro-
spheres (40 nm?327).

Toxicity: Particle-Cell Interactions
Much of our knowledge of the health effects of particles
has originated from pharmaceutical research, such as drug
delivery, toxicology (xenobiotics), and pharmacotoxico
kinetics. Donaldson et al.'3 discuss mechanisms of parti-
cle-lung cell interactions as shown in Figure 10. Failed
clearance may result from the following: (1) overloading,
and (2) particle-mediated macrophage toxicity or impair-
ment of motility. Prolonged interaction between the par-
ticles and cells is an important factor in stimulating in-
flammation and interstitial transfer of the particles. A
large number of deposited particles per unit of mass ex-
ceed the maximum ability of macrophages to phagocy-
tose them. The responses are different depending on
whether the particles are intrinsically toxic (such as
quartz) or not (such as carbon and TiO,). For nontoxic
materials, the effective dose that mediates toxicity corre-
lates well with particle surface area. Many materials re-
garded as inert have demonstrated strong responses when
they are in the form of nanoparticles (e.g., 30-nm Teflon
fume328). For toxic materials, surface chemistry resulting
from the high surface area of nanoparticles has a pro-
found effect. Transition metals in many nanoparticles can
generate free radicals leading to oxidative damage and cell
stimulation. Nanoparticles introduced into other organs
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also induce oxidative stress (e.g., liver32?). Figure 11 shows
the important pathways and mechanisms regarding tox-
icity of nanoparticles that should be investigated.330

There are numerous types of nanoparticles: TiO,, car-
bon (carbon black and nanotubes), and transition metals
are some of the commonly used or prevalent nanomate-
rials, and their health impacts are discussed below.

Toxicity: TiO,
TiO,, a commonly used photocatalyst, is one of the can-
didates of great interest. Ferin et al.33! pointed out the
issue of inhalation toxicity of TiO, ultrafine particles to be
related to number of particles, particle size, delivered
dose, and delivered dose rate. Donaldson et al.332 sug-
gested that the TiO, nanoparticle surface might be more
reactive than their larger particle counterparts. In many
experimental studies!3:278,300,332,333 where particles were
inhaled or instilled, a great inflammatory response was
observed for nanoparticles compared with fine particles.
The role of surface area, however, was not evaluated in
these studies. In a comparison of exposure (10 mg/m?) of
20-nm particles334 and of 500-nm particles,335 higher
lung tumor incidence was found in the nanoparticles
case, suggesting the importance of small particle size or
high number concentration. Oberdorster2?8 instilled TiO,,
particles into rat lungs and found different results. For the
same mass of particles, nanoparticles (d, = 20 nm)
yielded a greater inflammatory response than fine parti-
cles (d,, = 250 nm). However, when normalized to particle
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Figure 10. Fate of particles (left) cleared by the normal pathway and (right) those that enter the interstitial compartment of the lung. (Reprinted

from Donaldson et al.’® with permission from Elsevier.)
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surface area, there was no difference in the response. Their
results suggest no special reactivity for TiO, nanopar-
ticles.33¢ Bermudez et al.337 examined pulmonary re-
sponses of mice, rats, and hamsters exposed to ultrafine
TiO, (P25, Degussa) and found species-based differences.
Rats developed more inflammatory response and, subse-
quently, progressive epithelial and fibroproliferative
changes. Interstitial accumulation and alveolar septal fi-
brosis were also observed. Particle clearance from lungs
was impaired in mice and rats at 10 mg/m? concentration
levels, whereas hamsters did not appear to be affected.
The differences imply different biological mechanisms in
different species and question the extrapolation of rodent
sensitivity to human responses.

Because of its presence in sunscreen, TiO, has been
studied for effects of dermal contact. Ultrafine TiO, par-
ticles (20-100 nm) were observed on the outermost sur-
face of the stratum corneum and follicle areas but not
detected in deeper layers of the human epidermis and
dermis.338-340 TiO, particles in sunscreen have also been
observed in the deeper parts of the hair bulb and papilla,
but this does not represent penetration into skin layers
because of a barrier horny layer that covers the follicular
channel.

Toxicity: Carbon Black and Carbon Nanotube
Arts et al.34! exposed rats and mice to carbon black nano-
particles (CMD ~30 nm; 10°-10°cm3; 5-13 wg/m?®) and
observed no signs of lung injury. Larger particles with

greater masses (aggregate CMD ~450 nm; 10*-10° cm ™ 3;
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2-6 mg/m?) resulted in early signs of lung injury, al-
though these aggregates were composed of 30-100-nm
primary particles. Gilmour et al.,342 on the other hand,
showed proinflammatory effects (an increase in total
bronchoalveolar lavage leukocytes, total number of leu-
kocytes, and macrophage inflammatory protein-2 mRNA)
of exposure to ultrafine (primary d, of 14 nm with ag-
glomerate CMD of 114 nm; 1.7 mg/m?; 5 X 10* cm™3)
that exceeded carbon black particles (CMD = 268 nm; 1.4
mg/m?3; 4 X 10° cm™3).

In testing SWCNT in rats and mice, toxicity was
found in the form of granuloma and inflammation.343,344
Shvedova et al.345346 exposed immortalized human epi-
dermal keratinocytes and bronchial epithelial cells to
SWCNT for 18 hr. They observed the formation of free
radicals, including the accumulation of peroxidative
products, antioxidant depletion, and loss of cell viability.
The exposure also caused ultrastructural and morpholog-
ical changes in these cells. They attributed the damages to
SWCNT-associated ferrous iron that produced free radi-
cals in cells and biological fluids. Mechanisms of nano-
tube-specific toxicity of refined CNT that has no transi-
tion metals, however, have not been evaluated. The
association of toxicity with particle size, surface area, and
surface reactivity needs to be established.

Sayes et al.347 examined the cytotoxicity of water-
soluble fullerenes (nano-Cg,) using human dermal fibro-
blasts and human liver carcinoma cells (HepG2). Toxicity
changed with relatively minor alterations in fullerene
structure. The formation of superoxide anions was
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thought to be responsible for membrane damage, whereas
water-soluble functional groups on the surface decreased
toxicity.

Toxicity: Transition Metals

The importance of iron is evidenced by the increased risk
of respiratory-tract cancers in industrial workers exposed
to excessive airborne ferrous materials.348349 Iron is also a
risk factor for many infections and inflammatory derma-
tological diseases.350-352 The toxicity of iron nanopar-
ticles results from its ability to generate OH radicals,
which are highly oxidizing and, therefore, damaging to
biological systems through the Fenton reaction.13,353-355
Shvedova et al.346 reported the role of SWCNT-associated
ferrous iron in cells and biological fluids through the
following reactions:

Fe*' + 0, — Fe*" + 0, (2)

Fey, + Aqg — Fe*' + Aoy 3)

0O, +0, +2H" — 0O,+ H,0, (4)
Fe* * + H,0, — Fe*' +-0OH+ OH (5)
LOOH + Fe** — Fe** +-LO + OH™ (6)

where A,; is a physiological relevant reductant, A,, is
the oxidized product, and LOOH is a lipid peroxide. At-
mospheric reactions can reduce particulate Fe** to Fe?*,
enhancing the impact of Fe?*.

Other transition metals, such as nickel, cobalt, zinc,
and copper, also cause health effects. Ultrafine nickel and
cobalt have been demonstrated for their ability to en-
hanced inflammation resulting from free radicals.208356
Studies357-352 demonstrated the pulmonary effects of zinc
oxide and copper oxide ultrafine particles from smelters
and coal combustors. Sulfur oxides coating on the parti-
cles increased the effect.

Nanomedicine
Numerous research studies have embarked to harness the
power of nanoparticles to improve human health, such as
the treatment of cancer. Nanotechnology is a multifunc-
tional tool for cancer diagnosis, prevention, and treat-
ment.3° Because of their similarity in size to large biolog-
ical macromolecules, such as enzymes and receptors,
nanoparticles can readily interact with biomolecules both
on the cell surface and within the cell without altering the
behavior and properties of the molecules. Multicompo-
nent magnetic nanorods for high sensitivity and high

Volume 55 June 2005

Biswas and Wu

selectivity biodetection with separation and purification
capabilities have been developed.361.362 Chan and Nie363
prepared bioconjugated quantum dots by chemically
binding quantum dots to particular genes and proteins.
Based on the different colors, the quantum dots absorb or
emit at different wavelengths as their sizes change. Mul-
tifunctional nanoparticles can serve as fluorescent con-
trast agents in magnetic resonance imaging for cancer
diagnosis or to monitor the performance of drug therapy.
Multifunctional nanoparticles with a magnetic core, silica
shell, optical probes, and cell-surface receptor ligands
have also been proposed.3¢© The ligands bind specifically
to molecules found on the surface of cancer cells, thus
allowing the delivery of anticancer drugs directly to tu-
mor cells and their supporting endothelial cells without
unpalatable side effects. Another research front is the
development of “smart” nanostructures that are capable
of detecting malignant cells in vivo, finding out the cell
location in the body, destroying the cells, and reporting
back the accomplishment of their task. One design364.365
coats the surface of the “nanoclinics” with a tumor-hom-
ing monoclonal antibody for cancer cell detection and
polyethylene glycol to shield it from immune system
detection. The matrix is loaded with contrast agents to
provide enhanced sensitivity for locating the cells and
with therapeutic agents that activate when a malignant
cell is detected.

Impact on the Environment
Unintentional nanoparticle release into the environment
can lead to unknown consequences (e.g., nanomedicine
as a new class of toxins). The environmental impact is
determined by numerous factors, the first one being the
residence time. Particles in the 0.1-10 pm range have the
longest residence time in the atmosphere. Nanoparticles
have short residence times because of their fast diffusion
to and deposition on surfaces, coagulation with larger
particles, and evaporation of their semivolatile compo-
nents. However, nanoparticles attached to the accumula-
tion mode particles remain in the atmosphere for essen-
tially as long as the accumulation mode particles and
participate in the atmospheric chemistry and physics.
Jakab et al.3¢6 reported the specific surface area of diesel
exhaust particles to be in the range of 100 m?/g, which
corresponds to the specific surface area of 30-nm carbon
spheres. This implies that essentially all the surface area of
individual primary particles that comprise the aggregates
is available for surface interactions, such as reaction and
adsorption. The optical properties of particles affect atmo-
spheric visibility and building soiling. Diesel particles can
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strongly absorb light because of their black carbon con-
tent, which can contribute to global warming. Nanopar-
ticles are not efficient light scatters, because they are
much smaller than the 400-700-nm visible light spectra.

Once engineered nanomaterials are released into the
environment, their transport is the critical parameter in
assessing the exposure/impact. Systems of concern in-
clude underground aquifers and water treatment plant
filters, among others. It is desired to have low mobility for
nanomaterials that are not intended to be released, but
high mobility is desired for nanomaterials that are de-
signed to be dispersed into the environment (e.g., Zhang
and Wang'¢). Transport of nanoparticles is dominated by
Brownian diffusion, whereas forces such as the London-
van der Waals and double-layered forces are responsible
for attachment that ultimately determines the mobili-
ty.1°7 Water-soluble fullerol (C4, hydroxide, or C,[OH],,,,
m = 22-26) and SWCNT have the highest mobility,
whereas colloidal aggregates of insoluble Cg4, anatase
TiO,, and ferroxane are the least mobile.100,367 The hydro-
phobicity of a material is responsible for the difference in
the mobility, implying the influence of naturally occurring
polyelectrolytes in the environment as surfactants.

Bioavailability and toxicity of nanoparticles are
largely unknown. Transport in cells is an important
mechanism to be understood for assessing these impacts.
Silver nanoparticles of different sizes were used to study
the transport of nanoparticles through cell membranes of
Pseudomonas aeruginosa in real time.368 Nanoparticles can
be taken up by bacteria and living cells, and this is an
entry point into the food chain leading to bioaccumula-
tion. Oberdorster3¢® observed increased levels of lipid per-
oxidation in the brains of large-mouth bass after 48 hr of
exposure to 0.5 ppm of uncoated fullerenes (nCg,, 30—
100-nm aggregates) but decreased levels in gills and livers.
Selective transport to the brain324 and better antioxidant
defense in the other organs were suspected to be the
reason. No changes in the total protein oxidation in any
of the tissues were observed. Also observed was improved
water clarity, possibly because of the interference with
bacterial growth.

Impact on Future Regulations and Research
The PM, < standard of the U.S. Environmental Protection
Agency is based on mass concentration.3”? Number and
mass concentrations are not always related.371.372 Control
of PM, s mass may have little impact on nanoparticle
number concentrations and, thus, may be ineffective in
preventing any potential adverse health effects posed by
nanoparticles. However, particle number concentration is
not conserved, can change by homogeneous nucleation
and coagulation, and maybe difficult to use as a basis for
a standard.

736 Journal of the Air & Waste Management Association

Nanoparticles in the aerosol form typically are in the
agglomerated form. An important question to be an-
swered in future research is whether particle-size-depen-
dent phenomena, like cell barrier crossing are valid, espe-
cially for engineered nanoparticles. Investigations need to
be performed to examine the role of particle morphology
and whether or not agglomerates can disintegrate in the
lung fluid or other biological fluids.22 Systematic investi-
gation of the influence of nanoparticle properties (e.g.,
size and surface area) and translocation/retention should
be conducted and the data compiled. In lieu of the inad-
equately defined material properties reported in the liter-
ature, it has also been suggested that scientific journal
editors be urged to require proper characterization of
nanoscale materials for all publications in the emerging
field of nanotoxicology.373 Both acute and chronic effects
(e.g., at occupational exposure levels) in the lung and
other target organs should be assessed via standardized
tests. Mechanistic models should be integrated to develop
a framework for determining relative toxicity for hazard
identification.37¢ Because understanding of the subject
truly requires a multidisciplinary approach, it is recom-
mended that government agencies explore ways to create
and promote linkages among experts in biological sci-
ences, physical sciences, and chemical sciences. Further-
more, government agencies should provide assistance in
creating standard reference materials373 and in defining
nomenclature.37> They should also assist in the develop-
ment of accreditation programs for laboratories con-
ducting analysis and the characterization of nanoscale
materials.3”3 Documentation of recommended practices
should also be developed for people working with nano-
materials. Finally, resources have to be committed to re-
search the impact on the environment (ranging from
transport, distribution, and bioaccumulation, among oth-
ers). The current knowledge base is rather limited, and the
ultimate impact on human society is unknown.

A summary of the various categories describing the
health and environmental impacts is outlined in Table 6,
along with suggested recommendations.

CONCLUSIONS

The field of nanotechnology has tremendous promise and
applicability in a variety of different sectors. The applica-
tions in the environmental arena are also extensive as has
been illustrated in this review, starting with a fundamen-
tal understanding of processes and phenomena (because
of improvements in nanoscale science), to sensing pollut-
ants, controlling emissions, and remediation technolo-
gies. Nanoparticles are also finding use in alternative en-
ergy production, storage, and conversion, and this can
greatly reduce the reliance on fossil fuel combustion and
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Table 6. Health and environmental effects of nanoparticles.
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Category Key References

Summary of Findings

Recommendations

Respiratory deposition
Jaques and Kim297; Smith et al.305;

Broday?3'2 °

Cohen et al.304306.307; Cheng et al.301-303; @

Ultrafine particles effectively deposit
in all respiratory regions by diffusion.
Dependence on age, gender and
activity.

Different mathematical models
developed.

e More effective for charged particles.

Translocation Tjélve and Henriksson324; Oberdorster et
al.313:314,323: Nemmar et al.316:320322;
Yeates and Mauderly32'; Kreyling et

al.318

Dermal uptake
Schultz et al.340
Toxicity - TiO,
et al.278; Donaldson et

a|.13.300,332.333; Lademann et a|'338; o

Oberddrster and Yus3®; Pflucker et
al.339%; Oberddrster298; Schultz et

al.340; Bermudez et al.3%" °

Toxicity: carbon
al.34; Shvedova et al.34534; Sayes et

al.347 o

Toxicity: transition metals
Chen et al.3%9; Ghio et al.3%3; Smith

and Aust354; Zhang et al.208.356; °

Donaldson et al.'3; van Maanen et
al.3%5; Shvedova et al.345.346

Impact on future regulations and

research What is the pertinent sampling protocol?

Examine both acute and chronicle effects.

Lademann et al.338; Pflucker et al.339; °

Heinrich et al.334; Ferin et al.33'; Seaton °

Arts et al.341; Warheit et al.343; Lam et °

Amdur et al.357; Amdur and Chen358; °

e Translocation occurs locally to

interstitial sites in the respiratory
tract and systemically to
extrapulmonary organs.

Also through olfactory pathway.

Insignificant penetration of Ti0,
nanoparticles through the skin layer.
Ultrafine more reactive than larger
ones per same mass basis.

No special reactivity for TiO,
nanoparticles compared to larger
particles.

Different biological mechanisms in
different species.

Ultrafine particles in sunscreen not
penetrating the skin layer.

Toxicity varies significantly depending
on the type and structure of carbon.
Effects due to iron in SWCNT that
generate free radicals

Generate free radicals through Fenton
reaction.

Acid coated on particles can also
cause adverse effects.

Should air quality regulation be based on number or mass concentration?

Require proper nanomaterials characterization for publications.
Promote linkages between experts in biological, chemical, and physical sciences.
Establish standard reference materials and develop accreditation programs for analytical facilities.

Integration of measurement and
model.

Population-wide dosimetry.
Patterns for nonspherical particles
unknown.

Dependence on physical/chemical/
biological properties.

Aggregates vs. solid spheres.
Other than the respiratory and the
cardiovascular systems.

Effects on extrapulmonary systems
whether due to the release of
mediators in the respiratory system
or systemic translocation of
nanoparticles or both.

Other types of materials.

Extend to other oxide particles.

The mechanisms of nanotube-specific
toxicity.

Toxicity association with chemistry of
the catalyst vs. particle size, surface
area, and surface reactivity.

Identify transition metals and their
combinations with other materials
that may have health effects.

overall emissions. Recommendations for each of the com-
ponents addressed in the review have been discussed at
the end of the respective sections. Table 7 provides an
overall summary of the critical recommendations. There
is a paucity of information on sources of nanoparticles,
and both the size distributions and chemical composi-
tions need to be identified. Detailed understanding of
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process parameters and mechanistic pathways of nano-
particle formation need to be developed. This knowledge
has to then be used to develop effective control method-
ologies. The knowledge base should also be used to con-
sider the development and adoption of “number-based”
PM regulations. Although advances have been made in
real time aerosol instrumentation in recent years, the
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Table 7. Summary of overall recommendations.

Sources of nanoparticles e Fundamental understanding of nanoparticle formation in a spectrum of systems, both natural and man-made
o (Quantitative description (measurement) of nanoparticle size distribution and composition of emissions; Developing
guidelines for proper sampling protocols
e Establishment of number based emission regulations and regulations for nanoparticle precursors (condensable

Species)

Control of nanoparticle emissions

Instrumentation and characterization

Exposure and health effects

Understanding of the life-cycle of engineered nanomaterials

Design of high-efficiency nanoparticle emission control systems for specific applications

Systematic approaches to modify processes to tailor nanoparticle byproduct so it is readily controllable

Pushing the limits of real-time aerosol instrumentation to measure sub-3 nm (1 nm)-sized particles

Real-time composition characterization of nanoparticles

Creation of a database of properties of commonly encountered nanoparticles as a function of size

Development of a database of toxicological properties of nanoparticles as a function of size and composition
Accurate exposure and respiratory models need to be developed through integration of theoretical modeling and
experimental measurement

Guidelines and criteria for workplaces and research laboratories

o Understanding of transport and bioavailability of nanoparticles in the environment / ecosystem
Environmental nanotechnology o Development of novel methodologies for remediation and establishing guidelines for implementation so that there

is no adverse impact

@ Procedures for timely implementation and adoption of safe nanotechnologies
e Enabling the development of alternative and sustainable energy sources

“sub-3 nm” barrier needs to be overcome. Databases of
information on nanoparticle properties have to be com-
piled and made readily available along with toxicological
properties as a function of size. Safe practices for the
occupational environment where engineered nanopar-
ticles are synthesized and handled have to be developed
to minimize exposure. Research laboratories should also
have strict guidelines regarding nanoparticle systems. Fi-
nally, the potential of useful applications of nanoparticles
in environmental technologies should be fostered, but
care should be taken to use a holistic approach to ensure
no adverse side effects.

A few overall statements are made regarding the ap-
proach to be taken for effective adoption of nanotech-
nologies. Before widespread use of this technology, it is
important that the environmental and health impacts be
understood. Even if some nanomaterials have deleterious
impacts, the science is interesting and exciting that it can
be used to overcome such problems. For example, if the
causes (mechanistic details) of a biological effect are es-
tablished, the knowledge can be transferred to the nano-
particle synthesis scientists who can research and modify
the characteristics to retain functionality and avoid the
negative impacts. Although this is easily said, it would
require collaborations and interdisciplinary efforts to
overcome these challenges. It is strongly recommended
that federal agencies provide due attention to this and
that enhanced funding is provided at these early stages to
determine the true environmental footprints and health
impacts. This is the best approach to avoid pitfalls and
mistakes made on rapid introduction of a new technology
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so that other concerns and important questions do not
have to be addressed later. Futuristic clean-up costs and
remedial action can be avoided, and at the same time
more rapid development, deployment, and acceptance of
nanotechnology can be promoted.
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