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Abstract

An overview of the special issue of the Journal of Nanoparticle Research on nanotechnology and
occupational health is presented.

In May 2006, the nanotechnology consultancy
firm Lux Research published a report entitled
‘‘Taking action on nanotech environmental, safety
and health risks’’ (Lux Research, 2006). The report
addressed the potential impact of real and per-
ceived risks on nano-businesses from a commercial
perspective, and concluded that ‘‘One of the big-
gest challenges facing firms commercializing
nanotechnology innovations today is managing
environmental, health and safety (EHS) risks)’’. At
the root of this challenge is uncertainty – including
lack of information on real risks, poorly-deter-
mined perceptual risks and hesitancy over nano-
technology oversight.
Ultimately, this uncertainty will only be

removed through systematic research into what
potentially makes engineered nanomaterials haz-
ardous, how this translates into risk, and how both
hazard and risk can be managed effectively.
No-where is the need for new information more
relevant than in nanotechnology laboratories and
production facilities; where new materials and

products are being designed, produced and used.
In 2004, the first international symposium on
nanotechnology and occupational health was held
in Buxton England, bringing researchers,
developers and users together to address critical
questions of nanotech health and safety impact
(Mark, 2005). Presentations and discussions
examined what potentially makes engineered
nanomaterials harmful; using existing knowledge
to assess and manage risk; the generation of new
information for effective risk management; and
new ways of working safely with nanomaterials in
the face of uncertainty. But perhaps most impor-
tantly, the symposium began to break down bar-
riers between different communities, and to
encourage research and action that combines
expertise from very disparate fields.
The 2004 meeting was highly successful in get-

ting hygienists and manufacturers, toxicologists
and materials scientists, and regulators and
researchers, talking together. It pointed the way
towards what needs to be done, but it also
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highlighted how little is still known about the
potential health risks of some engineered nanom-
aterials. Twelve months later, and the second
international symposium, held in Minneapolis
Minnesota, demonstrated how much progress can
be made in a short time where there is a will.1 With
nearly three times the attendance of the first
meeting and contributions from academics,
industry, policymakers, non-government organi-
zations and even lawyers, the second symposium
established that, while there is international con-
cern over how to ensure safe nanotech-workplaces,
there is also progress being made in developing the
knowledge necessary to do this.
This special edition of the Journal of Nanopar-

ticle Research predominantly draws from work
presented at the 2005 symposium. It includes new
research that will be critical to ensuring worker
safety in nanotechnology-industries, as well as
highlighting questions that still remain unan-
swered. The papers are diverse, and cover both
original research and new perspectives on nano-
technology and its potential impact within society.
The span of topics might seem eclectic at a first
glance, and includes particle generation, biological
interactions, exposure control and oversight. Yet
there is a common thread running through the
papers that unites them: The need for a holistic
view of nanotechnology and risk that is illumi-
nated by interdisciplinary collaboration, inclusion
of diverse perspectives and a need for solutions
that are both relevant and workable.
Two themes are dominant in the new research

presented here – measurement of airborne nano-
structured particles and exposure control. Both are
among the top research needs for working safely
with engineered nanomaterials. Papers by Fissan
et al. and Shin et al. examine the operation and
performance of a new instrument, capable of
measuring the surface-area of nanometer-scale
particles depositing in the gas-exchange region of
the lungs. The device, commercially available as
the Nanoparticle Surface-Area Monitor (Model
3550, TSI Inc., MN, USA), uses a unique combi-
nation of unipolar charging and a charged particle
trap, to tailor its response in a way that appears to

mimic surface-area dose to the lungs. The surface-
area of some inhaled nanoparticles has been
shown to be far more relevant than mass concen-
tration in a number of studies (Maynard and
Kuempel, 2005), and instruments like this could
revolutionize how exposure to such materials is
assessed.
There are also five papers examining ways of

controlling exposure to airborne nanoparticles.
Three of these deserve a special mention, as they
address a question that has dogged the handling of
engineered nanomaterials in recent times: How
effective are filters at removing nanometer–diam-
eter particles from the air? Filter theory, extrapo-
lation of experimental results and even previously
published data have so far failed to persuade may
people that filters generally are very efficient at
collecting nanometer-diameter particles. The
papers by Japuntich et al., Wang et al., and Kim
et al., represent systematic experimental and the-
oretical studies of filter efficiency, and should go a
long way to allaying fears that filtration is a
mechanism of removal not suited to nanoparticles.
Importantly, they also show no evidence of the
fabled ‘‘thermal bounce’’ –speculated to lead to
increased filter penetration at very small particle
diameters.
Of course, there are many more questions sur-

rounding the use of filters for airborne nanopar-
ticles than are addressed here – for instance, are
low pressure-drop electrostatic filters effective at
collecting nanoparticles; do high pressure-drop
and bypass leakage become significant factors
when using high efficiency filters for nanoparticles;
does the most-penetrating particle size shift to the
sub-100 nm particle size range for some filter
media under certain conditions? Here, as else-
where, uncertainty persists over how to work as
safely as possible with engineered nanomaterials.
Yet progress is being made, as demonstrated elo-
quently by the presentations at the two previous
international symposia on nanotechnology and
occupational health and the papers presented here.
The next international symposium will be held in
Taipei Taiwan, in August 20072—the decision to
skip 2006 was made intentionally, to reduce the

1International Symposium on Nanotechnology and
Occupational Health: http://www.cce.umn.edu/confer-
ences/nanotechnology/. Accessed August 2005

23rd International Symposium on Nanotechnology, Occu-
pational and Environmental Health: http://nano-taiwan.si-
nica.edu.tw/EHS2007/home.htm. Accessed August 2006.
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burden of nano-meetings that seems to grow by
the month, and to give researchers time to generate
new data worth sharing. Our hope is that gov-
ernments and industry around the world continue
to ensure relevant risk-research is appropriately
directed and well-funded, and that new research
presented at the 2007 symposium will mark a sig-
nificant reduction in uncertainty over how to
assess and manage the risk to health of engineered
nanomaterials in the workplace.
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Abstract

Past experience has shown that the successful introduction of a new technology requires careful attention to
the interactions between the technology and society. These interactions are bi-directional: on the one hand,
technology changes and challenges social patterns and, on the other hand, the governance structures and
values of the society affect progress in developing the technology. Nanotechnology is likely to be partic-
ularly affected by these kinds of interactions because of its great promise and the unusually early public
attention it has received. Moreover, it represents a new kind of experiment in packaging a rather wide range
of fundamental research activities under a single ‘‘mission-like’’ umbrella. Although this gives it more
impetus as a field, it sets a higher bar for showing successful applications early on and because it links
disparate fields, regulatory regimes reasonable for one kind of nanotechnology development may be
inappropriately extended to others. There are a number of lessons to be gleaned from experience with the
introduction of other technologies, which offer guidance with respect to what pitfalls to avoid and what
issues to be sensitive to as we move forward with the development of nanotechnology applications. The
problems encountered by nuclear power point out the dangers of over-promising and the role the need for
the technology plays in ameliorating fears of risk. The public reaction to biomedical engineering and
biotechnology highlights, in addition, the cultural factors that come into play when technologies raise
questions about what is ‘‘natural’’ and what is ‘‘foreign’’ and what conceptions are involved in defining
‘‘personhood’’. In all cases, it has been clear that a main task for those introducing new technology is
building public trust–in the safety of the technologies and the integrity of those introducing it. The
advocates of nanotechnology have already shown that they are generally aware of the need to consider the
public�s reaction, and they have taken the first steps to act on that awareness. We have to build on those
beginnings, not limiting our considerations simply to issues of safety. If we do so well, we have the
opportunity to develop a new paradigm for technology introduction, which will serve society well in the
future.

Nanotechnology development as a systems problem

In recent years, engineers and scientists have
realized that the dynamics of a complex system
cannot be understood by considering each of its

parts in isolation. In consequence, systems
approaches have become dominant across the
spectrum of the natural sciences and engineering.
In important respects, it is similarly necessary to
take a systems approach to understand the
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complex interactions between a technology and
the society to which it is to be introduced (Guston,
2000).
These interactions are bi-directional. On the one

hand, new technologies influence a society�s eco-
nomic and political structures and often raise
issues related to the society�s values and culture,
for example, its concepts of nature, its views of
privacy, its attitudes toward personal empower-
ment and control, and its sense of distributional
justice. These factors will often affect how the
public perceives the balance of risk and benefit
associated with a new technology, particularly
where health or the environment is concerned.
On the other hand, the way society structures its

policies and institutions for supporting, regulating,
and judging the safety of technologies has a strong
influence on the pace and direction of their
development. Here, too, the relationship is a rather
complicated one. First, rapidly changing technol-
ogies often render obsolete the existing govern-
mental structures that are intended to support and
regulate them: for example, the technology may
link previously disparate fields and thus blur the
neat separations built into governance regimes; it
may introduce new issues that can range from
novel intellectual property considerations to the
need for new kinds of standards and specifications
not previously covered in law; or it may change the
relationship between basic research and technol-
ogy development so that the traditional separation
of public and private support responsibilities no
longer works. Second, the attitudes that arise from
early public judgments of how a technology will
affect society (either tangibly or symbolically) will
influence the political forces that ultimately
determine the policies a government adopts. Thus,
early missteps can seriously frustrate a technol-
ogy�s development and prevent society from real-
izing the benefits it has to offer.
In the past few years, nanotechnology has cap-

tured the public attention. Clearly, that is due in
large part to its wide range of potential applica-
tions, some perhaps more certain than others.
However, I think it is fair to say that its public
visibility has also resulted from a conscious effort
to stir people�s imaginations about the promise of
the new technology in order to build support for
funding the wide range of basic research that
might reasonably be included under its rubric,
research that is certainly necessary if the applica-

tions are to be successfully developed. Regardless
of how one weighs these factors, the public, both
those who generally understand what the field is
about and those who don�t, are clearly engaged
and intrigued. But such visibility comes at a price:
constant scrutiny; heightened expectations; a
reduced willingness to delegate to experts decisions
about the use or the safety of the technology; and
perhaps a certain skepticism born of the long-
standing tension in our society between techno-
philes and technophobes.
For these reasons it is especially important, as

we move forward with this field, to put significant
effort into thinking about how the various appli-
cations of nanotechnology are likely to play out in
practice. The safety of the applications is clearly
one of the foci, but for the reasons discussed
above, it would be a mistake to limit consideration
to that one aspect of the interaction, or to think
that such questions can be dealt with entirely by
objective risk assessments. We need to think about
social, economic, and political factors that affect
how a society perceives risk or judges applications;
about whether applications are driven by ‘‘tech-
nology push’’ or ‘‘societal pull’’; about whose
benefit is balanced against whose risk; about the
economic restructuring that can accompany a
technological development; about where trust fits
in the picture and how it is built (Future R and D
Environments, 2002).
We have a good deal of history to draw on in

approaching this task. Over the past several dec-
ades we have witnessed the problems associated
with the introduction of nuclear power for elec-
tricity generation (Commission on Engineering
and Technical Systems, 1992), the emergence of an
extraordinary range of information technology
applications with often unanticipated public policy
challenges (Computer Science and Telecommuni-
cations Board, 2001; Lessig, 1999), and the
explosion in applications arising from advances in
the biological sciences, ranging from medical
devices and tissue engineering (Bronzino, 2006) to
genetically-modified organisms (Buttel and
Goodman, 2001). What are some of the lessons?

Nuclear power

Although it is still too early to tell how the story
will end, particularly given the serious energy
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problems we confront today, the interesting his-
tory of nuclear power illustrates how risk percep-
tion can dominate and displace objective risk
assessment. A recent study (Sakamoto, 2004) of
nuclear power plant performance in the United
States, France, and Japan showed that actual plant
operating experience with respect to safety and
reliability has been very similar in the three
countries, yet the public acceptance of the tech-
nology has been far different. In France, where
close to 80% of the electricity is generated with
nuclear plants, and in Japan, where more than
30% comes from nuclear power, there is relatively
wide public acceptance and investments in new
plants continues. In the U.S., there has not been a
new plant started in over 30 years.
It is difficult to account for these differences in

any easy way. After all, the arguments against
nuclear power, particularly in the U.S., have shif-
ted over time. In the wake of Chernobyl and Three
Mile Island, the great concern was a core melt-
down and release of radioactivity. Over time, the
objections moved to a primary focus on the waste
disposal problem. In recent years, that focus has
given way to concerns over nuclear terrorism.
Clearly, technical developments have had

something to do with the shift in attention, but it is
more likely that underlying cause was public
skepticism about nuclear power that found
expression in these various concerns. And why the
skepticism? Three factors seem worth considering.
First, the proponents over-promised what the
technology could or would achieve. Nuclear-gen-
erated electricity would be ‘‘ ...too cheap to meter’’
was the oft-quoted statement of a high government
official. But, of course, it was not. As with any
technology, there were growing problems: cracked
cladding in early civilian reactors; huge capital
costs in others, unimpressive base plant perfor-
mance in the early years.
Then came the accidents at Chernobyl and

Three Mile Island. And here, again, there was a
disconnect between an objective assessment and
the public perception. To this day, those two
events are linked and, yet, they couldn�t be more
different. The poor containment design at Cher-
nobyl led to serious escape of radioactivity, which
affected a large area of the Ukraine. Containment
at Three Mile Island worked exactly as it was
intended and the partial core meltdown led to
essentially no escape of radioactivity; indeed, it

proved the safety of the design (NRC, 2006 a, b).
To the public, however, the technical differences
between the two situations was not apparent, and
they were treated as much the same. Nuclear
power is nuclear power, and if it�s a problem in one
circumstance, it�s a problem in all–a kind of ‘‘guilt-
by-association’’ extrapolation that may come to
haunt what we know to be widely different nano-
technology applications in the future.
Finally, there is the ameliorating factor of need.

Neither Japan nor France have significant natural
energy resources and their economies would, in the
absence of nuclear power, depend heavily on
energy imports. The obvious benefit of nuclear
power has not only balanced risk against need, but
also probably shifted public perception of risk, as,
for example, throughout the world it has shifted
our perception of the risk of automobile driving.
The very large U.S. coal reserves made nuclear
power less necessary and thus removed a factor
that might have ameliorated the perception of risk.
Interestingly, the increasing concern about climate
change appears to be changing that circumstance
in the U.S. (Beckjord, 2003).

Biomedical engineering and biotechnology

The effect of the absence of clear need or, perhaps
more accurately put, broad benefit, on risk per-
ception has, in many analyst�s minds, been a major
factor in the early troubles that have been
encountered in introducing genetically-modified
organisms in agriculture and food. Since the pri-
mary beneficiaries of the early agricultural prod-
ucts have been the producers rather than the
consumers1, there was little to balance any concern
about risk. Moreover, the social and cultural fac-
tors that come into strong play when a society�s
food supply is involved, evoked a strong emotional
response that had a very negative effect on risk
perception, leading to headlines about the new
‘‘Frankenfoods.’’
It is interesting that genetic modification, when

used in the development of pharmaceuticals or

1There are strong, but more subtle arguments, that there
are broad environmental benefits to genetic plant modifi-
cations that reduce the need for insecticides, but they have
been muddied by arguments among experts and advocates
about more complex ecological considerations.
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biologics, has been much more readily accepted by
the public than in the case of agricultural or food
applications, especially in the U.S. One argument
is that the benefit is more apparent and wide-
spread, although in Europe, and particularly in
Germany, recombinant DNA technologies even
for pharmaceuticals have had a very cool reception
because they evoke recollections of eugenics. Of
course, strong arguments can be made that
recombinant DNA technologies are aimed at
helping many to survive who might not otherwise,
but what is at work in situations like this is the
technology as symbol.
In the U.S., the symbolic aspects of biotech-

nologies have been a key element in the debates
concerning fetal tissue research and applications,
therapeutic cloning, and stem cell research. This
may explain why scientists who seek to debate
these issues solely on technical grounds––such as
asserting that the harvesting of fetal tissue can be
effectively separated from the decision to abort a
fetus; or that the stem cells derived from unused
fertility clinic embryos do not destroy an embryo
that would otherwise be brought to term; or that
using cloning to generate specific differentiated
tissues is entirely different from efforts to clone a
human being—often find their arguments ignored
or failing in the public debate. For the public, a
major consideration is the symbolic content of the
research or application, the effect the technology
has on people�s sense of themselves, of their belief
systems, of their aesthetic sensibilities. Thus, the
former chairman of the President�s Council on
Bioethics, has put forth the notion of the ‘‘yuck
factor’’ or the ‘‘wisdom of repugnance’’ (Kass,
1997) in making judgments about the appropri-
ateness of certain technological developments
(Pellegrino, 2006).
This same perspective crops up in the public

reaction to medical devices, perhaps even more
directly relevant to nanotechnology innovations.
Although there are no quantitative studies to
corroborate the observation, a number of people
have commented that the public is generally more
skeptical of and slower to accept therapeutic
interventions that involve devices than they are to
equally invasive interventions more directly con-
trolled or manipulated by physicians—prescrip-
tion drugs or surgery, for example. The idea of
‘‘mechanical’’ intervention—a heart valve
replacement or an implanted defibrillator or an

artificial pancreas, is alienating in its ‘‘foreign-
ness’’, the more so to the general public not in need
of such intervention. As a result, failure of such
devices is all the more traumatic and unacceptable.
For instance, the public would not accept a failure
rate in a device that is even close to the failure rate
of, say, a chemotherapy regimen. In the early
reactions to certain proposed applications of
nanoparticles in drug delivery, one can detect a
similar skepticism.
One of the ways of gaining the public�s confi-

dence is, of course, a rigorous regulatory system
that assures the safety and efficacy of a new tech-
nology. But here, too, there are some lessons from
the medical device field for nanotechnology regu-
lation. Medical devices, like most technologies,
develop in an iterative fashion. The experience
from their early use feeds back information that
leads to the improvement of the technology, low-
ering its cost and increasing its effectiveness.
However, most government regulatory system are
unidirectional–gatekeeper approaches that prevent
a technology from being put to wide use until it is
more or less totally proven and optimally effective.
Such a system worked well in the past for the
regulation of drugs, but it is inconsistent with the
cyclical dynamics of device development. The
medical application of nanoparticles is likely to
face a similar problem. Therefore, there is a need
to develop a staged approach with the early
emphasis on safety, subsequent release of the
technology for clinical use, and a post-approval
emphasis on gathering and feeding back clinical
data to scientists and engineers to improve an
application�s efficacy over time. Thus far, that
effort has only been partially successful.
The regulation of medical devices holds one

more lesson for those involved in medical appli-
cations of nanotechnology. The organization of
the FDA regulatory process is based on the
assumption that therapeutic systems can be neatly
categorized as drugs, biologics, or devices. A sep-
arate division exists for each with its own span of
control and its own rules and procedures. But, as is
often the case, new technologies render old orga-
nizational structures obsolete. Combination devi-
ces, so called precisely because they combine
elements of drugs, biologics and devices, are
becoming more common and the existing regula-
tory framework is problematical (Robinson,
2005). It is easy to envision that drug delivery
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systems based on nanotechnology will exacerbate
the problem by not only crossing the traditional
divisional lines, but introducing different classes of
regulatory issues within each division, including
the need for new ways to categorize and establish
performance standards for materials, new migra-
tion patterns of materials, and new metabolic
interactions involving nanomaterials.
Similarly, we can expect to see a blurring of the

boundaries that have traditionally defined the
roles of agricultural, environmental, and food and
health regulatory agencies. These problems have
already arisen in the field of biotechnology with,
for example, Bt corn, or the failure to fully sepa-
rate GMO seed regulation from food product
regulation. There are early indications that nano-
particles may present similar issues that complicate
the determination of agency responsibility.

Nanotechnology

In examining the lessons of nuclear power and
biotechnology, the aim has been to anticipate the
kinds of issues that nanotechnology will face as it
matures. To scientists it is frustrating to find that
the success of a technology does not rest entirely
on its objective value, or perhaps more precisely,
that its value to a society depends on factors that
go well beyond the instrumental or functional.
Confidence and trust, symbolism, a balance of risk
and benefit (and which groups are affected by each
of them), personal autonomy and control are all-
important. John Lindsay, a former mayor of New
York, once remarked that ‘‘New Yorkers are
suspicious of breathing air they cannot see.’’ An
interesting defense of smog, but putting the humor
aside, there is a message, that people need a sense
of control of their lives. They need enough
knowledge to feel that they are making autono-
mous choices, and frequently those choices will be
based on more than material optimization. We,
scientists and engineers, cannot make those choi-
ces for them, nor should we believe that our per-
spective should be entirely dispositive.
In an important respect nanotechnology differs

from the example technologies discussed above,
and introduces a new and fascinating set of ques-
tions. It is arguable that nanotechnology repre-
sents an experiment in a new way of generating
public support for fundamental research. The

examples presented above, as well as many others
not discussed here, such as civil aviation develop-
ment, the space station or the manned voyage to
Mars, the ‘‘war’’ on cancer or AIDS, and the early
days of the Internet, reflect the political reality that
Americans have often had their imaginations fired
by focused, or mission-oriented research and
development, and they have been willing to sup-
port such efforts generously. Basic research, what
Vannevar Bush defined as ‘‘...the free play of free
intellects, working on subjects of their own choice,
in the manner dictated by their curiosity for
exploration of the unknown,’’ has been the
underlying key to mission success, but it has not,
itself, fired the public imagination nearly as much.
In recent years, particularly in the physical sci-
ences, this has meant flat and, in some years,
decreased support for basic research.
Nanotechnology is, in some respects, a packag-

ing of a very broad range of basic research activ-
ities into a mission-like activity. Clearly, it has a
conceptual framework that has some unity, but the
wide range of approaches to synthesis, the variety
of mechanisms by which nanoscale properties
arise, the different physical manifestations of the
products of nanotechnological developments, and
the many unrelated applications envisioned for
those products, do not suggest a unified field. It
would be difficult, for example, to construct a
coherent curriculum for nanotechnology (and
there would be very little reason for doing so,
given the wide reach of the field into other disci-
plines). It is difficult to imagine that position
advertisements for a person with research interests
in nanotechnology would have in mind similar
kinds of activities in, say, departments of materials
science, mechanical engineering, electrical engi-
neering and/or genetics and cell biology, to name
but a few.
The nanotechnology approach is a very inter-

esting experiment, precisely because it does
address the question of how a nation is best
stimulated to support basic research. But it may
also amplify some of the problems and challenges
of earlier technological developments. First there
is the problem of ‘‘over-promising’’. Predicting
applications when a science is still relatively early
in its research stage risks disappointing a public
that is impatient in its expectation of short-term
results. Then there is the possibility of ‘‘guilt-by-
association’’. When disparate technologies bear a
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similar label, problems in one are assumed to be
extrapolatable to others. If quantum dots in the
body create problems by crossing the blood-brain
barrier, will the public become concerned that
nanofilms in batteries implanted in the body will
be a similar threat, although the two have little to
do with each other? Finally, there is the question
of whether the emphasis on the unity of the field
and on early applications will result in the pre-
mature development of a regulatory structure that
cannot effectively deal with what is an essentially
disparate set of technologies.
There are no easy answers to any of these

questions, but there are some promising positive
signs. Unlike many of the earlier technologies
discussed above, the nanotechnology community
has moved early and aggressively to address these
questions. I am impressed by the inclusion of
outreach activities in research grants, and by the
creative efforts of informal education venues, such
as science centers and museums, to engage the
public in discussions that are informative about
the technologies and engaging on cost-benefit and
values issues. The challenge will be to eschew an
approach that focuses entirely on technical ques-
tions of safety, even though those questions are
vital to address. In a sense, just as the very concept
of nanotechnology as a quasi-mission is an
experiment, the approach to dealing with the
social dimensions of the technology�s introduction
is another real-time experiment; an attempt to
understand how best to balance the necessary
delegation of responsibility for the detailed aspects
of a new technology to those who are expert in its
science, with the need to inform and include the
public in the larger questions concerning its use.
We all have a stake in doing it well, not only to
maximize the promise of nanotechnology�s many
applications, but to learn more about the dynam-
ics of the science/technology/society interaction
that will help us well into the future to manage the
course of technology development for the benefit
of society.
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Abstract

Nanotechnology, the design and manipulation of materials at the atomic scale, may well revolutionize
many of the ways our society manufactures products, produces energy, and treats diseases. New materials
based on nanotechnology are already reaching the market in a wide variety of consumer products. Some of
the observed properties of nanomaterials call into question the adequacy of current methods for deter-
mining hazard and exposure and for controlling resulting risks. Given the limitations of existing regulatory
tools and policies, we believe two distinct kinds of initiatives are needed: first, a major increase in the federal
investment in nanomaterial risk research; second, rapid development and implementation of voluntary
standards of care pending development of adequate regulatory safeguards in the longer term. Several
voluntary programs are currently at various stages of evolution, though the eventual outputs of each of
these are still far from clear. Ultimately, effective regulatory safeguards are necessary to provide a level
playing field for industry while adequately protecting human health and the environment. This paper
reviews the existing toxicological literature on nanomaterials, outlines and analyzes the current regulatory
framework, and provides our recommendations, as an environmental non-profit organization, for safe
nanotechnology development.

Introduction

Nanotechnology’s ability to design and manipu-
late matter on the atomic scale promises tremen-
dous potential benefits for society, but with
significant uncertainties regarding potential dam-
age to the environment and human health. For a
set of technologies whose market for applications
is expected to reach $1 trillion within 10 years
(Roco, 2005b), these uncertainties loom large. Will
some nanoparticles persist in the environment and
accumulate within living organisms? Do the novel
physico-chemical and structural properties of

nanomaterials cause unanticipated toxicological
behavior at the cellular or organismal levels? Can
the potentially harmful properties of nanomateri-
als be efficiently identified during the development
process and engineered out of final products or
otherwise effectively managed? These are not just
questions of relevance for environmental organi-
zations, those concerned with the health and well-
being of workers, or other public health profes-
sionals. These questions have been posed by major
insurers (e.g., Munich Re, 2002; Swiss Re, 2004;
Lauterwasser, 2005) and investment firms (e.g.,
Langsner et al., 2005; Lux Research, 2005; Wood,
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2005) as well as by some major representatives of
the burgeoning nanotechnology industry (Denison
& Murdock, 2005; Krupp & Holliday, 2005) – all
of whom will have to make hard business decisions
in the face of these uncertainties. Reducing these
uncertainties is critical to ensuring the safe and
successful development of nanomaterials, but it
will require a greatly increased investment in basic
environmental and occupational health research
and laboratory testing efforts, as well as an
expansion of scientific capacity of regulatory
agencies.
Numerous products incorporating nanotech-

nology are currently on the market, with some,
such as cosmetics and clothing, involving clear
consumer exposures. (Lux Research, 2005;
USEPA, 2005). Many of the products containing
nanomaterials that are now on the market have
not been subjected to a rigorous review by regu-
latory agencies, either because they are not
required to undergo a pre-market review (e.g.,
personal care and most consumer products), or
because their manufacturer considered them to be
essentially the same as existing, bulk substances
that are already authorized for use. Other
nanomaterials are currently under review by the
EPA and FDA. These agencies are by necessity
applying regulatory procedures designed for con-
ventional chemical substances and pharmaceuti-
cals to the review of nanomaterials. With
commercial development of nanotechnology
outpacing the development of a rigorous, com-
prehensive scientific understanding of the behavior
of nanomaterials in biological systems and the
potential for human exposures, there is a need to
fill gaps in the scientific understanding of potential
risks and to develop and implement interim vol-
untary measures to identify and mitigate those
risks.
In the past, commercialization of novel tech-

nologies without a thorough assessment of
potential risks has led to significant harm to the
environment and human health. The widespread
use of tetra-ethyl lead in motor fuels impaired
the cognitive function of several generations of
children, while also possibly decreasing longevity
(Lustberg & Silbergeld, 2002) and creating persis-
tent environmental contamination. The lack of
attention paid to the harm caused by asbestos
resulted in a tremendous human burden of lung
disease and mesothelioma. In addition to the

human health burden, high litigation and cleanup
costs were paid by many of the companies that
mined, manufactured and applied asbestos or
asbestos-containing products. The total cost of
liability for asbestos-related losses is projected to
reach $200 billion (Seifert, 2004).
In addition to potential liability concerns, fail-

ure to address potential harms and societal con-
cerns proactively, even before widespread health
and ecological damage has been demonstrated,
could lead to consumer and governmental resis-
tance to new technologies with resulting loss of
market share and revenues. This is what befell the
emerging biotechnology industry, when European
governments’ and consumers’ resistance to genet-
ically modified foodstuffs is said to have cost the
U.S. agricultural sector $200 million in lost crop
export revenues in 1998 (Kelch et al., 1998). With
nanotechnology development occurring simulta-
neously in numerous, competing countries around
the world, striking the right balance between the
development of new, effective, beneficial applica-
tions and thorough analysis and management of
their potential risks becomes more complex.

Reasons for concerns about risks

Analogies to combustion-related fine and ultrafine
particles and early studies of engineered nano-
particles provide some basis for concerns about
environmental and health risks from products of
nanotechnology. Ultrafine particles, which are in
the same size range as nanoparticles, have been
demonstrated to traverse the lungs and enter the
systemic circulation (Kreyling et al., 2006), where
they damage blood vessel linings, hastening
atherosclerosis (Kunzli et al., 2005) and leading to
a number of other effects. At the cellular level, the
small size of ultrafine particles has been shown to
allow them to enter and damage cells’ mitochon-
dria (Li et al., 2003). There are more numerous
studies, using both toxicological and epidemio-
logical techniques, that associate fine (less than 2.5
microns in effective aerodynamic diameter) parti-
cles at existing levels of exposure with a wide
variety of adverse health outcomes, including
heart attacks (D’Ippoliti et al., 2003), strokes
(Wellenius et al., 2005), altered electrical activity
of the heart (Dockery et al., 2005), lung cancer
(Pope et al., 2002), more severe asthma attacks
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(Slaughter et al., 2003), stunted lung growth
(Gauderman et al., 2004), and possibly decreased
intrauterine growth (Wilhelm & Ritz, 2005).
Studies of engineered nanoparticles show they also
have the ability to traverse lung and even blood-
brain (Oberdorster, 2004) and blood-testis (e.g.,
Chen et al., 2003) barriers. Whether specific types
of engineered particles can cause the array of
adverse health effects seen with combustion-rela-
ted fine and ultrafine particles remains to be
determined.
In considering analogies such as combustion

particles, it is essential to consider the hetero-
geneity of nanomaterials relative to combustion-
generated or other incidentally produced or
naturally occurring nanoparticles. Ultrafine
combustion particles are heterogeneous both in
terms of chemical composition, especially from
location to location, and in terms of size and
shape. Such particles are generally complex
mixtures of combustion-related chemicals adher-
ing to a carbon core. Thus, a single exposure to
combustion-related ultrafine particles involves
confronting the organism and its component
cells with a complex array of particles and
chemical contaminants of varying solubility,
sizes, and shapes. Any given engineered nano-
particle, on the other hand, while part of a very
heterogeneous class of substances, is likely to be
far more uniform in terms of size, shape, and
chemical composition on an exposure-by-expo-
sure basis. The chemical composition of each
type of nanoparticle can range significantly, from
metal oxides to linked amines to nearly pure
carbon; but particularly from a workplace per-
spective, the molecular control that is central to
nanotechnology typically results in a far nar-
rower shape and size distribution for many
nanoparticles. Since shape and size play a large
role in determining access to different compart-
ments within the body or even within individual
cells, this may mean that a given mass of
nanoparticles could consist of a much higher
concentration of particles of a specific size and
shape. Greater delivery of nanoparticles to spe-
cific compartments or cellular organelles could
result in greater toxicity compared to more het-
erogeneous combustion particles. On the other
hand, the control over size and shape may also
allow re-engineering of nanoparticles to avoid
toxicity but still allow function.

Many of the same properties that make
nanomaterials uniquely useful in biomedical or
other commercial applications could also create
novel mechanisms and targets of toxicity. As
mentioned above, the ability of certain nanopar-
ticles to penetrate cell membranes, an ability
exploited by new applications to deliver targeted
therapies, suggests that nanoparticles will also be
able to cross physiologic barriers and enter body
compartments that larger particles and smaller
molecules do not readily access. As another
example, carbon-based nanoparticles tend to be
extremely strong and durable. Should this dura-
bility translate into biopersistence, substances like
nanotubes and fullerenes may accumulate in
storage sites in the body. Initial studies suggest
that carbon nanotubes distribute significantly to
the bones (Wang et al., 2004). Short- and long-
term effects of this bone accumulation have not
been determined. Lastly, several types of nano-
particles, including carbon nanotubes, fullerenes,
and dendrimers, are being designed to transport
therapeutic agents into specific cells and body
compartments (Florence & Hussain, 2001; Kam
et al., 2005). In some instances, unanticipated
distribution into protected spaces like the nucleus
has been noted (Pantarotto et al., 2004). Given the
ability of nanotubes (e.g., Zheng et al., 2003; Kam
et al., 2005) and fullerenes (in simulations) to bind
to and potentially damage DNA (Zhao et al.,
2005), this ability to pass through the nuclear
membrane is of great concern. And while the focus
of researchers has been on these nanoparticles as
transporters of therapeutic molecules, the possi-
bility of these molecules also serving as unintended
transporters of toxic molecules must be carefully
investigated as well.
Increased surface-area-to-mass ratio may be a

critical feature in understanding the toxicity of
nanomaterials. For a given mass of particles, sur-
face area increases with decreasing particle diame-
ter (and increasing number). In a study comparing
the toxicity of conventional vs. nano-sized particles
of titanium dioxide, the nanoparticles appeared
significantly more toxic when the dose was repor-
ted on a mass basis, but the distinction essentially
disappeared when the dose was reported on a sur-
face area basis (Oberdorster et al., 2005a). The
higher surface-area-to-mass ratio also leads to
higher particle surface energy, which may translate
into higher reactivity (Oberdorster et al., 2005b).
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Lastly, the combination of high surface area and
small size may give nanoparticles unusual catalytic
reactivity due to quantum effects, such as those
seen with gold nanoparticles (Daniel & Astruc,
2004). This combination of enhanced surface area
and enhanced surface activity lends far greater
complexity to the characterization of nanoparti-
cles, and also precludes simple extrapolation of
toxicity among nanoparticles of different sizes and
surface chemistry.
Surface modifications may allow nanoparticles

to bind to cell surface receptors and either avoid
internalization (Gupta & Curtis, 2004) or be taken
up by specific transport mechanisms, allowing cell
targeting for therapeutic agents. It is clear that
even subtle variations in nanoparticle surfaces,
whether due to intentional coating prior to entry
into the body, unintentional surface binding of
proteins, or degradation of coatings once inside
the body, can have dramatic impacts on where and
how nanoparticles gain entry into cells, as well as
where and how they are transported within cells
after entry. Understanding the implications of
surface modifications as well as assuring the sta-
bility of surface properties throughout the lifespan
of manufactured nanoparticles will be critical to
assuring safety.
The database of toxicity studies on nanomateri-

als is extremely limited. While several long-com-
mercialized substances containing nanoparticles,
such as carbon black and titanium dioxide, have
undergone chronic bioassays (Nikula et al., 2001),
there have been no published studies to date
examining chronic health effects of newer, highly
engineered nanoparticles (International Council
On Nanotechnology, 2006). Virtually all of the
studies done to date examine only short-term
effects; many are limited to in vitro tests of cultured
cells. Also, current research funding does not
appear to be examining chronic health effects, such
as cancer or developmental effects (Woodrow
Wilson Center’s Project on Emerging Nanotech-
nologies, 2006). Of the limited number of short-
term studies completed to date, several have found
a variety of adverse effects. Studies in which single-
walled carbon nanotubes (SWCNTs) were instilled
or aspirated into the lungs of rodents have consis-
tently demonstrated that SWCNTs cause lung
granulomas and other signs of acute lung inflam-
mation (Lam et al., 2003; Warheit et al., 2004;
Shvedova et al., 2005) and one (Shvedova et al.,

2005) found that SWCNTs also cause dose-
dependent, diffuse interstitial fibrosis. Similar
effects were seen in one study of multi-walled car-
bon nanotubes (MWCNTs) (Muller et al., 2005).
The finding of diffuse fibrosis is especially con-
cerning for its potential to impair lung function.
C60 fullerenes (commonly known as buckyballs)

have been less well-studied in mammalian models.
They have been shown to be potent bactericides
in water (Fortner et al., 2005). A second study
purports to demonstrate transport via the gills from
water to the brains of fish, with subsequent oxida-
tive damage to brain cell membranes (Oberdorster,
2004). Uncoated buckyballs also have caused oxi-
dative stress in in vitro testing systems, although
hydroxylated and other derivatized buckyballs
appear to protect against oxidative stress in bio-
logical systems (Sayes et al., 2004, 2005). Some
authors have questioned whether observed toxicity
from fullerenes is instead caused by organic solvents
contaminating the aqueous fullerene colloids. They
point to other studies (including in vivo studies) that
show negligible toxicity and even protective effects
from pristine fullerenes that are made into water-
soluble aggregates without the use of organic sol-
vents (Andrievsky et al., 2005; Gharbi et al., 2005).
Further studies are needed to resolve these
discrepancies.
Quantum dots can be made of a variety of

inherently toxic materials, including cadmium and
lead. As some of the key applications of quantum
dots include diagnostic imaging and medical
therapeutics, quantum dots have been studied
relatively extensively in biological systems,
although only a small portion of this research has
focused directly on potential toxicity. Toxicologi-
cal studies performed to date have mainly been in
vitro cytotoxicity assays. While results have been
somewhat inconsistent, studies that used longer
exposure times were more likely to demonstrate
significant toxicity (Hardman, 2005). Quantum
dots typically have a core made of inorganic ele-
ments, but they are generally coated with organic
materials such as polyethylene glycol to enhance
their biocompatibility or target them to specific
organs or cells. Some coatings initially decrease
toxicity by one or more orders of magnitude, but
the coatings are known to degrade when exposed
to air or ultraviolet light, after which toxicity
increases. While the presumption has been
that this cytotoxicity was caused by leakage of
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cadmium or selenium from the core, there is evi-
dence that some of the molecules used as coatings
may have independent toxicity (Hardman, 2005).
Significant questions remain about the safety of
quantum dots based on the available in vitro
studies.

How well will current regulatory frameworks
protect workers, the public and the environment
from nanomaterial risks?

Nanotechnology will challenge current occupa-
tional and environmental regulatory frameworks
for a number of reasons. First, in most current
regulatory programs, standards (and exemptions
from them) are based on mass and mass concen-
tration. Because of their high surface-area-to-mass
ratios and enhanced surface activity, some
nanomaterials are likely to prove potent at far
lower concentration levels than those envisioned
when threshold standards were initially set. Sec-
ond, regulators often rely on structure–activity
models to extrapolate and predict at least some
types of toxicity for new conventional materials.
Too little is currently known about nanomaterials
to enable such extrapolation.
Third, it appears many nanomaterials are being

developed by small, start-up businesses, which
tend to focus on a small number of products. By
April 2006, there were approximately 1500 start-
ups focused on nanotechnology worldwide
(Lux Research Inc., 2006). As a result, knowing
exactly which materials are being produced and
used, by what processes and for what applications
– and directing any compliance and enforcement
efforts to where they are needed – will be ham-
pered by the sheer number of facilities involved.
By the same token, a great deal of production,
processing and use will take place in facilities that
may lack expertise and resources to understand
and comply with environmental and occupational
safeguards.
Lastly, the pace of the regulatory process lags

far behind the speed with which nanomaterials are
being brought to market. While substances mar-
keted as drugs, food additives, fuel additives, and
pesticides typically receive significant scrutiny
when first brought to market, most others do not.
As a result, occupational and environmental pro-
tections generally are developed only after prob-
lems are identified or strongly suspected, and then

in regulatory proceedings that typically take many
years to complete. The opportunity exists to rec-
ognize and control problems more proactively
with nanotechnology.
A more detailed discussion of specific regulatory

issues follows.

Occupational Safety and Health Administration

As of June 2006, the Occupational Safety and
Health Administration (OSHA) had not published
any standards, guidance, or position papers on
nanotechnology. While the agency does participate
in the National Nanotechnology Initiative (NNI),
it is unclear what nanotechnology-specific activi-
ties are underway at the time of writing. On the
other hand, the non-regulatory National Institute
of Occupational Safety and Health (NIOSH) has
developed several useful draft guidance documents
regarding occupational safety and health practices
for the nanotechnology industry (see, e.g.,
NIOSH, 2005). These documents address health
and safety concerns, exposure monitoring, engi-
neering controls, and workplace practices for
nanotechnology manufacturing facilities. Pres-
ently, they do not constitute official guidance, but
are draft documents open for public comment.
Under the Occupational Safety and Health Act

(OSHAct), four types of standards are relevant for
protecting workers from overexposure to nanom-
aterials: substance-specific standards, general
respiratory protection standards, the hazard
communication standard, and the ‘‘general duty
clause.’’ Each is examined below.
Given the slow pace at which toxicity data on

nanoparticles are being developed, as well as the
historically slow pace and high hurdles facing
occupational standard-setting, it is unlikely that
any nanoparticle-specific standards will be put in
place in the next several years. In the absence of
specific standards, inhalable nanoparticles will
only be addressed by the 5 mg/m3 standard that
applies to ‘‘particulates not otherwise regulated’’,
sometimes called ‘‘nuisance dust’’ (29 CFR section
1910.1000 Table Z-1). These mass-based stan-
dards, developed for conventional particles, may
not protect workers from adverse effects of chronic
nanoparticle exposures. While extrapolation from
instillation studies is problematic, the concentra-
tions used in studies finding lung granulomas and
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inflammation in rats and mice exposed to carbon
nanotubes are equivalent to that which a worker
exposed at 5 mg/m3 would receive within several
weeks (Lam et al., 2003; Shvedova et al., 2005). In
the absence of rigorous, science based standards
that address the unique aspects of nanomaterials,
protection of nanotechnology workers will depend
upon voluntary precautionary measures on the
part of industry, with a weak backstop provided
by OSHA’s general duty clause (see below). The
rapid development of toxicological information
and environmental fate and transport knowledge
on a representative set of nanomaterials would be
very helpful in informing the occupational health
and safety staff at the companies who must design
and decide upon such voluntary measures.
The respiratory protection standard (29 CFR

section 1910.134) requires employers to provide
workers with respirators or other protective devi-
ces when engineering controls are not adequate to
protect health. The standard provides guidance in
selecting specific personal protective equipment
and in implementing workplace respiratory pro-
tection programs. Only respirators certified by the
National Institute of Occupational Safety and
Health (NIOSH) may be used, and employers
must assess the effectiveness of the respirators they
supply. The current lack of validated means to
measure and characterize the form and size of
nanoparticles in the air, as well as uncertainties
regarding respirator performance, especially with
particles between 30 and 70 nanometers and
potential agglomerates around 300 nanometers
(Balazy et al., 2006), will complicate implementa-
tion of this standard.
Third, OSHA’s hazard communication standard

(CFR section 1910.1200) stipulates that all pro-
ducers or importers of chemicals are obligated to
develop material safety data sheets (‘‘MSDSs’’),
which are intended to provide workers with
available information on hazardous ingredients in
products they handle and educate them on safe
handling practices. However, even when accurate
and up-to-date, MSDSs have significant limita-
tions – most notably, there is no requirement
either to generate data on potential hazards, or to
disclose the absence of data. Moreover, in some
instances a nanomaterial’s MSDS has simply
adopted the hazard profile for a presumed-related
bulk material. For example, an MSDS for carbon
nanotubes identifies the primary component as

graphite, and goes on to cite information on the
hazards of graphite without acknowledging any
dissimilarity between the two substances (Carbon
Nanotubes, Inc., 2004).
Finally, OSHAct’s general duty clause (section

5(a)(1), 29 USC section 654) is intended as a
backstop to protect workers from exposures that
are widely known to result in toxic effects but are
not addressed specifically by an OSHA standard.
The general duty clause, however, applies only to
‘‘recognized’’ hazards, a difficult criterion to meet
in light of the current paucity of toxicity data on
specific nanomaterials.

Environmental Protection Agency

The Environmental Protection Agency conducts
both regulatory and research activities relevant to
protecting the general public and the environment
from potential risks of nanotechnology. The
agency’s current thinking has been summarized in
a draft Nanotechnology White Paper released in
December 2005 (USEPA, 2005). The white paper
summarizes hazard- and exposure-related con-
cerns as well as environmental applications of
greatest interest to the EPA. It also describes the
range of regulatory authorities under EPA that
may ultimately be relevant to nanotechnology.
These include the Clean Air Act, Clean Water Act,
the Federal Insecticides and Rodenticides Act
(FIFRA), the Resource Conservation and Recov-
ery Act (RCRA, which addresses management of
hazardous and other solid wastes), and the Toxic
Substances Control Act (TSCA, which covers
chemicals other than drugs, food additives, cos-
metics, and pesticides). The white paper notes that
the agency has already received notices of the
intention to manufacture nanomaterials pursuant
to the provisions of TSCA that govern new
chemicals, as well as a request for approval of a
fuel additive under the Clean Air Act. However,
the white paper does not indicate in any detail
what information the agency will use, or how it
will obtain it, in order to make decisions on these
applications. These issues are discussed in greater
detail below. The white paper concludes with rec-
ommendations for integrating nanotechnology
into its pollution prevention programs; an ambi-
tious research program on environmental appli-
cations and environmental and health implications
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of nanotechnology; a cross-agency coordinating
workgroup; case studies on risk assessment; and
training needs. It contains no recommendations,
however, for initiating regulatory action.
New nanomaterials will come under the purview

of TSCA. Section 5 of TSCA requires the producer
of a ‘‘new’’ chemical substance to send EPA a
‘‘Pre-Manufacture Notification’’ (PMN) 90 days
before beginning to produce a substance. Unfor-
tunately, there are no baseline data requirements
for PMNs, and 85% of PMNs received by EPA for
conventional chemicals are submitted without any
health data (Government Accountability Office,
2005). EPA can request additional data, but rarely
does so; it typically conducts its review based on
use of structure-activity relationship models,
through which toxicological properties of an
unstudied substance are estimated based on the
extent of molecular structural similarity to sub-
stances with known toxicological properties. As
noted in the white paper, however, the existing
models have little applicability to nanomaterials.
This is because the models are based on the
properties (primarily molecular structure) of bulk
forms of conventional chemical substances,
whereas nanomaterials’ novel and enhanced
properties result from characteristics (e.g., size,
shape) in addition to their molecular structure. It
remains to be seen whether, in the absence of an
existing knowledge base and predictive models for
nanomaterials, the EPA will routinely require
actual toxicity data to be generated and included
in PMN submissions.
Other key questions also remain unresolved,

including the extent to which nanomaterials
qualify as ‘‘new’’ chemicals (necessary to trigger
PMN requirements). Under TSCA, a ‘‘new’’
chemical is one that is not already listed on the
TSCA Inventory of chemicals in commerce, and a
chemical is defined as a substance with ‘‘a partic-
ular molecular identity’’ (TSCA section 3, 15 USC
section 2602(2)). While nanomaterials whose
molecular formula is not already included on the
TSCA Inventory obviously constitute ‘‘new’’
materials, some parties appear to be assuming that
other nanomaterials – those with a molecular
formula identical to a substance already on the
Inventory – do not qualify as new.
TSCA also provides certain information-

gathering authorities. Under Section 8(a), EPA
can require manufacturers to provide certain use

and exposure information. Section 8(e) requires
manufacturers to submit any information indi-
cating that a substance may pose a ‘‘significant
risk’’ to health or the environment, while Section
8(d) allows EPA to require manufacturers to
submit all toxicity-related studies already in their
possession. EPA has indicated an intention to
exercise its regulatory authority to gather infor-
mation, and is conducting a multi-stakeholder
process that is both designing a voluntary initiative
to address nanomaterial risks and considering
possible use of TSCA authorities (National Pol-
lution Prevention and Toxics Advisory Committee
(NPPTAC), 2005).
Under section 211 of the Clean Air Act, new fuel

additives must be registered with the EPA, with
manufacturers required to supply EPA with cer-
tain data to allow for a product safety assessment.
Manufacturers are required to measure and spe-
ciate their emissions and submit a literature review
cataloguing any known health effects of the sub-
stances being emitted. There is also a second level
of testing requirements mandating toxicological
studies on animals. However, small businesses
with annual revenues of less than $10 million are
exempt from these requirements. This is reason for
concern with respect to nanotechnology, since
many products, including those used in highly
dispersive applications like fuel additives, are
being developed by smaller companies that qualify
for this exemption. For example, a diesel fuel
additive utilizing cerium oxide nanoparticles has
been submitted for approval to EPA. The com-
pany that submitted the request for approval,
Oxonica (through its Cerulean division), currently
qualifies for the small business exemption from
more rigorous testing, even though it is partnering
with the multinational corporation BASF in its
commercialization and international marketing of
the additive (AzoNano.com, 2004). While EPA
has authority to still require testing if it decides
there are insufficient data to assure safety, the
burden is on the agency to justify such testing.

Addressing nanomaterial risks: Next steps

Safe and responsible development of nanotech-
nology thus presents a number of challenges.
These include ensuring thorough and timely eval-
uation of nanomaterials prior to commercializa-
tion; balancing the benefits as well as the unknown
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risks of new nanomaterials with the sometimes
better-known risks of substances they would be
replacing; and applying appropriate safeguards to
the production, use, and disposal of engineered
nanomaterials in the face of the uncertainties listed
above.
Given the limitations of existing regulatory tools

and policies, we believe two distinct kinds of
initiatives are needed now: first, a major increase
in the federal investment in nanomaterial risk
research, and second, rapid development and
implementation of voluntary standards of care,
pending development of adequate regulatory
safeguards. A wide array of stakeholders must be
involved in all components of the latter process,
not only large and small businesses and the aca-
demic community, but also labor groups, health
organizations, consumer advocates, community
groups, and environmental organizations.

Increase governmental investment in risk research

The U.S. government, as the largest single investor
in nanotechnology research and development,
needs to spend more to assess the health and
environmental implications of nanotechnology
and ensure that the critical research needed to
identify potential risks is done expeditiously.
Through the National Nanotechnology Initiative,
the federal government spends about $1.3 billion
annually on nanotechnology research and devel-
opment. Initial efforts to fund studies of the envi-
ronmental health and safety (EHS) and ethical,
legal, and social implications (ELSI) issues per-
taining to nanotechnology were led by the NSF
starting in 2001 (Roco, 2005a). Current funding is
relatively limited. The NNI indicates that its
spending on research ‘‘whose primary purpose is to
understand risk’’ amounts to $44.1 million for
FY07, or less than 3.5% of total NNI funding
(NSET, 2006). Even this figure may be optimistic:
the Woodrow Wilson International Center for
Scholars’ Project of Emerging Nanotechnologies
(PEN) has found that funding of ‘‘highly relevant’’
nanotechnology risk research was less than 1% of
the 2005 annual NNI budget, totaling about $11
million (Maynard, 2006). The funding for the
broader category of research PEN deemed ‘‘rele-
vant’’ to health and safety risks of nanotechnology
was estimated to be $31 million, less than 3% of

the 2005 NNI budget (Maynard, 2006). Both
estimates are considerably smaller than the nearly
$40 million claimed by NNI to have been spent on
EHS research that year.
We recommend that the U.S. government

should spend at least $100 million annually on
hazard and exposure research for at least the next
several years. Given the complexity of the task, the
scope of the necessary research, and available
benchmarks for comparison, $100 million per year
represents a reasonable lower-bound estimate of
what is needed (Denison, 2005). The need for a
substantial increase in risk research is supported
by numerous expert assessments. For example,
invited experts to a workshop sponsored by the
Nanoscale Science Engineering, Science and
Technology Subcommittee (NSET) of the NNI
called for at least a 10-fold increase in federal
spending on nanotechnology risk-related research,
relative to the approximately $10 million spent in
FY2004 (Phibbs, 2004). Additionally, President
Bush’s science advisor John H. Marburger III
noted that the current toxicity studies now under
way through the NNI are ‘‘a drop in the bucket
compared to what needs to be done’’ (Weiss,
2005). One can also look to other test batteries to
gauge the approximate cost for health and envi-
ronmental testing for nanotechnologies. The haz-
ard-only test battery required of pesticides under
FIFRA provides a good example. The Agricul-
tural Research Service estimates that this test
battery, which consists of up to 100 individual
data elements (40 CFR Part 158) and might be
initially appropriate for testing of some nanoma-
terials, can cost up to $10 million per chemical for
a pesticide proposed for major food crop use (U.S.
Department of Agriculture Agricultural Research
Service, 1997). An additional benchmark for
judging the appropriate level of federal expendi-
ture for nanomaterial risk research is the budget
for EPA research on risks posed by airborne par-
ticulate matter recommended by the National
Research Council in 1998 – the scope of which was
considerably narrower than the needed research
on nanomaterials. The recommended budgets, and
subsequent EPA expenditures, ranged between
$40–60 million annually for the first six years
(NRC, 1998, 2004).
Taken together, these benchmarks indicate

that at least $100 million annually over a number
of years is a justifiable amount for the federal
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government to invest in health and safety research
in order to address the major unknowns and
uncertainties associated with the burgeoning field
of nanotechnology. It should be noted that this
figure is quite small in comparison to the $1 trillion
role that nanotechnology is projected to play in the
world economy by 2015.
But the U.S. government need not be the sole, or

even the principal, funder of nanomaterial risk
research. Other countries are also spending heavily
to promote nanotechnology research and devel-
opment, and they too should allocate some por-
tion of their spending to address nanotechnology
risks. Coordination of such investment, perhaps
through organizations such as the Organization
for Economic Cooperation and Development
(OECD), is essential. And although government
risk research has a critical role to play in devel-
oping the basic knowledge and methods to char-
acterize and assess the risks of nanomaterials,
private industry should fund the majority of the
research and testing on the products they are
planning to bring to market. Clearly, all parties
will benefit if governments and industry coordi-
nate their research to avoid redundancy and
optimize efficiency.

Develop voluntary standards of care

Because federal agencies may not put into place
adequate provisions for nanomaterials quickly
enough to address the products now entering or
poised to enter the market, voluntary ‘‘standards
of care’’ for nanomaterials must play a role in
guiding the safe use of nanomaterials in the
meantime. These standards should include a
framework and a process by which to identify and
manage nanomaterials’ risks across a product’s
full lifecycle, taking into account worker safety,
manufacturing releases and wastes, product use,
and product disposal. Such standards should be
developed and implemented in a transparent and
accountable manner, including public disclosure of
the assumptions, processes, and results of the risk
identification and risk management systems.
Several voluntary programs are currently at

various stages of evolution, though the eventual
outputs of each of these are still far from clear. As
noted above, in October 2005, a workgroup of an
EPA advisory committee proposed a framework

for a voluntary program aimed at producers,
processors, and users of nanomaterials. The
group also recommended using certain TSCA
regulatory authorities to address nanomaterial
risks (National Pollution Prevention and Toxics
Advisory Committee (NPPTAC), 2005). In addi-
tion, Environmental Defense is working directly
with DuPont to develop a framework for the
responsible development, production, use, and
disposal of nano-scale materials (Environmental
Defense, 2005). While the project will initially pilot-
test the framework on specific nano-scale materials
or applications of interest to DuPont, the organi-
zations intend to develop a framework that can be
adapted for use by a broad range of stakeholders.
Other multi-stakeholder efforts to develop volun-
tary standards are also underway through ASTM
International (ASTM International, 2005) and
the International Standards Organization, which
recently convened a new Technical Committee
on Nanotechnologies (International Standards
Organization, 2005).
In the long run, regulatory programs will be

essential to securing long-term public confidence in
and support for nanotechnology (Macoubrie,
2005) as well as leveling the playing field among
large and small businesses bringing new products
incorporating nanotechnology into the market.
Because commercialization is taking place before
research is able to resolve fundamental uncertain-
ties on the behavior and safety of nanomaterials,
there is an urgent need for both toxicity testing for
new products as well as workplace and environ-
mental controls to minimize the possibility of
exposures. Voluntary programs can be useful for
developing an understanding of how such mea-
sures can be instituted, but ultimately, to ensure
equitable application of principles of safe devel-
opment, a strong regulatory framework will be
required.

Conclusion

Nanotechnology holds the potential to help
achieve cleaner air, water, and soil, more effec-
tively treat disease, and improve energy efficiency
and material durability. Many of the same physi-
co-chemical properties that give nanomaterials so
much promise, however, leave open the possibility
that they could have adverse effects on human
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health and the environment. We believe the com-
bination of existing scientific knowledge, as well as
the recent memories of unintended consequences
of other technological advances, provide sufficient
motivation for nanotechnology industries and
relevant government agencies to invest in under-
standing potential risks and either engineering
them out of materials and products before com-
mercialization or effectively managing them from
the start in other ways. Public health and public
trust will both be maximized by proactive efforts
to get nanotechnology right the first time.
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Abstract

Because of their small size, the specific surface areas of nanoparticulate materials (NP), described as
particles having at least one dimension smaller than 100 nm, can be large compared with micrometer-sized
respirable particles. This high specific surface area or nanostructural surface properties may affect NP
toxicity in comparison with micrometer-sized respirable particles of the same overall composition.
Respirable particles depositing on the deep lung surfaces of the respiratory bronchioles or alveoli will
contact pulmonary surfactants in the surface hypophase. Diesel exhaust ultrafine particles and respirable
silicate micrometer-sized insoluble particles can adsorb components of that surfactant onto the particle
surfaces, conditioning the particles surfaces and affecting their in vitro expression of cytotoxicity or
genotoxicity. Those effects can be particle surface composition-specific. Effects of particle surface condi-
tioning by a primary component of phospholipid pulmonary surfactant, diacyl phosphatidyl choline, are
reviewed for in vitro expression of genotoxicity by diesel exhaust particles and of cytotoxicity by respirable
quartz and aluminosilicate kaolin clay particles. Those effects suggest methods and cautions for assaying
and interpreting NP properties and biological activities.

Concerns for health hazard from nanoparticulate

exposures

Research has demonstrated the importance of
parameters such as size and number in determining
the toxicity of insoluble particles with nanometer
dimensions, or nanoscale structures (Oberdörster
et al., 1995, 2004; Driscoll, 1996; Donaldson et al.,
2000; Oberdörster 2000; Tran et al., 2000).

Nanostructured materials including nanoparticles
(NP) are defined as having at least one dimension
smaller than 100 nm (Maynard & Kuempel, 2005).
There also is concern for surface property effects
on NP-induced toxicity or disease risk. This is due
to the large specific surface area, i.e., surface area
per unit mass, of NP associated with their small
size, and because surface area and surface prop-
erties can strongly affect the toxicity or disease risk
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associated with respirable micrometer-sized parti-
cles. Therefore, while such possible effects are
under investigation, NP as administered for cel-
lular or animal model bioassay ideally should not
be altered in size, morphology, aggregation and
surface properties from their condition upon
deposition in the lung after workplace or envi-
ronmental inhalation exposure. As part of this, a
critical concern is the conditioning of NP that will
occur upon the initial deposition of particles upon
the aqueous hypophase environmental interface of
the lung, e.g., by adsorption of and dispersion in
biomolecular components of lung surfactant or
serum.
NP may differ on a mass basis from larger

particles of the same composition for expression of
toxicity and for biological transport and bio-
availability because of higher specific surface area
of NP. Materials deemed low in toxicity as larger
particles may exhibit toxic effects as NP. Greater
toxicity is reported for ultrafine carbon black,
TiO2 and latex particles compared to larger low-
toxicity low-solubility particles of the same mate-
rial (Donaldson et al., 2000); a tenfold increase in
inflammation observed for the same mass of
ultrafine versus fine particles was attributed to
increased oxidative activities of the ultrafine par-
ticles. A set of dusts of low toxicity when in the
micrometer size range including TiO2, talc, carbon
black, and photocopier toner, and particles with
some toxicity including coal mine dust and diesel
exhaust particulate material (DPM), were found to
have comparable toxicity on a surface area basis
for lung tumor induction in a rat model; and that
toxicity increased strongly with increase in dose
measured as surface area (Maynard & Kuempel,
2005). However, in some cases there is a strong
mineral specific component of toxicity not resolved
by surface area normalization of dose; for exam-
ple, fine-sized crystalline silica, e.g., quartz dust, is
much more active than TiO2 for pulmonary
inflammation in an animal model (Oberdörster
et al., 1994). Differing degrees of inflammation
and lung injury upon ultrafine NiO, Co3O4, TiO2

and carbon black instillation in rat lung have been
reported (Dick et al., 2003). Degree of lung injury
was found to correlate to the particle’s ability to
generate surface free radicals and to cause oxidant
damage. Surface area, chemical composition and
surface reactivity were all deemed important fac-
tors in particle toxicity. Exacerbated pulmonary

inflammation may be a means by which airborne
pollutant matter (PM) exerts its toxicity (Tao
et al., 2003). The smallest PM, below 2.5 lm, was
most consistently associated with toxicity; the
toxicity was attributed to oxidative stress caused
by reactive oxygen species associated with metal,
semi-quinone, lipopolysaccharide, or hydrocarbon
constituents of ultrafine particles.
NP also may be able to cross the cell membrane

and enter the bloodstream from the lungs (Ferin &
Oberdörster, 1992; Oberdörster et al., 1992; Geiser
et al., 2005). This general cell-penetrating ability is
known, and even exploited, in the field of in vivo
imaging. NP with special fluorescent, magnetic or
optical properties such as ‘‘quantum dots’’ and
magnetic resonance imaging contrast agents are
functionalized with biocompatible coatings such as
peptides, polysaccharides or other polymers and
then directed within cells to permit selective sig-
naling from specific cell components (Michalet
et al., 2005; Sadeghiani et al., 2005). This ability to
cross cell membranes has been pursued to provide
functionalizing agents to transport peptides and
DNA fragments into cells, e.g., through the
endothelial tight-junction blood–brain barrier
(Pantarotto et al., 2003, 2004a, b; Lu et al., 2005;
Zhi et al., 2005). Such an uncommon effect is
reported in studies of a variety of inorganic NP
(Peters, et al., 2004). Cytotoxicity is a concern in
new applications of NP, and safe exposure levels
must be determined before these agents can be
used in medical procedures. The majority of NP
surveyed (TiO2, SiO2, and Co) were internalized
into human epithelial cells, though most did not
show cytotoxic effects. A pro-inflammatory stim-
ulation and impairment of proliferative activity
was observed for nano-Co and nano-SiO2 parti-
cles, which was speculated to lead to a chronic
inflammatory response and subsequent develop-
ment of granulomas.
Carbonaceous materials represent a major class

of NP, and a wide range of toxicity may result
from variations in their shape, size, and complex
chemical composition. The spherical nanopartic-
ulate soot fullerene (C60) was intentionally pro-
duced in 1985 by laser ablation of graphite targets.
Limited toxicity studies of fullerene indicate this
material was toxic to fish in aqueous systems,
where fullerenes were found to pass the blood–
brain barrier and cause brain damage (Oberdor-
ster, 2004). The discovery of fullerenes has led to
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new categories of NP carbonaceous products with
a variety of useful shapes, including multi-walled
and single-walled carbon nanotubes (CNT). CNT
may exhibit significant cell toxicity on the basis of
the combined effects of quantum physical effects
such as cell wall penetration and the toxicity
observed for similar carbonaceous bulk materials.
Other studies show evidence of toxic behavior,
though the mechanisms involved are not descri-
bed. CNT may inhibit HEK293 cell growth by
inducing cell apoptosis and decreasing cellular
adhesion ability (Cui et al., 2005). CNT adverse
affects are reported for immortalized human epi-
dermal keratinocytes (Shvedova et al., 2003).
Oxidative stress and cellular toxicity was indicated
by the formation of free radicals, the accumulation
of peroxidative products, antioxidant depletion
and loss of cell viability. Recent in vitro studies of
NP have reported cytotoxic activities for C60 and
multi-walled CNT, and also for Ag, TiO2, Fe2O3,
Al2O3, ZrO2, Si3N4, carbon black, and MnO2 NP
(Bottini et al., 2005; Gurr et al., 2005; Hussain
et al., 2005; Sayes et al., 2005; Soto et al., 2005).
In an animal model study, three single-walled

carbon nanotube materials (SWCNT) containing
different amounts of residual metals were intrat-
racheally instilled into mice at three doses and
histopathology performed at 7 and 90 d (Lam
et al., 2004). All the SWCNT induced dose-
dependent epithelioid granulomas and in some
cases interstitial inflammation at 7 d, with pro-
gression at 90 d, demonstrating greater toxicity on
a mass basis than a carbon black negative control
and a quartz dust positive control. Somewhat
different response was observed in a study using
SWCNT instillation in a rat model at two doses,
with bronchiolar lavage biomarker assay and tis-
sue histopathology at 24 h, 1 week, 1 month, and
3 months (Warheit et al., 2004). There, SWCNT
exposures resulted in transient inflammatory
response and injury, with non-dose-dependent
multi-focal granulomas that did not progress after
1 month, and lack of toxicity indicated by lung
lavage and cell proliferation measures. To address
the somewhat disparate results of these two stud-
ies, a complete evaluation was performed of the
dose dependence and time course of pulmonary
response of mice to single pharyngeal aspiration
exposure of purified SWCNT at doses bracketing
the equivalent of 20 workdays of exposure at the
OSHA Permissible Exposure Limit (PEL) for

graphite particles (Shvedova et al., 2005). The
study found acute inflammation and granuloma-
tous response associated with dense SWCNT
aggregates and, interestingly, early onset of pro-
gressive diffuse interstitial fibrosis and alveolar
wall thickening associated with dispersed SWCNT
distant from the aggregates. Protein, lactate
dehydrogenase (LDH), and oxidative biomarkers
were increased in bronchoalveolar lavage. Equal
mass doses of ultrafine carbon black or fine crys-
talline silica dust caused weaker inflammation and
damage, and no granulomas or cell wall thicken-
ing. In vitro macrophage exposures in the same
study found TGF-beta 1 production and a weaker
TNF-alpha and IL-1 beta production was stimu-
lated by the SWCNT, but no stimulation of
superoxide, NO, active engulfment, or apoptosis.

Genotoxicity of ultrafine DPM

DPM are anthropogenic, inadvertently generated
organic NP materials. The National Institute for
Occupational Safety and Health (NIOSH, 1988),
the International Agency for Research on Cancer
(IARC, 1989) and the US Environmental Protec-
tion Agency (USEPA, 2002) have declared diesel
exhaust a potential or probable human carcino-
gen. DPM and carbonaceous materials from
combustion processes are generally a complex mix
of aromatic carbon graphitic sheets as a core, with
reactive oxygen, nitrogen or sulfur heteroatomic
functional groups, plus metals and organic species
entrained during the synthesis or combustion
process. Polycyclic aromatic hydrocarbon (PAH)
compounds that are known carcinogens are con-
tained in some of these products. Genotoxicity of
carbonaceous material in NP may be attributed to
PAH carcinogenicity, oxidation from reactive
oxygen species (ROS) activity, nitrate generation,
or transition metal chemistry. In vivo animal
studies of DPM have confirmed lung tumors in the
rat from long-term inhalation exposures (Heinrich
et al., 1986; Mauderly et al., 1987). However, the
genotoxic role of DPM in inhalation tumoroge-
nicity studies has been questioned after compara-
ble tests of non-genotoxic carbon black resulted in
tumorogenesis in the same animal models (Hein-
rich et al., 1994; Nikula et al., 1995). DPM are
insoluble in water, and typically are prepared for
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chemical study or in vitro bioassay by solution in
organic solvents and fractionation by chromato-
graphic techniques. DPM typically contain a
number of proven toxic species; polar hetero- and
polycyclic aromatics, radical species, entrained
metal species, and entrained organic solvent spe-
cies, with the composition varying with engine
performance characteristics, fuel types, lube oil
types, and extraction solvents (Morimoto, 1986).
These species have been fractionated and mea-
sured in DPM using bulk mass, particle size, as
well as advanced chromatographic and mass
spectroscopic techniques.
In vitro genotoxic activities elicited by organic

solvent extracts, e.g., acetone or dichloromethane
solvent extracts of some filter-collected DPM, are
well-reported (IARC, 1989). The use of extraction
solvents has led to discrepancies in assigning
genotoxic effects to chemical characteristics (Ha-
yakawa et al., 1997; Soontjens et al., 1997; Saxena
et al., 2003; Siegel et al., 2004). Apparent false
negatives or positives have been attributed to sol-
vent/adsorbed organic dispersion, solvency or
matrix effects. However, the in vitro mutagenicity
of solvent extract of DPM can vary systematically
with operating conditions for a given engine, e.g.,
with engine speed and torque (McMillian et al.,
2002).
The lack of water-solubility of the polycyclic

organics from DPM raised the question of their
biological availability for genotoxic activity under
conditions of particle deposition in the lung. It was
recognized that the conventional procedure of
testing organic solvent extracts of DPM did not
necessarily provide a physiologically reasonable
model of genotoxicant biological availability as
manifest by intact particles deposited in the lung.
Therefore, research examined as a medium for in
vitro cellular challenge, the extract of DPM by
primary components of the surfactant hypophase
layer that coats the deep lung respiratory bron-
chioles and alveoli, frequently using diacyl phos-
phatidyl cholines dispersed into physiological
saline.

Surrogate lung surfactant

The environmental interface of the deep lung
respiratory bronchioles and alveoli for initial
contact with inhaled particles is the surfactant-

coated and laden hypophase (reviewed in Bourbon
(1991)). Lipids and lipoprotein surfactants are
synthesized and secreted onto the wet surface of
the deep lung by alveolar type II cells. Additional
biochemical ingredients, e.g., components of
mucus, are found in the hypophase of the upper
airways as part of the mucociliary system for lung
clearance. Phospholipids are a major component
of lung surfactant. By themselves they can repro-
duce physiologically important surface-tension
properties of the pulmonary alveolar hypophase
surface (Scarpelli, 1968). Research modeling lung
surface tension phenomena often has used a major
phospholipid component of pulmonary surfactant,
dipalmitoyl phosphatidyl choline (DPPC) or some
other diacyl phosphatidylcholines, dispersed into
physiologic saline, as a simple model of lung sur-
factant. This surfactant has been used to model the
possibility of lung surfactant extraction of geno-
toxicants from DPM. Experiments incorporated
DPPC dispersed into physiological saline as a
solvent to attempt to extract filter-collected DPM.
However, this produced an extract with little or no
genotoxic activity (Brooks et al., 1981; King et al.,
1981; McClellan et al., 1982; Wallace et al., 1987),
even when the organic solvent extract of a parallel
DPM sample expressed significant activity.
Instead, it was found that some DPM can express
genotoxic activity, e.g., DNA or chromosomal
damage in vitro, as a dispersion in this surfactant.
DPM was tested as a direct mixture into such
surfactant, without subsequent filtering; that is,
the DPM was tested as a non-dissolved but sur-
factant-dispersed particulate in surfactant mixture
(Wallace et al., 1987, 1990a; Keane et al., 1991;
Gu et al., 1992, 1994, 2005). DPM genotoxic
activities are expressed when the DPM is dispersed
into DPPC surfactant; and those activities are
associated with the non-dissolved particulate
phase material. DPPC dispersion does not extract
genotoxicants from the DPM particles; rather, the
phospholipid coats and ‘‘solubilizes’’ (not ‘‘dis-
solves’’) the DPM, providing a hydrophilic coating
and permitting the dispersion of the surfactant-
coated DPM as particles in aqueous media.
To first order, this dispersion of collected DPM

into the principal component of lung surfactant
should adulterate the collected DPM approxi-
mately to the degree that the particles would be
conditioned upon deposition in the deep lung,
causing particle agglomeration or disassociation
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and particle surface conditioning to approximately
the same degree as would occur in the lung alve-
olar hypophase. That is, assaying DPM dispersed
(mixed) into lavaged or synthetic models of lung
alveolar hypophase surfactant avoids to first order
the non-physiologic dissolution of particles and
associated destruction of particulate properties, as
would occur in organic solvent extraction of col-
lected DPM. This provides a physiologically rea-
sonable representation in vitro of toxicant
bioavailability for particles depositing in the lung.
After filter-collected DPM is mixed into a dis-

persion of DPPC surfactant in saline, the then
wettable-surfaced nano-particles can challenge
cells effectively to express genotoxic activities for
mammalian cell DNA and clastogenic damage, as
well as for bacterial cell mutagenicity. This pro-
vides a physiologically reasonable method for
handling and delivery of DPM for toxicological
assays which might be applicable to other insolu-
ble hydrophobic NP materials. And the phenom-
enon of surfactant-dispersed DPM expression of
genotoxic activities suggests a first mechanistic
step by which cells can be effectively exposed to
insoluble NP genotoxicants following inhalation
and deposition on the deep lung pulmonary
respiratory bronchioles or alveoli.
The basis for the surfactant activity of DPPC is

that the molecular structure contains a hydrophilic
end and a hydrophobic end (Figure 1). The former
consists of a trimethyl ammonium cationic group
bound through a two-carbon chain to an acidic
phosphate, forming a zwitterionic dipole and
providing a hydrophilic moiety as one end of the
molecule. The phosphate is esterified to the first
carbon of a glycerol which is esterified at the other
two carbons to two long chain fatty acid residues,

palmitate in the case of DPPC. These provide two
hydrophobic, lipophilic long tails to the molecule.
When dispersed into aqueous media, the phos-
pholipid molecules aggregate into multi-molecular
structures such that the hydropilic zwitterionic
head groups of the molecules are oriented to face
into the surrounding water molecules, while the
hydrophobic fatty acid tails cluster amongst
themselves, minimizing contact with water or the
hydrophilic heads of other phospholipids. This
gives rise to spherical or lamellar structures made
up of a bilayer of surfactant molecules. The zwit-
terionic head groups are on the outer surfaces of
the bilayer, with the lipid tails "sandwiched"
between. This structure is the general basis for the
bilayer phospholipid membrane underlying cell
membrane structure.
DPPC can be dispersed into these liposomal

and lamellar bilayer structures by ultrasonication
into saline, forming a pale milky stable disper-
sion. When collected DPM is mixed into this
DPPC dispersion the DPM soot particle
agglomerates are observed to disperse. The DPM
is ‘‘solubilized’’, that is, dispersed as small par-
ticles rather than dissolved into the DPPC dis-
persion. In this DPM-in-DPPC dispersion, the
long chain lipophilic/hydrophobic tails of the
DPPC molecule associate with the organic DPM
particle surfaces, while the zwitterionic hydro-
philic trimethyl ammonium and phosphate head
of the molecule orients outward to face the sur-
rounding aqueous medium. A simplified picture
is that of a DPM particle as a tar ‘‘pin-cushion’’
covered by DPPC soap molecules with their tails
stuck as the shaft of pins to the pin-cushion
DPM particle and their heads outward, provid-
ing a hydrophilic outer coating, in-turn permit-
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Figure 1. DPPC surfactant structure: Palmitate residues associate with DPM hydrocarbon; The zwitterionic trimethyl
ammonium – acidic phosphate end of the molecule is hydrophilic, the two fatty acid tails esterified to the glycerol are
hydrophobic and lipophilic, leading the molecules to aggregate in structures in aqueous media with the hydrophilic moieties
oriented toward the water. The hydrophobic end of the molecule will associate with those tails of other lipid molecules or with
the surface of hydrophobic particles, e.g., diesel exhaust particles, providing a ‘‘wettable’’ surface on a surfactant-coated DPM
particle.
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ting the structure to act as a water-wet but non-
dissolved NP which disperses in water.

In vitro genotoxicity assays of DPM dispersed in

surfactants

Comparisons of in vitro genotoxicites have been
made between surfactant-dispersed and solvent-
extracted DPM (Wallace et al., 1987, 1990a; Ke-
ane et al., 1991; Gu et al., 1992, 1994, 2005).
The DPM tested was filter-collected and gra-

ciously supplied by the Lovelace-Inhalation Toxi-
cology Research Institute from a 1980 GM
5.7 liter V8 engine run on the Federal Test Pro-
cedure Urban Driving Cycle. For organic solvent
extracted sample, DPM was dissolved into di-
chloromethane (DCM) and evaporatively
exchanged into dimethylsulfoxide (DMSO) at
1 mg DPM/ml DMSO. For the surfactant dis-
persion sample, the surfactant was prepared by
ultrasonically dispersing DPPC into physiological
saline (PSS) at 2.5 mg DPPC/1 ml PSS; then DPM
was mixed into that dispersion at 1 mg DPM/
2.5 mg DPPC / 1 ml PSS. The tested materials
were (a) the total preparations, in DMSO and in
DPPC/PSS; (b) supernatants from centrifugation
and filtration of the total preparations; and/or (c)
sediments from centrifugation of the total prepa-

rations, i.e., the non-dissolved particulate phase
material.
The Ames Salmonella typhimurium TA98 was

used for the mutagenicity assay (Ames et al.,
1975). As shown in Figure 2 (Keane et al., 1991),
the total dispersion samples, both solvent and
surfactant total preparations, were comparably
mutagenic. The supernatant fraction (extracted
material) of the solvent preparation was positive
and of the surfactant preparation supernatant was
negative; i.e., no active mutagenic material
extracted from DPM by surfactant. The sediment
fraction (non-dissolved particulate material) for
the solvent preparation was negative, i.e., the
carbonaceous residue of solvent extracted DPM
was not mutagenic, while the surfactant prepara-
tion was positive, i.e., the particulate matter which
is not dissolved by surfactant is, nevertheless,
positive for mutagenic activity as a particulate
dispersion in surfactant. Other tests of the sur-
factant preparation supernatant fraction using
only centrifugation without subsequent filtration
resulted in some activity in the surfactant prepa-
ration supernatant. This was interpreted as due to
ultrafine particles of surfactant-dispersed DPM
that were fully removed by filtration but not fully
removed by centrifugation.
Chinese hamster pulmonary fibroblast-derived

cell line (V79) was used to test for the induction of
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Figure 2. Mutagenic activity (TA98 Salmonella typhimurium TA98) versus DPM concentration: Mutagenic activity as number
of revertant colonies is shown (y-axis) versus DPM concentration as solvent extract or DPPC surfactant dispersion. Activities
are shown for the total solvent or surfactant preparation, for the filtered supernatant, and for the non-dissolved sediment.
From: Wallace et al. (1987).
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sister chromatid exchange (SCE) (Perry & Wolff,
1974), unscheduled DNA synthesis (UDS)
(Mitchell et al., 1983) and chromosomal aberra-
tion (Preston et al., 1981). Results of the SCE
assay as shown in Figure 3 (Keane et al., 1991)
were similar to those of the Ames mutagenicity
assay. Both organic extracted and surfactant-dis-
persed DPM materials induced SCE in V79 cells.
After separation of the samples into supernatant
and sediment fractions, the activity of both DPM
preparations was found to reside in the superna-
tant fraction of the solvent-extracted samples, and
in the sedimented fraction for surfactant dispersed
samples.
Results of UDS assay are shown in Figure 4

(Gu et al., 1994). Both dispersions of DPM in
surfactant and DMSO induced UDS in a concen-
tration related manner. Again, induction of UDS
was also found in the supernatant fraction of the
DMSO-dispersed sample and in the sedimented
fraction of the surfactant-dispersed sample.
Chromosomal aberration (CA) studies found that
surfactant-dispersed DPM was active for induc-
tion of CAs, generally increasing with DPM con-
centration (Gu et al., 2005).
Assay of induction of micronuclei (Lansne

et al., 1984) using V79 cells and in Chinese ham-
ster ovary-derived cells (CHO) was measured for
DPM solvent extract and/or surfactant dispersion
supernatant and particulate phase materials (Gu

et al., 1992). The solvent supernatant (extract) of
total samples after centrifugation and filtration,
and the surfactant sediments (particulate material)
from total sample centrifugation were active for
micronucleus induction in CHO cells: the solvent
extract was active in V79 cells, but the surfactant
sediment was only marginally active in V79 cells
(Figure 5).
The results from these studies with different

genetic endpoints in bacteria and in mammalian
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cells are consistent and show that DPM genotoxic
activities are expressed when the DPM is dispersed
into DPPC surfactant; and those activities are
associated with the non-dissolved particulate
phase material. DPPC dispersion does not extract
genotoxicants from the DPM particles; rather, the
phospholipid coats and ‘‘solubilizes’’ (not ‘‘dis-
solves’’) the DPM, providing a hydrophilic coating
and permitting the dispersion of the surfactant-
coated DPM in aqueous media. These findings
indicate that genotoxic activity and potential car-
cinogenicity associated with DPM inhaled into the
lung may be made bioavailable by virtue of the
solubilization/dispersion properties of pulmonary
surfactant components.

Fine respirable mineral particle surface

nanostructure and disease risk

Mineral particle composition can strongly affect
toxic activity and disease risk associated with
respirable dust exposures. One of the most studied
mineral dusts is respirable crystalline silica, e.g.,
quartz, a known potent agent for pulmonary
fibrosis (Green & Vallyathan, 1995), and evaluated
by the International Agency for Research on
Cancer (IARC) to be a human carcinogen under
some exposure conditions. Quartz dust also
expresses some much higher in vivo toxicities in
animal models than a number of other mineral
dusts and other respirable materials when the dose

metric is surface area. However, even beyond this
mineral specificity, quartz dust-induced human
disease risk is affected significantly by sub-micro-
meter scale surface coatings by heteroatomic
materials. Seemingly anomalous differences in
lung fibrosis disease risk from silica dust exposures
in mixed dust composition atmospheres have been
observed, e.g., in coal workers’ pneumoconiosis
(Attfield & Morring, 1992), and these anomalies
have been associated with the existence of sub-
micrometer thick mineral coatings or ‘‘occlusion’’
of silica particles by aluminosilicate. In animal
model experiments, some workplace silica dusts
were found to be much diminished in fibrogenic
activity compared to the dusts after acid-etching,
suggesting a prophylactic surface coating on the
silica particles, e.g., of aluminosilicate clay (Le-
Bouffant et al., 1982). Spectroscopic analyses have
shown such sub-micrometer thick aluminosilicate
coating or ‘‘occlusion’’ of respirable silica parti-
cles, detected by contrasting scanning electron
microscopy - energy dispersive X-ray analysis of
individual silica particle composition at high and
at low electron beam energies to probe particle
composition with depth (Wallace et al., 1990b,
1992, 1994; Wallace & Keane, 1993; Hnizdo &
Wallace, 2002). Such sub-micrometer coatings or
occlusion of quartz particle surfaces by clay have
been associated with the epidemiological ‘‘coal
rank anomaly’’ in the prevalence of coal workers’
pneumoconiosis (Walton et al., 1971; Robock &
Klosterkotter, 1973; Kreigseis & Scharmann, 1982;
Attfield & Morring, 1992). Research indicated that
the fraction of silica particles surface occluded by
aluminosilicate decreased with increasing coal
rank, with a consequent greater fraction of silica
particles with ‘‘biologically available’’ surface for
dusts from mines of higher rank coals (Harrison
et al., 1997). The equivalent was seen in a study of
anomalous differences in silicosis risk between
Chinese metal mine workers and pottery workers
quantified in a silicosis medical registry of some
20,000 workers (Chen et al., 2005). Normalizing
the workers’ cumulative respirable silica dust
exposures to cumulative respirable ‘‘surface-avail-
able’’ silica dust, i.e., the fraction of respirable
silica dust particles not surface occluded by clay
aluminosilicate, resolved much of the difference in
risk (Harrison et al., 2005).
Nano-scale surface composition and structure

were found to be important for dust toxicity and
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hazard in a ‘‘hard metal’’ manufacturing work-
place, e.g., producing tungsten carbide (WC) grit
cemented together by cobalt metal to form hard
sharp edges for cutting tools. Surface analyses by
scanning Auger spectroscopy in combination with
scanning electron microscopy – X-ray spectros-
copy (Stephens et al., 1998) found nano-meter thin
cobalt coating on respirable WC particles gener-

ated in a new hard metal production facility where
sentinel adverse health effects had been observed.
The structure of those coatings, i.e., thin Co in
contact with the underlying WC particle surface,
resulted in heightened levels of catalytically gen-
erated reactive oxygen species in aqueous media;
this led to associated exacerbation of in vitro tox-
icities in comparison to dusts from a conventional
fabrication process (Keane et al., 2002a, b).

Surfactant effects on mineral particle toxicity

Exposure to respirable aluminosilicate kaolin clay
dust does not present the high risk of lung fibrosis
presented by quartz dust; and aluminosilicate
surface coatings on quartz particles are associated
with diminished silicosis risk. Nevertheless, kaolin
dust expresses in vitro cytotoxic activities compa-
rable to that of quartz dust on a surface area basis,
as measured by mammalian cell release of LDH
and lysosomal enzymes or by erythrocyte mem-
branolysis (Figure 6) (Vallyathan et al., 1988;
Wallace et al., 1989, 1992). Thus, aluminosilicate
dust false positives prevent the effective use of
short term in vitro assays to predict disease hazard.
This suggests that, similarly, in vitro cytotoxicity
assays of NP may not be directly predictive of
disease risk. Again, respirable particle condition-

β-gluc β-NAG LDH

%
 e

nz
ym

e 
re

le
as

e

0

20

40

60

80

100

NC
Kaolin/DPPC
Kaolin
Silica
Silica/DPPC

Figure 6. Quartz and kaolin expression of in vitro cyto-
toxicities: Cytotoxicities are shown (y-axis) as % release of
cellular cytosolic enzyme LDH , and cellular lysosomal
enzymes beta-glucuronidase, and beta-N-acetyl glucosa-
minidase. Native quartz and kaolin dusts are comparably
cytotoxic on a surface area basis; and both have their tox-
icities fully suppressed immediately after incubation with
DPPC surfactant. From: Wallace et al. (1988).

Figure 7. Bi-layer model of phospholipase digestion of phospholipid surfactant adsorbed on amineral particle surface: An inner
layer of DPPC molecules (S) adsorb to hydrophilic mineral dust surface; this is backed by a DPPC layer oriented in the reverse
direction (B). Phospholipase A2 enzyme (E) digests the outer layer with a rapid and non-mineral-specific rate, producing lyso
(monoacyl) phosphatidylcholine and free palmitic fatty acid. Enzyme access to the inner layer is partially hindered by the outer
layer of DPPC (B), by the presence of adjacent enzymes (a), and by mineral-specific surface functional groups interacting with
adsorbed DPPC, e.g., DPPC phosphate binding to clay surface aluminol, to result in different conformations of the adsorbed
DPPC with consequent differences in rates of removal and restoration of particle toxicity. From: Wallace et al. (1994b).
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ing by pulmonary surfactants will occur upon
deposition of mineral particles in the deep lung
(Emerson & Davis, 1983). DPPC is adsorbed from
dispersion in physiological saline by quartz (Jau-
rand et al., 1979) or by kaolin (Wallace et al.,
1975, 1985) and suppresses the dusts’ otherwise
prompt in vitro cytotoxicity.
However, in vitro assays of mineral dusts

including modeling of surfactant conditioning do
not provide unambiguous prediction of disease
risk; e.g., surfactant treatment suppresses the
toxicity of quartz for a period of time, presenting
an apparent false negative assay result. Thus the
next in vivo event must be considered: the cellular
uptake and enzymatic digestion of the particles
with possible hydrolysis and removal of prophy-
lactic surfactant from the particles and consequent
restoration of toxicity over time. In acellular and
in vitro cellular studies, phospholipase A2 (PLA2)
enzyme digests DPPC from the dusts, with resto-
ration of cytotoxic activity. Kinetics of the process
is well-modeled as a two-exponential function
process with an outer layer of DPPC molecules
rapidly hydrolyzed at the glycerol ester linkages by
the lipase, while the inner DPPC layer in direct
contact with the mineral surface is digested more
slowly and with mineral specificity (Figure 7). For
extracellular PLA2 acting at neutral pH, the inner
layer DPPC is digestively removed much more
slowly from kaolin than from quartz (Wallace
et al., 1988, 1992; Hill et al., 1995; Liu et al., 1996,
1998; Das et al., 2000; Keane et al., 1990, 2005).
This is associated with mineral-specific conforma-
tions of adsorbed DPPC (Murray et al., 2005) in
which interaction of the DPPC phosphate with
kaolin surface aluminol groups confers an added
steric hindrance to the PLA2 hydrolytic activity on
the carbonyl ester adjacent to the phosphate. This
difference in rates for surfactant removal is seen
for quartz versus kaolin particles phagocytosed by
pulmonary macrophage- derived cells e.g., under
conditions in the acidic pH phagolysosome (Fig-
ure 8); but kaolin also is stripped of surfactant and
restored to activity, albeit after a longer assay
incubation of several days (Keane & Wallace,
2005). This suggests that a predictive assay would
require the use of cell systems modeling the neutral
pH phagolysosomal systems of interstitial cells
(Adamson et al., 1989; Johnson & Maples, 1994).
DPPC is a limited model of lung surfactant, and

of other biological molecules that may be found in

the lung alveolar hypophase. Mineral specificity of
prophylaxis and rate of restoration of expression
of toxicity may be affected additionally by other
lipids or lipoproteins. Two sizes of industrial
ultrafine carbon blacks were found to adsorb sig-
nificant DPPC and Surfactant Protein-D from
aqueous dispersion, affecting particle agglomera-
tion and precipitation; while little effect was noted
for their incubation with fibrinogen or albumin
(Kendall et al., 2004). Lipoprotein fractions of cell
test system media serum can reduce the expression

Figure 8. Removal of fluorescent-labeled phospholipids on
kaolin (a) or quartz (b): Fluorescence microscopy images
phospholipid remaining on phagocytosed quartz or kaolin
particles at 8 Days after challenge. A green fluorescent
boron-labeled analogue of diacyl phosphatidylcholine is
shown retained on kaolin particles in cells (a), but lost from
silica particles (b) with associated expression of cell toxicity.
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of crystalline silica cytotoxicity (Kozin &
McCarty, 1977; Barrett et al., 1999a, b), with re-
activation following trypsin digestion (Fenoglio
et al., 2005). Quartz and kaolin dust prompt in
vitro induction of LDH release from macrophage
is suppressed in 10% fetal bovine serum (FBS)
medium; however, quartz but not kaolin activity
was restored at 6 h (Gao et al., 2000, 2001, 2002).
This indicates that short-term in vitro assay results
can be affected by assay system nutrients that are
not necessarily representative of in vivo pulmo-
nary hypophase exposures. However, in vivo acute
inflammatory reactions are accompanied by
increased permeability of the microvasculature
with transudation of plasma protein, including
albumin, (Slauson & Cooper, 1990; Driscoll, 1994,
1996) into the lung alveoli. Thus, following non-
mineral specific response of alveolar macrophages
to quartz or kaolin, the subsequent inflammatory
response may provide a second-tier and mineral
specific prophylaxis to deposited particles, condi-
tioning their subsequent interstitial interactions.

Lessons for NP studies

Diesel exhaust nanoparticulate material and
respirable micrometer-sized mineral dust expres-
sion of in vitro cytotoxicity or genotoxicity can be
strongly affected by particle surface conditioning
by a phospholipid component of lung surfactant,
modeling an initial in vivo phenomenon not usu-
ally considered for assays of respirable particle
toxicities. Detailed surface structural features not
considered in conventional industrial hygiene
characterizations can significantly affect disease
risk associated with respirable mineral dust expo-
sures. NP have high specific surface areas. There-
fore, particle surface composition and its
pulmonary surfactant conditioning should be
considered in the design and interpretation of in
vitro cytotoxicity or genotoxicity assays of NP,
and for in vivo assays which might involve dis-
ruption of the pulmonary hypophase in the lung of
the animal model, e.g., in some localized regions
during instillation challenge.
Experience with diesel NP suggests that surfac-

tant conditioning may provide a physiologically
plausible method for assay of other carbonaceous
or organic NP material potential for genotoxic
activity under conditions modeling particle depo-

sition in the deep lung. Research has shown that
DPPC, a major phospholipid component of lung
surfactant, does not extract genotoxicant com-
pounds from diesel exhaust NP; rather, the sur-
factant coats the particles and those non-dissolved
but surface-conditioned particles are able to
express genotoxic activity. This has been demon-
strated for bacterial mutagenicity and for mam-
malian cell DNA and clastogenic damage in a
number of specific assay endpoints, e.g., SCE,
UDS, chromosomal aberrations, micronucleus
induction, and single cell gel electrophoresis-visu-
alized DNA strand breaks. The amount of sur-
factant used in pre-conditioning the NP should be
in excess of that required for bilayer surface cov-
erage of the NP material. Measures of in vitro
membranolytic activity suppression versus amount
of surfactant adsorption on respirable quartz and
kaolin dusts indicate this is approximately 5 mg
DPPC per square meter of dust surface, the dust
surface independently measured by nitrogen gas
adsorption isotherms (Wallace et al., 1992).
However, results indicate that additional DPPC
will adsorb to several additional molecular layers
on the dusts. In the case of diesel exhaust NP there
is evidence that surfactant amounts on the order of
equal mass of DPPC per mass of DPM are
required for maximum expression of toxicity
(Wallace et al., 1987). This may reflect extremely
high specific surface areas of some DPM for sur-
factant adsorption, or a preparative effect of sur-
factant dispersion concentration on the
agglomerative state of sampled material.
Such surfactant surface conditioning of inor-

ganic respirable particles does not immediately
provide a similarly direct and effective method for
assay of non-genotoxic disease hazard; and these
caveats may apply also to NP. In the absence of
surfactant surface conditioning, a false positive
assessment can result from the innate surface
toxicity of some minerals; that is, toxic surface
interactions observed in vitro are not manifest as
in vivo pathology due to physiologic prophylaxis
systems in the lung. For instance, assay of alu-
mina or aluminosilicate NP in the absence of
physiological surfactant or serum pre-condition-
ing risks the false positive results (for prediction
of fibrosis) predicted by in vitro membranolysis
and cytokine release assays of micrometer-sized
respirable kaolin dust. The converse problem also
is possible: short term assays can give a false
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negative result because of physiological but tran-
sient prophylaxis by surfactant conditioning of
toxic dusts, whose true hazard might be revealed
by longer assay challenge times, e.g., even quartz
or other hazardous dust expression of toxic
activity may be delayed several days in vivo and in
vitro by surfactant surface conditioning. And the
use of supplemented serum to nourish cells in
longer-term in vitro assays can risk a false nega-
tive assay result from prophylaxis effects of
nutrient components not representative of the in
vivo milieu. There is a general caveat to the use of
DPPC or any simplified model of lung surfactant
for such surface conditioning for bioassay: lung
surfactant is a complex lipoprotein mixture and
the composition of potentially prophylactic bio-
molecules in the alveolar hypophase can change
with exposure, e.g., with inflammation-associated
transudation of albumin or other serum constit-
uents into the lung. Thus the adsorption and
possible resultant prophylactic effects of these
different biomolecular components of the lung
hypophase may differ, perhaps with different
particle surface specificities.
Research on surfactant and serum interactions

with respirable particle surfaces has indicated
profound effects on the expression of toxicity
suggesting that interactions of respired NP with
biological molecular constituents of the hypophase
liquid lining of the lung should be considered in
the preparation and interpretation of bioassays of
potential NP respiratory hazard.
Disclaimer: The findings and conclusions in this

report are those of the authors and do not neces-
sarily represent the views of the National Institute
for Occupational Safety and Health.
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Abstract

Functional nanocrystals are widely considered as novel building blocks for nanostructured materials and
devices. Numerous synthesis approaches have been proposed in the solid, liquid and gas phase. Among the
gas phase approaches, low pressure nonthermal plasmas offer some unique and beneficial features. Particles
acquire a unipolar charge which reduces or eliminates agglomeration; particles can be electrostatically
confined in a reactor based on their charge; strongly exothermic reactions at the particle surface heat
particles to temperatures that significantly exceed the gas temperature and facilitate the formation of high
quality crystals. This paper discusses two examples for the use of low pressure nonthermal plasmas. The
first example is that of a constricted capacitive plasma for the formation of highly monodisperse, cubic-
shaped silicon nanocrystals with an average size of 35 nm. The growth process of the particles is discussed.
The silicon nanocubes have successfully been used as building blocks for nanoparticle-based transistors.
The second example focuses on the synthesis of photoluminescent silicon crystals in the 3–6 nm size
range. The synthesis approach described has enabled the synthesis of macroscopic quantities of quantum
dots, with mass yields of several mg/hour. Quantum yields for photoluminescence as high as 67% have been
achieved.

Introduction

Nanoparticles have attracted significant interest
due to many novel, size-tunable properties includ-
ing their size-dependent band gap and photolumi-
nescence (PL) emission (Brus, 1991; Alivisatos,
1996), reduced melting temperatures (Goldstein
et al., 1992; Shi, 1994; Zhang et al., 2001), and
increased hardness compared to bulk material
(Gerberich et al., 2003). A variety of novel devices
based on nanoparticles have been studied including
light emitting diodes (Colvin et al., 1994; Dabbousi
et al., 1995), photovoltaic cells (O’Regan&Grätzel,
1991), nanoparticle based memory devices (Tiwari
et al., 1996a, b; Ostraat et al., 2001a, b), single

electron transistors (Klein et al., 1997; Fu et al.,
2000; Takahashi et al., 2000; Kim et al., 2002), and
gas sensors (Volkening et al., 1995; Holtz et al.,
1996; Kennedy et al., 2003; Kennedy et al., 2003).
Among the nanoparticle materials studied nowa-
days, crystalline silicon nanoparticles are of great
interest for electronic applications such as single
electron transistors (Fu et al., 2000), vertical tran-
sistors (Nishiguchi & Oda, 2000), and floating gate
memory devices (Tiwari et al., 1996a, b; Ostraat
et al., 2001b; Banerjee et al., 2002). Intense research
is also performed in the area of silicon nanocrystal-
based photonic devices (Littau et al., 1993; Collins
et al., 1997; Nayfeh et al., 1999; St. John et al.,
1999; Canham, 2000; Ledoux et al., 2000; Borsella
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et al., 2001; Holmes et al., 2001; Park et al., 2001;
Franzò et al., 2002; Ledoux et al., 2002; Pettigrew
et al., 2003). Contrary to bulk silicon, strong PL has
been observed from silicon nanocrystals even at
room temperature (Canham, 2000), since the band
gap of silicon nanocrystals becomesmore direct and
widens significantly at particle sizes of less than
5 nm (Brus et al., 1995; Puzder et al., 2002; Puzder
et al., 2003; Zhou et al., 2003a, b; Draeger et al.,
2004). Additional advantages of silicon nanocrys-
tals include the element’s low toxicity (at least in its
bulk form) as compared to many of the compound
semiconductors and the existence of a large silicon
technology infrastructure.
A wide spectrum of synthesis methods for sili-

con nanocrystals is already known. In the liquid
phase, small silicon crystals have been prepared
from porous silicon (Canham, 1990), which is
produced by anodizing silicon wafers in hydro-
fluoric acid solution (Canham, 1990, 2000; Nayfeh
et al., 1999; Nayfeh et al., 2001). Other liquid
phase processes include the synthesis in inverse
micelles (Wilcoxon & Samara, 1999; Wilcoxon
et al., 1999), the synthesis in high temperature
supercritical solutions (Holmes et al., 2001; Ding
et al., 2002), the oxidation of metal silicide (Petti-
grew et al., 2003), and the reduction of silicon
tetrahalides and other alkylsilicon halides (Bald-
win et al., 2002). While solution based processes
offer a number of advantages that include their
ability to produce particles with a rather narrow
size distribution and their capability to cap the
nanocrystal surfaces with organic molecules in
order to protect them from oxidation, they are
often afflicted with rather low production rates.
Aerosol processes for the synthesis of nanopar-

ticles are attractive due to the high processing rates
that can be achieved through direct gas to particle
conversion. A popular method for the formation
of silicon nanocrystals is the high temperature
thermal reaction (pyrolysis) of silane in furnace
flow reactors (Littau et al., 1993; Onischuk et al.,
2000; Ostraat et al., 2001a). This method is capa-
ble of high rate throughput, however, like most
aerosol processes it suffers from problems of par-
ticle agglomeration (Onischuk et al., 2000) which
is difficult to avoid when the majority of particles
are neutral. Other gas phase methods capable of
high throughput include the decomposition of
silane or disilane through laser light irradiation
(photolysis) (Batson & Heath, 1993) and laser

pyrolysis using high power infrared lasers (Ehbr-
echt & Huisken, 1999; Ledoux et al., 2000, 2002;
Huisken et al., 2003; Li et al., 2003), which both
lead to rapid particle formation. Swihart and
coworkers recently reported a high rate laser
pyrolysis process which produced luminescent sil-
icon nanoparticles at a rate of up to 200 mg/h (Li
et al., 2003). However, like with most aerosol
approaches, particle agglomeration is a problem.
For instance, Borsella et al. (Borsella et al., 2001)
report a particle size distribution with particle sizes
ranging between 1 and 100 nm for their laser
pyrolysis process. In addition, not all the silane is
necessarily converted to crystalline particles, as the
group of Swihart reports a mixture of amorphous
and crystalline material in their TEM studies (Li
et al., 2003).
Nonthermal plasmas are characterized by a

strong non-equilibrium between the background
gas temperature, which remains close to room
temperature, and the electron temperature, which
is typically around 2 eV (1 eV�11,000 K). In
thermal plasmas, on the other hand, heavy parti-
cles and electrons have the same temperature.
Nonthermal plasmas offer a number of unique
advantages for the synthesis of nanocrystals,
which have so far remained largely unrecognized
by the aerosol community. Among these desirable
attributes are:

(1) Particles immersed in plasmas are usually
unipolarly negatively charged (Goree, 1994;
Matsoukas & Russel, 1995; Schweigert &
Schweigert, 1996; Kortshagen & Bhandarkar,
1999), based on the much higher mobility of
electrons in the plasma as compared to that of
ions. This unipolar charge prevents or strongly
reduces particle agglomeration) (Schweigert &
Schweigert, 1996; Matsoukas, 1997; Kortsha-
gen & Bhandarkar, 1999).

(2) Negatively charged nanoparticles can be con-
fined in the plasma reactor, whose walls are
also negatively charged as a result of ambipo-
lar diffusion of electrons and ions (Selwyn
et al., 1990; Carlile et al., 1991; Bouchoule &
Boufendi, 1993; Selwyn et al., 1993; Boufendi
& Bouchoule, 1994; Shen et al., 2003).

(3) Particles immersed in a low pressure plasma
experience strong heating through electron-ion
and chemical recombination at the particle
surface. Combined with the ineffective cooling
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of particles at low pressures, this can lead to
particle temperatures that exceed the temper-
ature of the surrounding gas by several hun-
dreds of Kelvin (Bapat et al., 2004; Mangolini
et al., 2005). This process is believed to be
responsible for the formation of crystalline
nanoparticles at low gas temperatures and
the formation of highly oriented, facetted
particles.

In this paper, we discuss two examples of low
pressure plasma processes used to synthesize sili-
con nanocrytals. The first process focuses on the
synthesis of particles with well-defined morphol-
ogy several tens of nanometers in size. These par-
ticles are used as building blocks for the
fabrication of nanoelectronic devices. The second
example focuses on the synthesis of silicon nano-
crystals in the 3–6 nm range for their luminescent
properties. We discuss that plasma synthesis
enables high mass yields and the formation of
quantum dots with unprecedented quantum yield
for silicon.

Silicon nanocrystals for nanoelectronic devices

Experimental setup
The work reported here is based on a capacitively
coupled plasma, which is deliberately operated in a
mode that causes the plasma to constrict into a
rotating filament. The experimental setup for the
process is as shown in Figure 1. The plasma is
produced in a reactor that consists of a 5 cm inner
diameter, �60 cm long glass chamber. Nanopar-
ticles that are formed in this reactor are extracted
by the gas flow and injected into a high vacuum
chamber through a 1-mm-orifice. The plasma is

produced by applying �80–200 W of radiofre-
quency (RF) power at 13.56 MHz to a ring elec-
trode placed about 15 cm upstream of the orifice.
The orifice plate serves as the ground electrode.
The discharge is operated in 5% silane diluted in
helium and argon at a pressure of 200–270 Pa.
Flow rates are typically �6 sccm, leading to resi-
dence times in the reactor of several seconds for
the particles and the gas. The pressure in the
chamber downstream of the orifice is �0.13 Pa
during plasma operation. Due to the high pressure
difference, the gas flow through the orifice is
choked. A supersonic gas jet is formed, that
expands into the high vacuum chamber. Particles
extracted from the plasma are accelerated in the jet
to velocities of up to 250 m/s. Particles are then
deposited on various substrates either for TEM
analysis or for device fabrication.

Particle size and morphology
The particles extracted from the plasma are stud-
ied by transmission electron microscopy (TEM)
using JEOL 1210 microscope operating at 120 kV
accelerating voltage (1 k� 1 k CCD camera).
Images of a large number of particles and a higher
resolution image of a single particle are shown in
Figure 2. The silicon particles are single crystals
with a predominantly cubic shape. Electron dif-
fraction confirms that the structure is the normal
diamond cubic silicon structure and that the par-
ticle faces uniformly are (100) crystal facets of
silicon. The particle size distribution is relatively
monodisperse and best fit by a Gaussian distri-
bution with an average size of 35 nm and a
standard deviation of 4.7 nm. The higher magni-
fication image of a single particle in Figure 2b

Figure 1. Constricted capacitive plasma discharge system.
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shows an amorphous shell on the particle surface
of about 2 nm thickness. This amorphous layer is
most likely a native silicon oxide, which grows
quickly on exposure of the particles to air. Fourier
transform infrared (FTIR) spectroscopy of parti-
cles taken just minutes after the production of the
particles suggests that the particle surface is
initially hydrogen terminated. Silicon oxygen
peaks in the initial FTIR spectrum are weak. After
exposure of the particles to air for a few hours up
to one day the silicon oxygen peaks grow strongly
suggesting the formation of a silicon oxide shell.
The cubic shape of silicon nanocrystals is highly

unusual; we are not aware of other reports of cubic
shaped silicon nanocrystals in the literature. The
equilibrium shape of silicon is usually believed
to be a shape that features large (111) facets
(Eaglesham et al., 1993), since the (111) surface is
the lowest energy surface for silicon. However,
recent theoretical studies indicate that for hydro-
gen terminated silicon surfaces the (100) surface
may be the minimum energy surface (Stekolnikov
et al., 2002). As pointed in (Barnard & Zapol,
2004), under this premise the cube is the equilib-
rium shape for a silicon crystal with a hydrogen
terminated surface. Based on these theoretical
studies and our observation of strong silicon
hydrogen bond peaks in the FTIR spectra of the
particles immediately after production, we believe
that the plasma creates a hydrogen-rich environ-
ment in which particles crystallize and reach their

equilibrium shape under high hydrogen coverage
of the particle surface.

Characterization of the synthesis process
A more detailed study of the plasma provides
valuable insight into the particle formation pro-
cess. As already discussed in (Bapat et al., 2004),
the plasma consists of two distinct regions, shown
in Figure 3. A more intense, non-stationary
plasma is observed downstream of the ring elec-
trode. A high speed camera was used to study the
structure and dynamics of this plasma filament; a
single frame is shown at the bottom of Figure 3.
The filament is striated and consists of approxi-
mately 10–15 intense globules. High speed movies
taken side-on and end-on showed that the filament
rotates close to the tube wall with a frequency of
approximately 150 Hz. Laser light scattering
experiments (Bapat et al., 2004) seemed to indicate
that the diffuse upstream plasma is essential in the
initial formation of particles, since a region of
intense scattering signal was observed �2 cm
upstream of the ring electrode. This intense scat-
tering was interpreted as being caused by particles
that formed in the diffuse plasma and were trapped
in electrostatic potential traps formed by the RF
sheath close to the powered ring electrode. Laser
scattering also indicated that particles escape from
the potential traps in the region close to the reactor
wall and enter the region of the rotating filament
downstream of the ring electrode.

Figure 2. Single crystal, cubic-shaped silicon nanoparticles produced in a nonthermal, constricted capacitive plasma.
Experimental setup and conditions are discussed in the text. (a) Low magnification overview, (b) high magnification image of a
single particle.
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To gain more information about the particle
growth in this plasma, particles were extracted
along the length of the discharge and the gas
composition was analyzed with a quadrupole mass
spectrometer. Particles were extracted by inserting
a small pyrex probe into the reactor at different
axial positions. The extracted gas flow was passed
over a TEM grid and particles are collected by
diffusion. The Stokes number of a particle is the
ratio of the stopping distance to the characteristic
dimension of an obstacle and is given by Stk = s
U0/dobstacle (Friedlander, 2000), where s is the
relaxation time of the particle, and U0 the flow
velocity. Considering the extraction tube diameter
as the characteristic dimension of the obstacle

dobstacle, the Stokes number of the particles
Stk � 1 and there are no impaction losses of the
particles in the probe. Particles were collected by
impaction downstream of the orifice to verify that
the usual cubic, monodisperse particles were
obtained. We have not found any evidence that the
collection mechanism, either by impaction down-
stream of the plasma or by diffusion after the
extraction probe, does have any effect on the
particle morphology and shape. At each axial
location the gas was also sampled at three radial
locations: the tube center, the middle and close to
the tube wall. In accordance with the laser scat-
tering results, significantly more particles were
observed close to the reactor walls than in the
discharge center.
Figure 4 shows typical TEM images of particles

collected with the probe close to the reactor wall.
At a sampling point 5 cm upstream of the ring
electrode (20 cm upstream of the orifice), large
amorphous spherical particles with a rough sur-
face are collected, as shown in Figure 4c. The
diameter of the particles is between 200 and
400 nm and their structure suggests that they are
agglomerates of smaller primary particles. Parti-
cles of this kind have been observed in numerous
experiments studying particle formation in capac-
itively coupled silane plasmas (Bouchoule &
Boufendi, 1993; Watanabe & Shiratani, 1993;
Boufendi & Bouchoule, 1994; Stoffels et al., 1996).
Particles collected 2.5 cm upstream of the ring
electrode (12.5 cm upstream of the orifice) are
shown in Figure 4B. This position corresponds to
the strong scattering signal seen in Figure 3 which
likely indicates a particle trap. The particles have a
similar structure as those further upstream, how-
ever, their average size is smaller, �150-300 nm.
Darkfield TEM studies also indicate that particles
show signs of poly-crystallinity. Apparently, the
exposure to the plasma is favorable for a restruc-
turing of the particles. Whether the particle trap-
ping plays a role in the restructuring is currently
unclear. Figure 4a finally shows particles extracted
5 cm downstream of the ring electrode (10 cm
upstream of the orifice). The morphology is
distinctly different from the particles observed
upstream. Particles are significantly smaller,
�40–70 nm diameter, and mostly spherical,
however, some first cubic-shaped particles are
already observed. The particles are mainly single
crystals. A fraction of the particles also shows

Figure 3. Top: time-averaged image of the discharge
showing a dim, diffuse plasma upstream of the ring elec-
trode, and a more intense plasma downstream of the elec-
trode. (Reactor tube pictured here is shorter than the one
used in the experiments described in the text). Middle: light
scattering signal from a radial scan of a HeNe laser. The
signal in the constricted plasma region is due to plasma
background radiation and not caused by particles. Bottom:
high-speed image of constricted region of the capacitive
discharge.
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defects such as twin boundaries. Unfortunately,
we do currently have no information about the
transformation of the particles over the last 10 cm
before reaching the orifice. Work to analyze this
region is in progress. It should be mentioned that
the particles collected downstream of the orifice
for all these runs displayed the usual mainly cubic
shape.
While we do not currently have an explanation

for the significant shrinkage of the particles from the
upstream to downstream sampling position, the
observation of a significant structural transforma-
tions seems to confirm our interpretation given in
(Bapat et al., 2004) that the particle growth already
occurs in the upstream region, while the down-
stream region is responsible for particles annealing.
As discussed in (Bapat et al., 2004), we estimate the
plasma density in the filament globules to be on the
order of 1012 cm)3. At such high plasma densities,
electron-ion recombination at the particle surface
should be sufficient to heat the particles to temper-
atures that exceed the gas temperature by several
hundreds of Kelvin. These high temperatures are
expected to facilitate the crystalline transformation
of the particles. Surface diffusion may also be
strongly enhanced allowing the particles to
approach their cubic equilibrium shape.
Measurements of the gas composition along the

reactor support the hypothesis that the plasma is
divided into a growth and an annealing zone. As
shown in Figure 5, the density of silane, as indi-
cated by the mass signal of its fragments produced
in the mass spectrometer, declines steadily
throughout the upstream plasma region. At 20 cm
upstream of the orifice (5 cm upstream of the ring
electrode), the silane concentration has decreased
to only about 5% of its value at the inlet. This is
consistent with the observed strong particle

growth in the upstream region. In the downstream
region, the silane concentration has dropped fur-
ther to �2% of the inlet concentration. It should
be noted that the Peclet number, the ratio of con-
vective to diffusive flux, for the silane molecules in
the reactor is on the order of unity. The drop in the
upstream region can thus partly be related to dif-
fusion of silane towards a strong sink, possibly the
region closely upstream of the ring electrode where
rapid particle growth may occur.

Applications of silicon nanocubes
As discussed in a previous paper, the silicon
nanocubes reported here have low electronic defect
densities (Campbell et al., 2004). The cubic shape
is also favorable for the manufacture of nanoscale
devices. When the silicon cubes are deposited on a
substrate, they all come down on a (100) surface.
The deposited cubes thus all have the same
crystallographic orientation. The large flat facets

Figure 5. Concentration profiles of various silane frag-
ments obtained by quadrupole mass spectrometry as a
function of the axial reactor position. The orifice is at 0 cm,
the ring electrode at 15 cm. The 100%-level refers to the
signal observed without striking a plasma.

Figure 4. (a) (5 cm downstream of ring electrode) 40–70 nm diameter spherical and cubic nanoparticles. (b) (2.5 cm upstream of
ring electrode) Cauliflower shaped polycrystalline particles. c) (5 cm upstream of ring electrode) 200–400 nm diameter cauli-
flower shaped amorphous particles.
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are very favorable for electrical contacts.
Nanoparticle-based vertical Schottky barrier field
effect transistors have been demonstrated based on
these particles. This work is reported in a separate
publication (Ding et al., 2005).

Luminescent silicon nanoparticles

Silicon in its bulk form is a material with rather
poor optical emission and absorption properties
due to its indirect band gap, which requires that
photon emission and absorption involve a
momentum balancing phonon. This fact has so far
prevented the development of silicon-based opto-
electronic devices, which would have the potential
to enable a new level of integration of silicon
electronics with optical devices on a single chip.
Hence first reports of room temperature light-
emission from quantum confined silicon structures
were met with great enthusiasm. Initial processes
for the production of luminescent silicon nano-
structures used magnetron sputtering of silicon in
a hydrogen atmosphere (Furukawa & Miyasato,
1988) and the production of porous silicon (Can-
ham, 1990; Cullis & Canham, 1991). A wide range
of synthesis approaches has since been proposed
both in the liquid (Wilcoxon & Samara, 1999;
Holmes et al., 2001; Baldwin et al., 2002; Petti-
grew et al., 2003) and in the gas phase (Batson &
Heath, 1993; Littau et al., 1993; Ehbrecht & Hu-
isken, 1999; Ostraat et al., 2001a; Li et al., 2003).

However, the synthesis of macroscopic amounts
silicon nanocrystals with high optical efficiency has
remained a challenge.

Experimental setup
Here we report an approach based on a variation
of the reactor discussed above for the synthesis of
silicon nanocubes. The main difference from the
above approach is that the residence time of par-
ticles in the plasma is of the order of a few ms in
contrast to the few seconds in the approach above.
A schematic of the plasma reactor is shown in
Figure 6. An argon-silane gas mixture is passed
through a reactor which consists of a 9 mm outer
diameter quartz tube with an inner diameter of
6 mm. Two copper rings with an intermediate gap
of 6 mm serve as electrodes. The plasma exhibits
an intense emission between the electrodes and
downstream of the electrode pair. Weaker emis-
sion is also observed upstream of the ring elec-
trodes. The residence time of the gas is estimated
based on the distance between the grounded ring
electrode and the fitting of the quartz tube to the
vacuum chamber. This distance is kept constant at
2.5 cm. The plasma is typically generated at a
pressure of 186 Pa. The total gas flow rate is
adjusted between 12 and 60 sccm, changing the
residence between �7 and �1.2 ms. The discharge
is operated in a SiH4–Ar mixture and the silane
partial pressure is adjusted between 1.3 and 8 Pa.
The RF power is delivered to the discharge

Figure 6. Left: schematic of the experimental setup and photograph of the silane-argon plasma. Right: particles collected on
the filter and dispersed in methanol. The excitation wavelength used was 360 nm.
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through a T-type matching network, and the
discharge is excited at a frequency of 13.56 or
27.12 MHz. Measurements of the RF current and
voltage indicate that the power consumption in the
plasma is of the order of only a few Watt. Given
the very small discharge volume (<1 cm3), a
considerable power density is achieved in the
plasma region. The particles produced in the
plasma are collected on a fine stainless steel mesh
placed about 2.5 cm downstream of the discharge.
After a few minutes of deposition, the mesh is
completely coated with particles, forming a very
loosely aggregated deposit. The particles are col-
lected by diffusion, and we have no evidence that
the collection mechanism has any influence on the
particle morphology.
After deposition, the mesh can be extracted

from the system. The silicon nanocrystals exhibit
PL as produced, but their luminescence increases
on oxidation. Samples of silicon particles that were

rinsed into vials with methanol are shown in
Figure 6. The particles show strong luminescence
in the red when illuminated with a UV light source
at 360 nm.

Particle size distribution
For silicon nanocrystals to show strong PL, their
size needs to be smaller than �6 nm (Reboredo
et al., 1999). In previous studies, we had found
that the PL spectrum correlates well with the res-
idence time of the nanocrystals in the plasma
region. The residence time for typical flow rates is
between 2 and 6 ms. We found that for shorter
residence times the PL emission shifts towards the
blue end of the spectrum. According to quantum
confinement, this corresponds to smaller nano-
crystal sizes (Reboredo et al., 1999). The particle
size distribution and the particle crystallinity were
studied by TEM analysis for which particles were
collected on TEM grids that were placed on the

Figure 7. TEM images of the produced particles with particle size distribution as obtained from micrograph analysis. (a) and
(b) were obtained for 40 sccm Ar, 8 sccm Ar:SiH4 (95:5); (c) and (d) for 10 sccm Ar, 2 sccm Ar:SiH4 (95:5). (Image (a)
courtesy of Dr. C. Perrey taken on a 300 kV Tecnai F30).
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particle collection filter. Figure 7 shows high
magnification TEM images as well as the particle
size distributions for both a short and a long res-
idence time case. For Figure 7a, b the Ar flow rate
is 40 sccm and the Ar–SiH4 (95:5) flow rate is
8 sccm, corresponding to a residence time of
1.85 ms. For Figure 7c, d the Ar flow rate is
10 sccm and the Ar–SiH4 (95:5) flow rate is
2 sccm; the residence time is 6.8 ms. The partial
pressure of silane is the same for these two cases
and equals 1.5 Pa.
It can be seen that reducing the residence time

leads to a decrease of the particle size from an
average of 5.7–3 nm. The size distribution is rela-
tively monodisperse, with a standard deviation of
0.5 nm for the short residence time case, and
0.68 nm for the long residence time case. Particles
observed for these two cases are almost exclusively
crystalline. Figure 7c shows fringes from the (111)
plane of a 5-nm silicon particle deposited on a
regular carbon film grid. The particle in Figure 7a
has a crystalline core of around 2 nm in diameter
and an amorphous layer about 1 nm in thickness
which is likely a native oxide. A crystalline fraction
of �100% is observed for the long residence time
case. Decreasing the residence time of the particles
in the plasma leads to the production of smaller
particles, however, the crystalline fraction is often
smaller than 100%.
As discussed above, we believe that the particle

heating through exothermic surface reactions is the
main cause leading to the formation of crystalline
particles. In Mangolini et al. (2005) we analyzed
the particle heating for the experiments performed
here. In this paper, we had measured the plasma
density to be � 5�1010 cm)3. A time-dependent
solution of the energy balance for the particles
showed that electron-ion recombination at the
particle surface could heat a 3-nm particle to tem-
peratures as high as 900 K, even if the surrounding
gas was assumed to be at room temperature.

Process mass yield
Achieving macroscopic quantities of silicon
nanocrystals has been a challenge for most syn-
thesis approaches. Here we used a combination of
mass spectroscopy and direct mass measurements
to determine the process yield. Measurements with
a mass spectrometer showed that the plasma dis-
sociates virtually 100% of the fed silane precursor.
A flow rate of 40 sccm of Argon and 8 sccm of

Ar–SiH4 (95:5) corresponds to a mass flow rate of
silicon of 30 mg/h. The deposition rate on the filter
was measured to be 14.4 mg/h. At the same time, a
silicon film was deposited in the reactor tube at a
rate of 14.7 mg/h. This result indicates that slightly
less than 50% of the silane is converted into silicon
nanocrystals, while another 50% are deposited as
a silicon film on the reactor walls. For slightly
larger nanocrystals with emission wavelength
peaking at 800 nm we achieved a net yield of
�40 mg/h. To our knowledge, these mass yields
exceed other reports in the literature. It should
also be pointed out that the process described here
is highly scalable and that significantly higher mass
yields can likely be achieved by either using a
larger reactor or parallelizing smaller reactors.

Influence of surface oxidation
A significant advantage of the plasma approach is
that it enables the synthesis of silicon particles in
an essentially oxygen-free environment. Silicon is
notorious for its tendency to react with oxygen.
Unfortunately, the oxidation of silicon nanocrys-
tals is known to severely affect the optical prop-
erties by reducing the quantum yield and limiting
the optical band gap (Wolkin et al., 1999; Puzder
et al., 2002; Vasiliev et al., 2002, 2003a, b).
We studied the effect of oxygen by collecting

particles in the vacuum system and performing in
situ PL studies. Results are shown in Figure 8. The
emission spectrum of the nanocrystals still in the
vacuum system peaks at 830 nm. On exposure to
air, the PL initially shows a strong increase by
about a factor of 2.5 without any shift in wave-

Figure 8. Temporal evolution of the PL spectrum caused
by the oxygen exposure of silicon nanocrystals. The initial
‘‘as produced’’ curve corresponds to the emission of the
crystals still under vacuum.
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length. We interpret this increase as being caused
by oxygen reacting at the surface and passivating
surface states such as dangling bonds, which are
widely believed to reduce the PL efficiency of
silicon quantum dots. After just a few minutes of
air exposure the PL decreases again and a blue
shift of the PL spectrum is observed. This blue
shift is likely caused by the formation of a silicon
oxide layer at the particle surface, which leads to a
shrinking of the silicon crystalline core and to a
corresponding widening of the band gap, which
is determined by quantum confinement. The
decrease in PL emission is consistent with reports
in the literature that the quantum yield of oxidized
silicon nanocrystals (Littau et al., 1993; Wilcoxon
et al., 1999; Li et al., 2003) is usually significantly
lower than that of nanocrystals whose surface has
been protected from oxidation by functionaliza-
tion with organic molecules (Holmes et al., 2001;
Sankaran et al., 2005).
The hypothesis of surface oxidation discussed

above is also supported by FTIR measurements.
Samples of as produced particles were studied with
FTIR with strong efforts being made to limit the
exposure of the particles to air. The FTIR spec-
trum of as produced particles indicates the pres-
ence of silicon–hydrogen bonds and silicon–silicon
bonds while a silicon–oxygen signature was virtu-
ally absent. Leaving these samples exposed to the
atmosphere led to the appearance of strong sili-
con–oxygen bond related peaks in the FTIR
spectrum within a matter of a few hours.

High quantum yield silicon nanocrystals
The fact that the plasma synthesis of silicon
nanocrystals is conducted in a virtually oxygen-
free environment is very favorable for achieving
high quantum yields, if the silicon nanocrystal
surface can be passivated without surface
oxidation. In a separate publication, we report the
surface passivation of silicon nanocrystal with
alkene organic molecules under oxygen-free con-
ditions (Jurbergs et al., submitted). Here, we just
give a brief summary of the procedure and results.
Particles were collected and removed from the
system under a dry nitrogen atmosphere in a glove
bag and transferred to the nitrogen atmosphere of
a glove box for further processing. In a wet-
chemical reaction known as hydrosilylation (Bu-
riak, 2002) octadecene molecules were grafted to
the nanocrytal surface. After the hydrosilylation

reaction, particles can be suspended in nonpolar
solvents and form a clear colloidal solution.
Quantum yields of the passivated silicon

quantum dots were measured using an absolute
measurement. An integrating sphere was used to
simultaneously measure the quantum dot
absorption of a blue pump light emitting diode
at 380 nm, and the PL in the red range of the
spectrum. The emission and absorption were
measured with a spectrometer whose spectral
response had been calibrated with a NIST
traceable calibration lamp. The quantum yield,
defined as the number of visible photons emitted
per absorbed UV photon, was obtained by inte-
grating over the number of photons in the
absorption and emission peaks. The procedure
was tested by measuring the quantum yield of
dyes and phosphors with known quantum yields
and good agreement with these standards was
obtained.
Quantum yield measurements of the colloidal

silicon quantum dots were performed immediately
after the hydrosilylation reaction. Measured
quantum yields of the samples are shown in
Table 1. Very high quantum yields were achieved
for the long wavelength samples. A quantum yield
of 67±7% was measured for the sample with a
peak wavelength of 789 nm; 53±7% were found
for the sample peaking at 765 nm. To our
knowledge, these are the highest quantum yields
for ensembles of silicon particles that have been
reported in the literature to date. The quantum
yield for samples with smaller peak wavelengths is
significantly smaller. This drop in quantum yield is
so far not understood. The quantum yields of the
same samples were measured again after 8 days,
during which the samples were kept in vials that
were sealed with caps, but not protected from
oxidation by any other means. The measurements
of the samples after 8 days suggested that in spite
of the surface termination with octadecene some
oxidation occurred, since a blue shift of the PL and
a significant drop in quantum yield was observed.
For comparison, also the quantum yields of sev-
eral oxidized silicon particle samples were mea-
sured. The quantum yields were generally low
between 5% and 8%.
In the case of CdSe quantum dots, liquid phase

techniques are available for the coating of the
particles with an inorganic shell, typically ZnS.
This approach is very effective at preventing
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oxidation. No such technique has yet been devel-
oped in the case of silicon, either in the liquid
phase or in the gas phase, and grafting organic
molecules to the particle surface is the best
approach available to slow down the growth of a
native oxide shell.

Conclusions

In this paper we have discussed nonthermal plas-
mas as well-defined sources for monodisperse,
nonagglomerated nanocrystals. While we have
focused here on silicon, we expect that the results
presented here can be transferred to a number of
other materials systems as well. Two examples for
silicon nanocrystal synthesis were presented. The
characteristics of the two processes are summa-
rized in Table 2.
In process 1, based on a constricted mode

capacitive plasma, cubic-shaped silicon nanocrys-
tals with an average size of 35 nm and a narrow
size distribution were synthesized. The nanoparti-
cles were single crystals with well defined (100)
facets. This highly unusual shape for silicon crys-
tals was interpreted in terms of the hydrogen
termination of the silicon surface, which, accord-
ing to reports of theoretical studies, makes the

(100)-plane the energetically most favorable sur-
face. The growth process of particles was shown to
occur in two distinct phases. In the first stage,
particles grow to 200–400 nm size cauliflower-like
amorphous particles in the dim diffuse plasma
upstream of the ring RF electrode. In the second
stage, particles enter the region of the rotating
plasma filament, where the particles get trans-
formed into smaller single crystal particles. We
identified the heating of the particles by exother-
mic reactions at the particle surface as a possible
mechanism that enables the particles to achieve
their equilibrium shape.
With process 2, we presented a process for the

synthesis of luminescent silicon nanocrystals. Par-
ticles between 3 and 6 nm in size were formed in a
simple, single-step flow-through reactor on the
time-scale of a few milliseconds. Production yields
of luminescent nanocrystals on the order of several
tens of milligrams per hour were achieved. The
synthesis of nanoparticles in an oxygen-free plasma
environment, combined with oxygen-free surface
passivation with organic molecules, enabled very
high quantum yields of up to 67%. To our
knowledge, these quantum yields for ensembles of
silicon particles exceed those in other reports in the
literature. While the significant drop of the quan-
tum yield toward shorter wavelengths still requires

Table 2. Table summarizing the major differences in the two techniques of particle synthesis

Process sresidence
(s)

dp
(nm)

Particle shape
and morphology

Plasma description Applications

1 4 35 Single crystal cubes Constricted, rotating
filamentary discharge

Single particle
electronic devices

2 <10)2 <5 Crystalline spheres Uniform discharge Optoelectronics,
photovoltaics

Table 1. Experimental conditions and quantum yields (QY) for different silicon quantum dot samples

Ar (sccm) Ar:SiH4) (95:5)
(sccm)

H2 (up)
(sccm)

H2 (down)
(sccm)

Peak PL
wavelength (nm)

QY (%)

60 15 1 50 789 62±11
75 15 1.7 50 765 46±11
85 15 2.6 50 736 22±3
95 15 3.5 50 709 13±2
110 15 4 50 693 1.8±1

H2 (up) refers to the flow of hydrogen injected with the other precursor gas upstream of the plasma. H2 (down) denotes
additional hydrogen injected after the plasma. The peak emission wavelength was measured in situ in the system before air
exposure or any other further processing. The RF power for all experiments was 70 W.
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explanation, the plasma approach appears very
promising for the synthesis of quantum confined
silicon and possibly other quantum dot materials.
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Abstract

The risk of nanoparticles by inhalation for human health is still being debated but some evidences of risk on
specific properties of particles <100 nm diameter exist. One of the nanoparticle parameters discussed by
toxicologists is their surface area concentration as a relevant property for e.g. causing inflammation.
Concentrations of these small particles (� <100 nm) are currently not measured, since the mass concen-
trations of these small particles are normally low despite large surface area concentrations. Airborne par-
ticles will always be polydisperse and show a size distribution. Size is normally described by an equivalent
diameter to include deviations in properties from ideal spherical particles. Here only nanoparticles below a
certain size to be defined are of interest. Total concentration measures are determined by integration over the
size range of interest. The ideal instrument should measure the particles according to the size weighting of the
wanted quantity. Besides for the geometric surface area the wanted response function can be derived for the
lung deposited surface area in the alveolar region. This can be obtained by weighting the geometric surface
area as a function of particle size with the deposition efficiency for the alveolar region for e.g. a reference
worker for work place exposure determination. The investigation of the performance of an Electrical
Aerosol Detector (EAD) for nearly spherical particles showed that its response function is close to the lung
deposited surface areas in different regions of the human respiratory system. By changing the ion trap
voltage an even better agreement has been achieved. By determining the size dependent response of the
instrument as a function of ion trap voltage the operating parameters can be optimized to give the smallest
error possible. Since the concept of the instrument is based on spherical particles and idealized lung depo-
sition curves have been used, in all other cases errors will occur, which still have to be defined. A method is
now available which allows in principle the determination of the total deposited surface area in different
regions of the lung in real time. It can easily be changed from one deposited region to another by varying the
ion trap voltage. It has the potential to become a routine measurement technique for area measurements and
personal control in e.g. work place environments.

Introduction

Nanotechnology offers great opportunities for new
and improved nanostructured, functionalized

materials and devices. Besides thin films the most
important building blocks are nanoparticles (Kruis
et al., 1998), which can be produced in a solid,
liquid or gaseous matrix. Product nanoparticles
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are mostly defined to be smaller than 100 nm and
down to a few nanometers. The upper size limit is
depending on the problem raised and will be
defined in this paper for the case of measuring lung
deposited nanoparticle surface area. To make use
of some of these properties, nanoparticles have to
be single isolated particles. In other cases they may
consist of aggregated and agglomerated primary
nanoparticles.
The mass production of nanoparticles in the gas

phase has several advantages, because clean and
continuous processing is possible. On the other
hand nanoparticles in the gas phase have a high
mobility. There are increasing chances for them to
escape during gas phase processing, handling and
use, than in liquid processes. The particles emitted
to work places or more generally into the envi-
ronment are easily transported with the gas flow to
human lungs. They are inhaled and deposited in
the nose or mouth and in different parts of the
lung. They either may cause negative health effects
at the point of deposition or may be transmitted to
other end organs (Kreyling et al., 2002; Oberdör-
ster et al., 1995).
The risk of nanoparticle intake is dependent on

exposure and hazard. Here we are interested in
exposure measurement. For this purpose, moni-
tors for exposure control are needed in the work
place, controlling either an area or a person at the
point of possible nanoparticle intake. We are
introducing a new concept based on an existing
instrument for area monitoring, which allows the
measurements of the nanoparticle surface area
deposited in different parts of the human respira-
tory system.

Nanoparticle surface area measurement

The measurement objects of current interest are
nanoparticles (<100 nm). Most standards set up
by different organizations all over the world for
work place measurement thus far are based on
mass concentration limits. Mass measurement
methods are not sufficiently sensitive for airborne
nanoparticles and may not be sensitive toward the
specific health relevant properties of nanoparticles.
The most sensitive concentration measure in this
particle range (<100 nm diameter) is the number
concentration. Unfortunately the number concen-
tration is dominated by very small particles, which

are difficult to measure because of increasing line
losses and decreasing counting efficiency with
decreasing particle size for all counters.
On the other hand the most important question,

which has yet to be raised, is whether the number
concentration correlates with health effects. This is
true for asbestos fibers with a certain probability
for each fiber to cause a negative health effect and
may be also for nanoparticles in case of clogging
after penetrating into the blood. For nanoparti-
cles, toxicologists discuss the particle surface area
among others as a relevant measure (Oberdörster,
1996; Donaldson et al., 1998), because most of the
processes in the human body environment take
place via the particle surface, which is increasing
significantly with decreasing particle size in the
nanometer size range for the same amount of
mass. The health effects after intake are strongly
depending also on the deposition regions. Partic-
ularly discussed are the deposition in the nose
(head), because of possible transfer of nanoparti-
cles to the brain, the tracheobronchial region as
well as the alveolar region, because of inefficiency
of clearing mechanism and the possible transfer to
the blood circulation system with resulting distri-
bution in several end organs (Kreyling et al.,
2002).
In Figure 1 the deposition curves for head (H),

tracheobronchial (TB) and alveolar (A) deposition
are shown. They were obtained using the UK
National Radiological Protection Board’s
(NRPB’s) LUDEP Software (James et al., 2000),
based on the recommendations of ICRP Publica-
tion 66 (ICRP, 1994). Different people performing
different activities have different deposition curves.
We have chosen a reference worker with the
following conditions:
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Figure 1. Deposition curves (James et al., 2000).
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– Breathing type: nose only
– Functional residual capacity: 3301 cc
– Breathing rate (Breath/min): 20
– Ventilation rate: 1.5 m3/h
– Activity level: light exercise

From all these considerations it follows that an
instrument is needed, which is capable of mea-
suring the total nanoparticle surface area fractions
originating from nanoparticle processing, which
are deposited in different parts of the human
respiratory system.

Needed instrument response

To be able to perform on-line measurements and
easy data evaluation the instrument should deliver
an electrical signal. If possible, the wanted instru-
ment should have a linear response to particle
surface area. Using monodisperse, spherical par-
ticles of known size the instrument then can be
calibrated by performing parallel number concen-
tration measurements. Knowing number concen-
tration and particle size the surface can easily be
calculated. For each size a calibration factor can
be determined. Since the calibration is based on
electrical mobility diameter of spheres for sizing
and the unipolar charging for the generation of the
electrical signal, only an equivalent surface con-
centration based on these processes can be deter-
mined in case of agglomerates.
Most emitted particles are distributed as a

function of size. If we want to measure the total
concentration of a polydisperse aerosol (total
number, -surface area, -mass or other -weighted
quantities), the instrument has to show a certain
size dependent sensitivity depending on the size
weighting of the wanted quantity. This sensitivity
can be derived by describing the integral over the
size distribution by its sum. Each size increment in
the sum is proportional to the number concentra-
tion times the corresponding diameter weighting,
in case of geometric surface area, Dp

2. To nor-
malize the size dependant response with respect to
the number concentration, 100 nm particles have
been chosen as a reference and their normalized
sensitivity has been set to be 1. The needed sensi-
tivities as function of particle size are shown in
Figure 2. The surface area shows a Dp

2-depen-
dency and the number is independent of particle
size (Dp

0). If we now weight the sensitivities for

geometric surface area with the corresponding
deposition curves (deposition efficiencies g, see
Figure 1), we simulate the deposition in the dif-
ferent regions of the human respiratory system. In
Figure 2 the needed response functions for head,
tracheobronchial and alveolar depositions are
shown. They are nonlinear and less steep com-
pared with the response function for geometric
surface area, but further away from the constant
curve for number concentration.

Instruments based on diffusion charging and their

response functions

Diffusion charging is a process which is at least in
certain particle size regions proportional to parti-
cle surface (Rogak et al., 1993; Jung & Kittelson,
2005). Depending on instrument design the sensi-
tivity as a function of particle size, i.e. the response
function, is different because of differences in the
charging process and particle losses. Ku and
Maynard (2005) have recently shown that the
Matter instrument, Switzerland, e.g., the instru-
ment LQ1-DC, does show a Dp

2-dependency in the
size range between 30 and 100 nm. Above 100 nm
and below 30 nm the sensitivities are smaller then
the one needed for a Dp

2-dependency. For these
studies monodisperse silver agglomerates were
used, synthesized by evaporating silver in a cera-
mic boat in a furnace. In the cold carrier gas
(nitrogen) silver particles were formed, which
agglomerated rapidly. In a second oven they were
heat treated (Kruis & Fissan, 1999). The polydis-
perse aerosol was size fractionated using a Differ-
ential Mobility Analyzer (DMA). With a second
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furnace the particles were sintered at increasing
temperature, which did not lead to significant
differences in the response function. This demon-
strates that the sensitivity is not a strong function
of the shape of the particles. They can be assumed
to behave like spherical silver particles with the
same electrical mobility as the agglomerates.
We performed similar experiments with the

Electrical Aerosol Detector (EAD)/TSI 3070A,
using unsintered silver agglomerates (see Fig-
ure 3). Between 10 nm and 100 nm the normalized
sensitivity can be described by the function 0.0211Æ
Dp

1.133. Below 10 nm the response function drops
more sharply compared with the given function.
Our data compare well with earlier data given by
the manufacturer (Kaufman et al., 2002). If we
compare this function with the weighted response
functions for lung deposited surface areas (see
Figure 2) they match well in the size range 20–
100 nm. This brought up the idea to manipulate
the EAD response so that it matches better the
needed responses for different weightings of lung
deposition.

Modification of EAD to measure lung deposited

surface area

The EAD consists of a charging chamber where
the aerosol is mixed with positively charged ions,
which attach to the particles by diffusion. The
unipolarly charged aerosol with residual ions is
then introduced into an ion trap to which a voltage
of 20 V is applied. The highly mobile residual ions
are eliminated in the electric field. The charged
particles are then collected in a filter downstream
of the ion trap which is part of a sensitive

electrometer to measure the current caused by the
deposited charges. The response function of
the instrument changes with the applied voltage to
the ion trap, because with increasing voltage par-
ticles are also eliminated. The instrument was
challenged with differently sized, monodisperse
silver nanoparticles in the size range between 10
and 100 nm with an ion trap voltage between 20
and 200 V. The result is shown in Figure 4. The
normalized sensitivity is 1.0 for the reference case
of 100 nm particles. For all voltages it is decreas-
ing with decreasing particle size, because of a
reduction of the average charge level. With
decreasing particle size and increasing ion trap
voltage the particle losses in the trap also increase
causing a further reduction in normalized sensi-
tivity. In Figure 5 the response functions for dif-
ferent ion trap voltages derived from the data in
Figure 4 are shown as function of particle size for
better comparison with the response functions
shown earlier. Especially in the small size range the
normalized sensitivity drops more steeply with
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increasing voltage. With increasing voltage larger
amounts of small particles are eliminated, causing
an increasing drop in normalized sensitivity.
Major changes occur only below 40 nm. By eye
fitting we have chosen the response function for
100 V ion trap voltage to be a close fit to the
needed response function for tracheobronchial
deposition. In Figure 6 the measured response
function for 100 V ion trap voltage is compared
with the response function for tracheobronchial
deposition. A deviation occurs only for the very
small (<10 nm) particles. For 200 V a good
comparison is achieved for the alveolar deposition
(Figure 7). The differences between the normalized
response functions for alveolar and trachiobron-
chial deposition are rather small. The main dif-
ference is caused by the difference in deposition
efficiency at the reference point. This is taken into
account through the calibration, which includes
the different deposition efficiencies at the reference
point of 100 nm particle size. The described

procedure for determining the normalized sensi-
tivity as function of particle size allows also the
determination of the calibration curves. Multiply-
ing the normalized sensitivities with different
number concentrations allows the determination
of the lung deposited surface area as function of
electrometer current. As long as the response
function of the instrument is equal to the needed
response function for different particle sizes the
data from all measurements can be taken to con-
struct the calibration curve (Figure 8), since they
all lead to the same calibration factor. The cali-
bration curves are-linear in the covered concen-
tration range and can be described by the given
simple functions. In Figure 9 the calibration fac-
tors are plotted as function of particle size. The
dotted lines refer to an exceptable error of ±25%.
In both cases, tracheobronchial and alveolar
deposition, the calibration factors are outside of
this range only below 10 nm. Fortunately the error
contribution to the total surface area of a
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polydisperse aerosol by smaller particles is negli-
gible because of the Dp

2-dependency. The surface
area contribution of a 10 nm particle is only 1% of
that of a 100 nm particle.
Up to now we assume that the instrument cuts

out all particles larger than 100 nm. This may not
be possible, causing large errors. Another upper
limit could be the minimum in the deposition
curves around 300 nm to include all deposited
small particles. Above �400 nm the deposition
curves become density dependent and therefore
material dependent.
In any case it still has to be shown that the

response function of the instrument in the size
range between 100 nm and any larger size follows
the needed response function.

Optimal ion-trap voltage

Under certain conditions the available perfor-
mance data (Figure 4) can be used to choose
optimal ion-trap voltages for which the error is
minimal. The absolute error in the measured total
deposited surface area is depending on the actual
size distribution, which we don’t know a priori. We
assume a constant number distribution over the
particle size range between 10 and 100 nm. The
real size distribution of nanoparticles will normally
show smaller number concentrations at both ends
of the covered size range between 10 and 100 nm
compared with the maximal concentration. This
leads to an overestimation of the error at both
ends of the size range. The error contribution of
the small particles is small, because of the Dp

2

dependency. At the upper end of the size distri-
bution the influence on the sum of errors becomes
more important.

We can interpolate or calculate the fitted nor-
malized sensitivities for each ion-trap voltage
between 20 V and 200 V for measured particle
diameters. The normalized sensitivities for the
wanted response function are calculated as
described earlier. The squared differences between
the calculated normalized sensitivities for a given
ion-trap voltage and wanted sensitivity at mea-
sured particle diameter are calculated and summed
up. Figure 10 shows the results for tracheobron-
chial, alveolar and head airways deposition. The
minimum of these curves of the sum of the errors
in case of a constant size distribution within the
size range of 10–100 nm represent the optimal ion-
trap voltages, where both response functions show
the best agreement.
Table 1 shows the optimal voltages and least

square sums for the different deposition areas.
Also the calibration factor has been derived. For
comparison the applied voltages and their corre-
sponding data are also shown. The differences in
least square sum as well as in calibration factor are
not very large between the different deposition
areas. This is due to the fact that the major dif-
ferences in the response functions occur below
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Table 1. Optimal ion trap voltages

Lung deposition Measured ion-trap

voltage

Optimal

ion-trap voltage

Least

square sum

Calibration factor

Tracheobronchial
deposition

20 V 0.00774 83.3 lm2/(cm3 *pA)
100 V 0.00125 89.7 lm2/(cm3 *pA)

134 V 0.00079 92.5 lm2/(cm3 *pA)
Alveolar deposition 20 V 0.01213 347 lm2/(cm3 *pA)

148 V 0.00259 391 lm2/(cm3 *pA)
200 V 0.00353 409 lm2/(cm3 *pA)

Head airway deposition 20 V 0.00987 62.4 lm2/(cm3 *pA)
157 V 0.00106 70.7 lm2/(cm3 *pA)
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10 nm, a size range, which does not contribute
much to the total surface of a polydisperse aerosol,
even if we consider only particles below 100 nm.

Summary

Modifications of the EAD with different ion trap
voltages have been tested with the goal of deter-
mining the deposited nanoparticle surface area for
different regions of the human respiratory system.
We have demonstrated that this can be achieved
for nanoparticles below 100 nm. The investigation
was performed using agglomerated silver nano-
particles. Further studies need to be conducted to
investigate what influence different particle shapes
and materials may have. Also further studies on
the possibilities of modifying the response to get
better agreement for different wanted response
functions should be investigated. For reference
cases additional quantities like dose, dose per lung
area or lung mass may easily be derived.
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Abstract

TSI Nanoparticle Surface Area Monitor (NSAM) Model 3550 has been developed to measure the nano-
particle surface area deposited in different regions of the human lung. It makes use of an adjustable ion trap
voltage to match the total surface area of particles, which are below 100 nm, deposited in tracheobronchial
(TB) or alveolar (A) regions of the human lung. In this paper, calibration factors of NSAM were experi-
mentally determined for particles of different materials. Tests were performed using monodisperse (Ag
agglomerates and NaCl, 7–100 nm) and polydisperse particles (Ag agglomerates, number count mean
diameter below 50 nm). Experimental data show that the currents in NSAM have a linear relation with a
function of the total deposited nanoparticle surface area for the different compartments of the lung. No
significant dependency of the calibration factors on particle materials and morphology was observed.
Monodisperse nanoparticles in the size range where the response function is in the desirable range can be
used for calibration. Calibration factors of monodisperse and polydisperse Ag particle agglomerates are in
good agreement with each other, which indicates that polydisperse nanoparticles can be used to determine
calibration factors. Using a CFD computer code (Fluent) numerical simulations of fluid flow and particle
trajectories inside NSAM were performed to estimate response function of NSAM for different ion trap
voltages. The numerical simulation results agreed well with experimental results.

Introduction

Occupational health risks associated with man-
ufacturing and application of nanoparticles is
one of the critical issues for nanotechnology
development. Demands for nanomaterials are
rapidly increasing, and workers may be exposed
to particularly harmful nanoparticles. Several
recent studies have shown that the toxicity of
inhaled nanoparticles may be more appropri-
ately associated with particulate surface area

(Oberdorster et al., 1995; Oberdorster, 1996,
2005; Donaldson et al., 1998; Maynard & Ku-
empel, 2005). Nanoparticles defined to be below
100 nm have an increasing surface area with a
decreasing particle size for the same amount of
mass. From the viewpoint of nanoparticle tox-
icity, an instrument which measures nanoparticle
surface area deposited in the human lung is very
desirable.
Relatively few techniques are available to mon-

itor exposures with respect to aerosol surface area
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(Shi et al., 2001; Maynard, 2003; Jung & Kittelson,
2005). The BET method based on a gas adsorption
method is not suited for a rapid evaluation of
aerosol surface area at lower concentration (Bru-
nauer et al., 1938). It can be used only for powders,
not for particles in the gasborne state. It does not
have on-line capabilities. The first instrument
designed to measure aerosol surface-area was the
epiphaniometer (Baltensperger et al., 1988). The
epiphaniometer is not well suited for widespread
use at the workplace because of the inclusion of
radioactive source and the lack of effective tem-
poral resolution. One of other possible methods is
diffusion charging (DC). Instruments using DC
include the LQ1-DC diffusion charger (Matter
Engineering, Switzerland) and the TSI model
3070a Electrical Aerosol Detector (EAD). These
diffusion chargers were recently evaluated (Jung &
Kittelson, 2005; Ku & Maynard, 2005). Several
studies using atmospheric field data have shown
that EAD can be used as a useful indicator of the
amount of particle surface area deposited in the
lung (Woo et al., 2001; Wilson et al., 2003, 2004).
Recently, it was found that response functions of
EAD can be changed to match the particle surface
area deposited in the lung through the adjustment
of ion trap voltage in EAD (Fissan & Kuhlbusch,
2005). Based on the observation, TSI Nanoparticle
Surface Area Monitor (NSAM) model 3550 has
been developed to measure the nanoparticle

surface area deposited in two regions, trancheo-
bronchial (TB) and alveolar (A), of the human lung
of a reference worker (Fissan et al., 2006) by
adjusting ion trap voltage. Errors will occur in
other cases such as kids and asthmatics; further
studies are still needed for other cases. NSAM
provides a simple and fast solution for measuring
the surface area dose in different parts of the
inhalation system.
The schematic of NSAM is shown in Figure 1.

The major components of NSAM consist of a
diffusion charger chamber, an ion trap, an elec-
trometer filter, and other sharp bending parts to
transport the nanoparticle stream. The total inlet
flow rate of 2.5 lpm is divided into 1.5 lpm for
aerosol and 1.0 lpm for sheath air surrounding a
corona needle. In the charger chamber, the aerosol
stream and the ion stream opposing each other are
mixed. After the aerosols are charged by unipolar
ions in the charger chamber, the flow with a flow
rate of 2.5 lpm enters the ion trap. Excess particles
with high electrical mobility and ions are removed
in the ion trap. Particles which penetrate the ion
trap are collected by the electrometer filter. The
delivered charges give rise to a current, which is
measured by an electronic circuit.
Modifications of the EAD with different ion

trap voltages have been tested with the goal of
determining the deposited nanoparticle surface
area for different regions of the human inhalation

Figure 1. The schematic of NSAM.
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system (Fissan & Kuhlbusch, 2005, Fissan et al.,
2006). The response function curve of EAD for an
ion trap voltage of 100 V matched with TB depo-
sition and an ion trap voltage of 200 V with A
deposition. The EAD with variable ion trap volt-
ages to match the lung deposition curves is now
referred as NSAM.
This paper consists of two parts. In the first part,

response functions and calibration factors of
NSAM for TB and A regions are experimentally
obtained. The effects of particle materials and
shape on the response function and calibration
factor of NSAM are investigated. Tests using
polydisperse and monodisperse Ag particle
agglomerates are compared to each other. In the
second part, numerical simulation results for the
response function of NSAM are compared with
experimental data.

Experimental methods

In order to obtain both the response function and
the calibration curve of NSAM in which the input
is the particle number concentration (N) and the
output is the electrometer current (I), a test facility
was constructed to generate Ag particle agglom-
erates with an electrical mobility size range from 7
to 100 nm (Figure 2). Ag wire (purity level 99.9
%) was placed in a ceramic boat in the furnace.
Nitrogen with a flow rate of 3.0 lpm was used as a
carrier gas passing through the electric furnace.
The flow rate of the carrier gas was regulated by

combinations of needle valve, pressure gauge, and
rotameter. Silver was vaporized in the electric
furnace followed by particle formation by con-
densation and coagulation (Han et al., 2000).
Different experimental setups were added follow-
ing the electric furnace depending on monodis-
perse or polydisperse test. In the monodisperse
test, Ag particles are introduced to both an
Ultrafine Condensation Particle Counter (UCPC)
and NASM after primary particles are classified by
a Differential Mobility Analyzer (DMA) set at a
fixed voltage corresponding to particle size. In the
polydisperse test, a scanning mobility particle sizer
(SMPS) and UCPC are used to measure particle
size distribution and polydisperse Ag particles are
directly introduced to NSAM after passing
through a neutralizer. For all experiments, the
carrier gas flow rate was fixed at 3.0 lpm. In order
to change particle size distributions, the electric
furnace temperature was varied from 950 to
1200 �C. The dilution flow using compressed
nitrogen gas (1.0 lpm) was also introduced in front
of UCPC and NSAM. Aerosol flow after the
dilution was split into two streams going into
UCPC (1.5 lpm) and NSAM (2.5 lpm), respec-
tively. For the generation of monodisperse parti-
cles, primary particles larger than the peak size of
a given particle size distribution were subsequently
selected with a DMA (Model 3080, TSI, Inc.). A
Kr-85 neutralizer was used to get a defined charge
distribution.
Experimental setup shown in Figure 2 was

modified to evaluate NSAM response using NaCl
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Figure 2. Experimental setup to evaluate NSAM response using monodisperse or polydisperse Ag particle agglomerates.
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particles in a size range from 17 to 100 nm. A
constant output atomizer (Model 3075, TSI, Inc.)
was used to generate NaCl particles, and pure and
dry air compressed at 37 psi was passed through
the atomizer. In order to change particle size dis-
tributions, the concentration of NaCl solutions
was varied from 0.0001 to 0.01 g/cc. The flow rate
from the atomizer was about 3.0 lpm. Aerosol
flow was passed through a diffusion dryer and then
through a neutralizer to prevent particle loss due
to highly charged status. In order to get higher
monodispersity, primary particles larger than peak
size of a given particle size distribution were sub-
sequently selected with an electrostatic classifier
(Model 3080, TSI, Inc.). In order to minimize the
effect of humidity during the measurement, silica
gel in the diffusion dryer was regenerated fre-
quently. The humidity was kept as low as 30–50%
during all experiments. Therefore, NaCl particles
could not change in size during or after DMA
classification (Tang et al., 1977). Splitting of the
aerosol flow after the dilution was the same as in
the case of Ag particle agglomerates.
The particle number concentration and elec-

trometer current were simultaneously measured
from UCPC and NSAM for all the experiments.
The data integration time for all instruments was
set to 2 min.

Normalized sensitivity and calibration factor of

NSAM

For the NSAM, the input is particle number
concentration (N) and the output (I) is electrom-
eter current. Therefore, the size dependent sensi-
tivity (S) of NSAM is given by

SðdpÞ ¼ IðdpÞ
NðdpÞ ; ð1Þ

where dp is the particle diameter. All sensitivity
data are normalized with respect to the sensitivity
for 100 nm particles. In other words, the sensitiv-
ity for 100 nm particles is used as a reference
point. Normalized sensitivity (NS) is given by

NSðdpÞ ¼ SðdpÞ
Sð100 nmÞ : ð2Þ

Calibration factor of NSAM is necessary to
convert NSAM electrometer current signal into
nanoparticle surface area deposited in human

lung. Therefore, the calibration factor (CF) is
given by

CF ¼ Surface area deposited in human lung

Electrometer current
;

ð3Þ
where CF has a unit of lm2/(cm3 *pA).

Experimental results and discussion

Response function curves of NSAM for each dp2-
weighted TB or A region are shown in Figures 3
and 4, respectively. Response function curves are
plotted in terms of the normalized sensitivity. It is
very useful to determine how well a response
function curve of NSAM is matched with an
ideally wanted response function curve obtained
from a theoretical lung deposition efficiency curve
for TB or A region. The deposition efficiencies in
TB and A regions (gTBand gA) were obtained
using the UK National Radiological Protection
Board’s (NRPB’s) LUDEP Software (James
et al., 2000), based on the recommendations of
ICRP Publication 66 (ICRP, 1994). The lung
deposition efficiency curves of spherical nano-
particles were derived for a reference worker
(Fissan et al., 2006). For particles below 100 nm,
particle density has no influence on the particle
lung deposition efficiency curve because the
dominant mechanism of particle lung deposition
is only diffusion in the size range (Heyder et al.,
1986).
As shown in Figures 3 and 4, our experimental

data are compared with Fissan et al. (2006) results
for EAD, which is essentially the same instrument
as NSAM. For Ag particle agglomerates, the two
experimental data sets show good agreement with
each other for both the TB and A regions.
Response function curves of NSAM are well
matched with those of the ideally wanted lung
deposition efficiency curves for both TB and A
regions. There is a small difference between Ag
particle agglomerates and NaCl particles in terms
of normalized sensitivity.
Even though Ag particle agglomerates below

10 nm show larger deviation from the ideally
wanted response function curve in Figures 3 and 4,
it has no significant contribution to integrated
surface area measurement deposited in human
lung because of the dp2 dependency. The surface
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area contribution of a 10 nm particle is only 1% of
that of a 100 nm particle (Fissan et al., 2006).
Calibration curves of NSAM for TB is plotted

in Figure 5. The calibration factor is obtained as
the slope of the linear curve fitted to the data
points on the plot for the particle surface area
deposited in human lung vs. the NSAM elec-
trometer current. Using the particle size measure-
ment and the particle penetration efficiency, the
particle surface area deposited in the human lung
(DS) is calculated by

DSðdpÞ¼pd2pgðdpÞ formonodisperseparticles;

DS¼Rpd2pgðdpÞ forpolydisperseparticles; ð4Þ
where g(dp) is the particle lung deposition
efficiency in TB or A region of human lung.

As shown in Figure 5, there exists a linear rela-
tion between the NSAM electrometer current sig-
nal and the particle surface area deposited in
human lung. However, there may be a weak
dependency of the calibration factor on the particle
material. Calibration factors of NSAM for differ-
ent parts of the inhalation system and different
particle materials are summarized in Table 1. The
differences of calibration factors between Ag par-
ticle agglomerates and NaCl particles are below
13% for both the TB and A regions. Several factors
such as the particle morphology, the change of
particle size, and particle material may have influ-
ence on this difference. However, it is believed that
the first two factors have no influence on the dif-
ference of calibration factor in this experiment. Ku
et al. (2005) showed that diffusion charging
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responses of the LQ1-DC (Matter Engineering,
Switzerland) and DC2000CE (EcoChem, USA)
were proportional to the mobility diameter
squared, regardless of the morphology for mono-
disperse Ag particle agglomerates below 100 nm.
Based on the result, the NSAM response for Ag
particle agglomerates is assumed to be very close to
that for spherical monodisperse Ag particle. Also,
NaCl particles could not be changed in size during
or after DMA classification because humidity was
kept lower than the deliquescent point above which
NaCl particles only can grow (Tang et al., 1977).
Our data suggest that the difference of 13%
between Ag particle agglomerates and NaCl par-
ticle may be attributed to the weak dependence on
materials. The dielectric constant of the particle
material has a second order effect on particle
charging rate (Liu & Pui, 1977).
The calibration result of NSAM using polydis-

perse Ag particles is in agreement with that using
monodisperse Ag particles for a TB region (Fig-
ure 6). It demonstrates the huge linear range of the
instrument. It also demonstrates that polydisperse
NaCl–aerosol can be more easily used for
calibration. Therefore, any monodisperse and

polydisperse aerosols can be used for the calibra-
tion purpose of NSAM for both the TB and A
regions, as long as the aerosols are limited in the
size range where the response function is compa-
rable with the needed response function.

Numerical simulation results of NSAM flow path

and discussion

Using a commercial CFD s/w Fluent 6.2, numer-
ical simulations of fluid flow and particle trajec-
tories inside NSAM were performed to estimate
response functions of NSAM under different ion
trap voltages. As shown in Figure 1, the geometry
inside NSAM is very complex and the charging
process is extremely complicated, which involves
turbulent mixing of airborne particles with uni-
polar ions produced from a corona needle.
Therefore, the model of NSAM is simplified into
flow path without the diffusion charger chamber.
The simplified geometry model starts from the exit
of the charger chamber and ends in front of the
electrometer filter. It is assumed that the exit of
the charger chamber exactly matches the inlet of
the ion trap. Flow variables are uniform at the
inlet boundary and the inlet velocity is 2.61 m/s.
Navier–Stokes equations are solved using the
implicit solver in Fluent 6.2. The flow is in the
laminar flow regime. The second order upwind
scheme is used for the velocity equations.
Derivation of the normalized sensitivity is

necessary to compare experimental data with
numerical simulation results. The current signal (I)
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Table 1. Summary of calibration factors (lm2/(cm3 pA)) of
NSAM

Region Ag NaCl

TB 83.97 95.67
A 385.24 422.68
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measured by the electrometer filter inside the
NSAM in the experiment is given by

IðdpÞ ¼ NinðdpÞQinnðdpÞegtotðdpÞ; ð5Þ
where Nin is the particle number concentration at
the inlet of NSAM, Qin is the total flow rate
(2.5 lpm) entering into the inlet of NSAM, n(dp) is
the particle mean charge level, e is the charge on an
electron, gtot (dp) is the total penetration efficiency
of particle in NSAM.
The mean charge level per delivered particle

from diffusion charger in EAD (Medved et al.,
2000; Kaufman et al., 2002), which is proportional
to the particle diameter for the size range of 10–
100 nm, is used in the Fluent simulations. Equa-
tion (5) is substituted into Eq. (1) and the sensi-
tivity (S) is given by

SðdpÞ ¼ NinðdpÞQinnðdpÞegtotðdpÞ
NinðdpÞ

¼ QinnðdpÞegtotðdpÞ:
ð6Þ

Eq. (6) is substituted into Eq. (2) and the nor-
malized sensitivity (NS) is given by

NSðdpÞ ¼ QinnðdpÞegtotðdpÞ
Qinnð100 nmÞegtotð100 nmÞ

¼ nðdpÞ
nð100 nmÞ

gtotðdpÞ
gtotð100 nmÞ :

ð7Þ

The normalized sensitivity is expressed as the
ratio of mean charge levels multiplied by that of

total penetration efficiencies. The total penetration
efficiency is given by

gtotðdpÞ ¼ gflowpathðdpÞ � gcharger chamberðdpÞ; ð8Þ
where gflowpath (dp) and gcharger chamber(dp) are
the penetration efficiencies of particles through
the flow path and the charger chamber, respec-
tively.
Equation 8 is substituted into Eq. (7) and the

normalized sensitivity is given by

NSðdpÞ ¼ nðdpÞ
nð100 nmÞ

gflowpathðdpÞ
gflowpathð100 nmÞ

� gcharger chamberðdpÞ
gcharger chamberð100 nmÞ :

ð9Þ

If the ratio of the penetration efficiencies for the
charger chamber in the Eq. (9) is assumed to be
equal to 1, the normalized sensitivity (NS) is sim-
plified as

NSðdpÞ ¼ nðdpÞ
nð100 nmÞ

gflowpathðdpÞ
gflowpathð100 nmÞ : ð10Þ

The flow path penetration efficiency in Eq. (10)
was obtained through particle trajectory calcula-
tions using the discrete phase model in Fluent. The
effect of Brownian motion was included in the
simulations. Ag particles used in Fluent simula-
tions are in the range of 10–100 nm. In order to
investigate the electrophoresis effect, a user-
defined subroutine was run during the Fluent
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calculation. It adds the electric force to the existing
body force term of the discrete phase model in
Fluent and thus enables the application of the
electric field in the ion trap part. The mean charge
level of particles injected from the inlet boundary
is set to be proportional to the particle size in the
user-defined subroutine. In each particle trajectory
calculation, 1000 spherical Ag particles with the
same size were released from the inlet boundary
and each particle has the mean charge level pro-
portional to its size. Material properties of Ag
include a density of 10.5 kg/m3, a thermal con-
ductivity of 429 W/m K, and a specific heat of
235 J/kg K. The penetration efficiency for the flow
path was calculated by dividing the number of
particles arriving at the end point by the number of
injected particles. For each particle size, the pro-
cedure of particle trajectory calculation was repe-
ated over 20 times to improve the statistical
accuracy. The normalized sensitivity was obtained
by multiplying the ratio of the penetration effi-
ciency for the flow path determined from numeri-
cal simulations by that of mean charge level as
shown in Eq. (10).
A comparison of the response function curves

obtained by Fluent simulation and experimental
measurement can be found in Figures 3 and 4.
Fluent simulation results are relatively well mat-
ched with experimental results in the size range
between 10 and 100 nm. Because particles below
10 nm do not contribute significantly to the par-
ticle surface area deposited in human lung, the
particles were not modeled. Normalized sensitivity
estimated by Fluent simulation is larger than that
obtained by experimental measurement in both
cases of TB and A regions. The deviation between
the model and the experimental results points to
the importance of the charger chamber for the
whole system. With the next version of the model,
the effects within the charger chamber will be
modeled.

Conclusions and discussion

We have experimentally investigated the response
functions and calibration factors of a modified
EAD, the TSI Model 3550 Nanoparticle Surface
Area Monitor (NSAM), for the measurement of
nanoparticle surface area deposited in the human
lung. Also, we have analytically derived nor-
malized sensitivity of the NSAM to compare

experimental data with numerical simulation
results. The comparison indicates that numerical
simulation is a valuable method to predict the
NSAM results.
NSAM shows a linear relation between the

particle surface area deposited in human lung and
the electrometer current for both TB and A
regions of a reference worker. The results look
promising in that NSAM gives a real-time quan-
titative measurement of the particle surface area
deposited the human lung and thus can be used to
correlate with epidemiological studies for nano-
particles below 100 nm. From the experimental
data, there is a weak dependency of response
function curves of NSAM on particle materials.
Also, the NSAM calibration factors for both the
TB and A regions show a weak dependency on
particle materials. The differences between Ag
particle agglomerates and NaCl particles are below
13%. For calibration, monodisperse nanoparticles
in the size range where the response function is in
the desirable range can be used. Polydisperse
nanoparticles can be used more easily for the cal-
ibration purpose.
Fluent simulations results matched reason-

ably well with experimental results in terms of
the response function. It demonstrates that
Fluent simulation can be used to optimize the
NSAM response qualitatively. However, in
order to get more accurate results quantita-
tively from numerical simulation, the charger
chamber penetration efficiency also needs to be
considered in the numerical simulations. Fur-
thermore, it is suggested that modification of
ion trap configurations can be considered to
improve the match between the response
function of NSAM and the ideally wanted
response function curve.
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Abstract

In this study, the axial flow cyclone used in Tsai et al. (2004) was further tested for the collection efficiency
of both solid (NaCl) and liquid (OA, oleic acid) nanoparticles. The results showed that the smallest cutoff
aerodynamic diameters achieved for OA and NaCl nanoparticles were 21.7 nm (cyclone inlet pressure:
4.3 Torr, flow rate: 0.351 slpm) and 21.2 nm (5.4 Torr, 0.454 slpm), respectively. The collection efficiencies
for NaCl and OA particles were close to each other for the aerodynamic diameter ranging from 25 to
180 nm indicating there was almost no solid particle bounce in the cyclone. The 3-D numerical simulation
was conducted to calculate the flow field in the cyclone and the flow was found to be nearly paraboloid.
Numerical simulation of the particle collection efficiency based on the paraboloid flow assumption showed
that the collection efficiency was in good agreement with the experimental data with less than 15% of error.
A semi-empirical equation for predicting the cutoff aerodynamic diameter at different inlet pressures and
flow rates was also obtained. The semi-empirical equation is able to predict the cutoff aerodynamic
diameter accurately within 9% of error. From the empirical cutoff aerodynamic diameter, a semi-empirical
square root of the cutoff Stokes number,

ffiffiffiffiffiffiffiffiffi
St�50

p
, was calculated and found to be a constant value of 0.241.

This value is useful to the design of the cyclone operating in vacuum to remove nanoparticles.

Introduction

Cyclones are normally used to remove particles
larger than 5–10 lm in aerodynamic diameter. To
reduce the cutoff diameter, the cyclone diameter
must be reduced or the flow rate must be
increased. For example, Zhu and Lee (1999) tested
a small tangential cyclone (cyclone diameter,
D = 3.05 cm) and found the cutoff size to be 0.3
lm when it was operated at 110 slpm (standard
L/min). Making use of large slip correction factor
of nanoparticles at reduced pressure, Tsai et al.
(2004) designed and tested an axial flow cyclone
to remove nanoparticles smaller than 100 nm at
low pressure conditions. The smallest cutoff

aerodynamic diameter in the study is 43.3 nm
when the inlet pressure of the cyclone is 6 Torr at
the flow rate of 0.455 slpm. However, the experi-
mental results of the collection efficiency are for
liquid particles only. The solid particles collection
efficiency of the cyclone has not been investigated.
Maynard (2000) is the first to study the particle

penetration of the axial flow cyclone in ambient
pressure theoretically. He proposed an implicit
equation of the particle penetration based on the
assumption that particle collection mainly occurs
in the vane and body sections. The equation pre-
dicts the cutoff aerodynamic very well. Tsai et al.
(2004) derived a theoretical equation for the
particle collection efficiency based on the air
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volumetric flow rate, the geometry of the cyclone,
the properties of carrying gas and the pressure of
the cyclone. The cutoff aerodynamic diameter
Dpa50 for the cyclone with one vane making three
turns was derived as

Dpa50 ¼
0:106l B� wð Þ r2max � r2min

� �2
qp0k0r

2
minQ0

� Pcyc

P760

� �2

:

ð1Þ
In the above equation, l is the fluid dynamic vis-
cosity (N s/m2), B is the pitch of vanes (m), w is the
vane thickness (m), rmax is the inner radius of the
cyclone (m), rmin is the radius of the vane spindle
(m), qp0 is unit density (1000 kg/m3), k0 is the
mean free path of air molecules at standard con-
dition (m), Q0 is standard volumetric flow rate
(m3/sec), Pcyc is the average pressure of cyclone
inlet and outlet (Torr), P760 is 760 Torr. The
equation agrees well with the published experi-
mental data on cutoff diameter (Liu & Rubow,
1984; Weiss et al., 1987; Vaughan, 1988) in ambi-
ent conditions. But at low pressure conditions
(several Torrs), the equation predicts the cutoff
diameter much smaller than the experimental data.
The theoretical cutoff diameter has to be adjusted
to fit the experimental data. The reason why there
is such as discrepancy has yet to be found.
Hsu et al. (2005) derived a model considering

both centrifugal and diffusional forces for nano-
particle removal in vacuum using the axial flow
cyclone of Tsai et al. (2004). They found that dif-
fusional mechanism was important when particles
were smaller than 40 nm.
For impactors, it is well-known that the collec-

tion of liquid particles is better than that of solid
particles due to solid particles bounce or reen-
trainment from the impactor substrates (Biswas &
Flagan, 1988; Tsai & Cheng, 1995; Tsai & Lin,
2000). Zhu and Lee (1999) studied the differences
in the collection efficiency of a tangential flow
cyclone for solid and liquid particles. Liquid
dioctyl-phthalate (DOP) and solid polystyrene
latex (PSL) particles in the size range of 1.0 and 3.6
lm were found to have similar collection efficien-
cies even at a high flow rate of 80 slpm. However,
the effect of solid particle bounce on the collection
efficiency of the axial flow cyclone operating in low
pressure conditions remains to be investigated.
The effect of deposited solid particles on the

cyclone wall of the tangential flow cyclone has

been investigated in Blachman and Lippmann
(1974) and Tsai et al. (1999). The particle collec-
tion efficiency was found to increase with increas-
ing particle mass deposited in the cyclone
(Blachman & Lippmann, 1974). Such increase is
mainly due to the accumulation of dust on the
cyclone wall opposite to the inlet which gradually
reduces the effective diameter of the cyclone. But
when the amount of deposited particles is heavy
enough, the aggregated particles will be detached
and then the collection efficiency will reduce again
(Blachman & Lippmann, 1974). The effect of dif-
ferent amounts of deposited particle mass on the
collection efficiency was not studied in Blachman
and Lippmann (1974). The solid particle loading
effect on the collection efficiency for a 10 mm
nylon cyclone and a new 18 mm aluminum
cyclone was studied by Tsai et al. (1999). They
found the cutoff aerodynamic diameter of both
cyclones decreased with increasing deposited par-
ticle mass. But the 18 mm cyclone appeared to
have less deposited particle mass effect on the
collection efficiency due to its larger inner diame-
ter. The cyclones tested in Blachman and Lipp-
mann (1974) and Tsai et al. (1999) were tangential
flow cyclones. There have been no studies on the
solid particle loading effect on the collection effi-
ciency for axial flow cyclones.
The flow field in the cyclone is complicated.

Several researchers have studied the flow fields
numerically for tangential flow cyclones and
examined the influence of different geometries and
operating conditions on the collection efficiency of
the cyclones (Boysan et al., 1983; Hoekstra et al.,
1999; Schmidt & Thiele, 2002; Harwood & Slack,
2002; Schmidt et al., 2003; Xiang & Lee, 2004).
However, there have been no numerical studies on
the flow field and particle collection efficiency of
axial flow cyclones, in particular at low pressure
conditions.
In this study, NaCl and OA monodisperse

nanoparticles in diameter from 12 to 100 nm were
generated to test the axial flow cyclone of Tsai
et al. (2004). The test conditions are: inlet pressure
of 4.3 Torr at 0.351 slpm, 5.4 or 6.0 Torr at
0.455 slpm, and 6.8 or 7.0 Torr at 0.566 slpm.
The 3-D numerical simulation was also con-

ducted in this study to calculate the flow and
pressure fields of the cyclone in order to obtain a
more accurate prediction of the collection effi-
ciency and cutoff size of the cyclone.
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Finally, a new empirical equation for predicting
the cutoff aerodynamic diameter of the cyclone
was also proposed based on the better knowledge
of the 3-D flow and pressure fields obtained in this
study.

Experimental

The experimental system is shown in Figure 1.
Monodisperse OA (qp = 894 kg/m3) and NaCl
(qp = 2200 kg/m3) particles in diameter between
12 and 100 nm were generated by the atomization
and electrostatic classification technique. Polydis-
perse particles were first generated by atomizing
(Atomizer, TSI Model 3076) 0.05 or 0.1% (v/v)
OA and NaCl solution. Then the aerosol flow was
dried by a silica gel drier. The dried aerosol stream
was passed through a furnace (Lindberg/Blue
Model CC58114C-1) and mixed with clean air to
produce sufficiently small particles (<100 nm)
after the furnace. The temperature of the furnace

was fixed at 650 and 1150 K for OA and NaCl
particles, respectively. Fine polydisperse particles
were generated by mixing the vapor with dry
compressed air. Monodisperse, singly charged
particles were generated by classifying the poly-
disperse particles by a nano-DMA (TSI Model
3085).
The SMPS (Condensation Particle Counter, TSI

Model 3022 and Electrostatic Classifier, TSI
Model 3071) was used to monitor the concentra-
tions of particles in the monodisperse particle
stream from the nano-DMA. The concentrations
were used to correct for the multiple charge effect
on the collection efficiency. For the detailed pro-
cedure, refer to Tsai et al. (2004).
An aerosol electrometer (TSI Model 3068) was

used to measure the electric current of the
upstream and downstream aerosol concentrations
of the cyclone. A homemade Faraday cage with a
larger inlet and outlet than the TSI Model 3068
electrometer was used to reduce the pressure drop
through it. A critical orifice (O’Keefe Controls
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Figure 1. Experimental setup of the present study.
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Co., E-8, 0.351 slpm or E-9, 0.455 slpm or E-10,
0.566 slpm) was installed at the cyclone inlet to
achieve the low-pressure condition. A powerful
vacuum pump (DUO 65, Pfeifeer, Germany,
nominal pumping speed: 70 m3/h) was used to
achieve the desired low pressure condition. The
inlet pressures at the cyclone inlet in this study are
4.3, 6.0 5.4, 6.8 and 7 Torr.
The bypass line was used to determine the

particle concentration at the cyclone inlet which
can be controlled by an on-off valve (Valve 1) as
shown in Figure 1. When Valve 1 is open and
Valve 2 is closed, the aerosol flow will pass
through the bypass line and the inlet aerosol
concentration can be measured. On the
other hand, when Valve 1 is closed and Valve 2
is open, the aerosol flow will pass through
the cyclone and the particle concentration at the
cyclone outlet can be obtained. By adjusting
the angle valve (Valve 3) at the downstream of
the Faraday cage, the pressure at the cyclone
inlet can be controlled.
The loading effect test was conducted by intro-

ducing polydisperse particles continuously into the
cyclone over a period of time. The particle col-
lection efficiency was tested after loading polydis-
perse particles (total number conc.: 8.26�
106–1.2�107#/cm3, NMD: 69.5–82 nm, r g: 1.53–
1.58) for 1-h (loaded mass: 0.33 mg), 3-h (1.24 mg),
and 5-h (1.73 mg), respectively.
The spindle and vane of the cyclone are shown

in Figure 2. The radius of the spindle and the inner
radius of the cyclone are 10 and 15 mm, respec-
tively. The width and the height of the vane section
are 5 and 4 mm, respectively.

Numerical

Flow field

In order to obtain accurate pressure distribution
and gas velocity fields in the cyclone, 3-D numer-
ical simulation was conducted in the present study.
The governing equations are Navier–Stokes and
the continuity equations. Since the maximum
Kundsen number in the present study for the
pressure of 1.46 Torr (Pin = 4.31 Torr) is around
0.01, the flow was considered as continuum.
The maximum Kundsen number, Kn,max is
calculated as

Kn;max ¼ 2k
Do

; ð2Þ

where Do is the inner diameter of the outlet tube
(m); k is the mean free path of the air molecular
(m). Moreover, Steady-state and compressible
laminar flow was assumed in this study. The
Navier–Stokes and the continuity equations were
solved by using the STAR-CD 3.15 code
(CD-adapco Japan Co., LTD) based on the finite
volume discretization method. The pressure-
velocity linkage was solved by the SIMPLE (semi-
implicit method for pressure linked equation)
algorithm (Pantankar, 1980) and the differencing
schemes for the space discretization method were
the UD (upwind differencing) and CD (central
differencing) schemes for the flow velocity and
density, respectively.
Multi-block, hybrid (both Hexa. and Tetra.)

cells were generated by an automatic mesh gener-
ation tool, Pro-Modeler 2003 (CD-adapco Japan
Co., LTD). The total number of cells used was
about 1,000,000. The average cell length was
around 0.5 mm and the smallest length of 0.1 mm
was assigned near the surface of the vane.
The convergence criterion of the flow field cal-

culation was set to be 0.01 % for the summation of
the residuals. The total number of iterations was
about 300 and the time required to reach conver-
gence was about 600 min. Non-slip condition was
applied on the walls. A constant mass flow rate
(0.351, 0.455, or 0.566 slpm) was set on the inlet
boundary assuming uniform velocity profile. On
the outlet boundary, a fixed pressure was assigned
based to the experimental data.

Particle collection efficiency

As a particle enters the cyclone, it experiences the
centrifugal force and migrates toward the wall.
The Stokes law was adopted to calculate the par-
ticle drag force since the Rep (particle Reynolds
number) was much small than 0.1 in this study.
Based on the assumption that particle drag force is
equal to the centrifugal force, the particle radial
migration velocity, Vr, is calculated as

Vr ¼ sV2
t

r
; ð3Þ

where Vt is the tangential flow velocity, r is the
radial position of the particle and s is the
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particle relaxation time, which can be written
as

s ¼ qp0D
2
paCðDpaÞ
18l

; ð4Þ

where Dpa and C(Dpa) are the particle aerody-
namic diameter and the slip correction factor,
respectively. Both s and Vt are the function of
pressure in the cyclone.
The differential radial migration distance of the

particle, dr, can be calculated as

dr ¼ Vrdt ¼ sV2
t

r

rdh
Vt

¼ sVtdh; ð5Þ

The paraboloid flow was assumed to calculate
the particle migration distance. Since the flow in
the cyclone was found to spin for slightly greater
than 2 turns starting slightly ahead of the end of
the first turn and ending slightly beyond the end of
the third turn, only the particle migration distance
during 2 turns was calculated. To simplify the
calculation, the total radial migration distance of a
particle, Dr, was calculated based on Eq. (5) as the
sum of the migration distance from ten segments
of the vane section, each segment corresponded to
1/4 turn of the vane. The first segment or the first
1/4 turn was added before the end of the first turn
while another 1/4 turn was added after the end of

Figure 2. Schematic diagram of the spindle and vane. (the r–z coordinate and the dimension of the vane section are also
indicated.)
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the third turn. The second and third turn each
constituted four segments in the calculation. All
together there were 10 segments.
As will be shown later, the tangential flow

develops very fast and becomes nearly fully
developed near the end of the first turn of the vane.
The fully developed profile is paraboloid which
can be written as

Vt;nth r; zð Þ ¼ 2ðVt;nth � 1Þ 1� 2z

4

� �2
" #

�

1� 2r

5

� �2
" #

þ 2; m/s ð6Þ

where the coordinates r and z are illustrated in
Figure 2. Vt;nthðr; zÞ and Vt;nth are the tangential
velocity of the entry plane of the nth segment at
position (r, z) and the average tangential velocity
of the nth segment, respectively. The constant
2 m/s at the right-hand side of Eq. (6) represents
the tangential velocity near the wall, which is
obtained from the numerical simulation shown
later. If the total migration distance of a particle
of aerodynamic diameter Dpa plus the initial
radial position is greater than 5 mm (or rmax–rmin,
the width of the vane section) then the particle
hits the wall and is collected. Assuming different
initial radial positions of a particle at the entry
plane of the first segment, the critical curve which
delineates the collection and non-collection
regions of the particle can be found. As the col-
lection area is obtained, then the collection effi-
ciency can be calculated by the following
equation as

gdpa ¼
A�V

0
t;1

5� 4� Vt;1

; ð7Þ

where A is the collection area (mm2); V
0
t;1 is the

average tangential velocity of the collection area
(m/s); 5 (mm) and 4(mm) are the width and gap of
the vane section, respectively (mm); Vt;1 is the
average tangential velocity at the entry plane of
the 1st segment of the vane section.
Since the pressure drop of the cyclone occurs

mainly in the vane section, Vth;nth is calculated
based on the pressure at the nth section following
the ideal gas law and mass conservation principle.
For comparison purpose, if the tangential flow
field is assumed to be plug flow, the total radial

migration distance Dr can be calculated as (refer-
ring to Eq. (5))

Dr ¼
X10
nth¼1

p
2
snthVt;nth ; ð8Þ

where Vt;nth is the average tangential velocity (m/s),
snth is the average relaxation time of the particle.
Both Vt;nth and snth depend on the average pressure
at the nth segment. The collection efficiency g of
the particle can be calculated as

g ¼ Dr
rmax � rmin

: ð9Þ

Results and discussion

Comparison of collection efficiency for liquid
and solid particles

The collection efficiencies of solid NaCl and liquid
OA particles for the inlet pressure of 6 and
5.4 Torr and the sampling flow rate of 0.455 lpm
are compared in Figure 3. For OA particles, the
present experimental data are in good agreement
with Tsai et al. (2004). The collection efficiencies
are seen to be greatly improved for both OA and
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Figure 3. Collection efficiency versus particle aerodynamic
diameter for solid NaCl and liquid OA particles at different
inlet pressures.

76



NaCl particles when the pressures at the cyclone
inlet are reduced from 6 to 5.4 Torr. The cutoff
aerodynamic diameters of OA and NaCl particles
are reduced from 49.8 and 47.1 to 23.1 and
21.2 nm, respectively as the pressure at the cyclone
inlet is decreased from 6 to 5.4 Torr, respectively.
In addition, Figure 3 indicates that the collection
efficiencies of liquid and solid particles are close to
each other for both operation pressures except in
the size range from 60 to 120 nm at 6 Torr where
the collection efficiency of OA is slightly better
(within 10%) than NaCl. This is to say that the
effect of solid particle bounce on the collection
efficiency is not very obvious. Furthermore, it also
found the diffusion effect on collection efficiency
for particles less than (40 nm) is not as significant
as claimed by Hsu et al. (2005).

Solid particle loading effect on collection efficiency

The effect of polydisperse particle loading on the
collection efficiency is shown in Figure 4 for the
inlet pressure of 6 and 5.4 Torr, respectively. For
both operating pressures, the collection efficiency
after 1-h loading (loaded mass: 0.33 mg) is 5–10 %
higher than that of a clean cyclone (or zero particle
loading). However, the collection efficiency after
3-h (1.24 mg), and 5-h (1.73 mg) loading is not too
much different from that of 1-h loading.

Tsai et al. (1999) used two monodisperse parti-
cles, 3.76 and 6.7 lm in aerodynamic diameter, to
examine the solid loading effect on the collection
efficiency of a 10 mm nylon cyclone. Both loaded
particle masses in the cyclone were 0.06 mg. Their
experimental results indicated that the particle
penetration decreased (or collection efficiency
increased) for both loading conditions compared
to that of the clean condition. The present results
also show that the collection efficiency increases
after particles are loaded in the cyclone. However,
the increase in the collection efficiency is larger in
Tsai et al. (1999) (10–30 % increases, small 10 mm
tangential flow cyclone) than the present study
(5–10 % increases, axial flow cyclone). This is due
to the accumulation of deposited particles on the
cyclone wall opposite to the inlet for the small
tangential flow cyclone, which has a larger influ-
ence on the collection efficiency. In comparison,
the present axial flow cyclone has a larger cyclone
diameter and a more uniform particle deposit on
the cyclone wall. As a result, the solid particle
loading effect on the collection efficiency is not as
significant as that of the small tangential flow
cyclone.
The collection efficiency of liquid OA particles

at 5 different inlet pressures is shown in Figure 5.
The flow rate and the Reynolds number range
from 0.351 to 0.566 slpm and 4.9 to 8.0, respec-
tively. The Reynolds number, Re, is defined as
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Re ¼ q rmax � rminð ÞVa

l
; ð10Þ

where q;Va are the gas density (kg/m3) and the
average axial velocity (m/s), respectively. q;Va,
and l were evaluated at the entry of the vane
section. The figure shows that the parameter A,
which is defined as A = Pin� Pout/Q0 (Pin: pres-
sure at the cyclone inlet; Pout: pressure at the vane
outlet), influences the collection efficiency and
cutoff diameter. The larger A is the smaller col-
lection efficiency the cyclone becomes. The cutoff
size is 21.7, 23.1, 25.6 nm for the inlet pressure of
4.3 Torr at 0.351 slpm (A = 17.93), 5.4 Torr at
0.455 slpm (A = 22.08), and 6.8 Torr at
0.566 slpm (A = 26.19) (also shown in Table 1).
The cutoff size becomes much larger for the inlet
pressure of 7.0 Torr at 0.566 slpm (A = 36.73),
6.0 Torr at 0.455 slpm (A = 43.12) as the
parameter A becomes much larger for these two
cases (also shown in Table 1). The reasons why the
cutoff size is affected by A will be explained later
when the empirical equation for cutoff size is
derived.

Numerical results for flow field and particle
collection efficiency

The simulated results for the pressure distribution
and the maximum tangential velocity in the vane
section for Pin = 5.4 Torr (0.455 slpm) are shown
in Figure 6. It can be seen that the tangential
velocity remains small in the beginning of the first
turn of the vane. However, it increases sharply
from the entry plane of the first segment (or the
beginning of 3/4 turn). Then it increases expo-
nentially until the end of 3 turns (or the ninth
segment) and reduces sharply in the tenth segment.

The tangential velocity peaks at 187 m/s at the end
of 3 turns and is reduced to 60 m/s sharply at the
end of 10th segment.
The pressure distribution shown in Figure 6

corresponds well with the tangential velocity dis-
tribution. The flow is accelerated in the tangential
direction as the pressure is decreased in the vane.
The pressure remains at about 735 Pa (5.5 Torr,
within 2% of the experimental data) in the first
turn and then drops monotonically in the second
and third turns. Finally, the pressure remains
nearly constant at 260 Pa (1.95 Torr) after the end
of the third turn. That is, the pressure drop occurs
almost entirely in the second and third turns. The
figure shows that the flow does not make three full
turns as the vane does. Rather, it makes slightly
more than two turns only. This is one of the main
reasons why the differences are large between the
experimental cutoff aerodynamic diameters and
the theoretical values in Tsai et al. (2004) in which

Table 1. Cutoff aerodynamic diameter at different operating conditions, liquid oleic acid (OA) particles

Q0 (slpm) 0.351 Re = 4.9 0.455 Re = 6.4 0.566 Re = 8.0 0.566 Re = 8.0 0.455 Re = 6.4

pin (Torr) 4.31 5.43 6.77 7.00 6.00
pout(Torr) 1.46 1.85 2.19 2.97 3.27
A = Pin� Pout/Q0 17.93 22.08 26.19 36.73 43.12
Exp. Dpa50(nm) 21.69 23.14 25.58 34.71 46.25
Numparab Dpa50(nm) 20.4 23.3 25.21 31.2 39.8
Numplug Dpa50(nm) 18.1 20.2 23.6 30.6 34.3
Theo. Dpa50 (nm), Eq. (8) 13.2 16.5 19.3 27.1 31.8
K (Exp./Theo.) 1.64 1.4 1.33 1.28 1.45
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the tangential flow was assumed to make three full
turns and the tangential velocity was assumed to
be plug flow.
Figure 7 a, b show the tangential velocity profile

at the vertical cut planes at the end of 2 and 3
turns, respectively. The tangential velocity peaks
near the center of the plane in both figures and the
value is about two times the average tangential
velocity, which was given in Tsai et al. (2004) as

Vt ¼ 2rminQ

ðr2max � r2minÞðB� wÞ ; ð11Þ

where Q is the volumetric flow rate and can be
calculated as

Q ¼ Q0
P760ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PinPout

p : ð12Þ

It is also found that the velocity near the wall is
not zero but about 2 m/s. Similar results can be
found in other cut planes and at other different
operating conditions (Pin = 4.3, 6, 6.8 and
7 Torr). From the simulated tangential velocity
shown in Figure 7a and b, the velocity profile is
found to be nearly paraboloid, and the variation
of velocity with r and z positions can be calculated
by Eq. (6).
Figure 8a shows the critical collection curves for

a 23 nm particle passing through the full three

Figure 7. Tangential velocity profile at the cut plane of the vane section, the end of (a) two turns and (b) three turns.
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turns of the vane with and without considering the
tangential velocity of 2 m/s near the wall, respec-
tively. The area to the right hand side of curve is
the particle collection region in which a 23 nm
particle will be collected in the cyclone when it
starts from this region at the entry of the vane
section. Otherwise, it won’t be collected. Consid-
ering the tangential velocity of 2 m/s on the wall
results in a 7% increase in the collection area, and
a similar increase in the collection efficiency. The
collection areas of three different particle sizes, 20,
23, and 45 nm, are shown in Figure 8b. It shows
larger particles have larger collection area than
small particles and hence the collection efficiency is
also larger.
The experimental particle collection efficiencies

and numerical results based on the plug or parab-

oloid flow assumptions are shown in Figure 9. For
the operating conditions at Pin = 4.3, 5.4, and
6.8 Torr (Figure 9a), and Pin = 6 and 7 Torr
(Figure 9b). Figure 9a shows that both numerical
results agree with the experimental collection effi-
ciencies very well, especially near the cutoff aero-
dynamic diameter. The error in the numerical
prediction of the cutoff aerodynamic diameter by
the paraboloid flow assumption is 5.9, 0.7, and
1.5%, for Pin = 4.3, 5.4, and 6.8 Torr, respec-
tively. In comparison, the error by the plug flow
assumption is larger, which is 16.6, 12.8, and 7.7%,
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for Pin = 4.3, 5.4, and 6.8 Torr, respectively. The
plug flow assumption over-estimates while
the paraboloid flow assumption under-estimates
the collection efficiencies when the particle diame-
ter is greater than the cutoff aerodynamic diameter.
The maximum difference for the paraboloid flow
assumption is around 12%, which is slightly better
than the plug flow assumption of 15%.
In Figure 9b, it is seen larger differences occur

between the experimental data and theories than in
Figure 9a. The error of the cutoff aerodynamic
diameter by the paraboloid flow assumptions is 13.9
and 10.1% for Pin = 6 and 7 Torr, respectively. In
comparison, the error of the plug flow assumption is
25.8 and 11.8 % for Pin = 6 and 7 Torr, respec-
tively. Theparaboloid assumption predicts the cutoff
diameter better than the plug flow assumption.
The differences between the numerical results

and the experimental data are mainly due to the
over-simplified assumption of either plug flow or
paraboloid flow. In fact, the flow is developing
near the entry of the vane section. Errors may also
be caused by the assumption of a constant velocity
of 2 m/s near the wall. In addition, calculating the
total migration distance Dr from summing the
migration distances of ten segments may also
induce errors.
Although the present method is good in pre-

dicting the cutoff diameter and collection effi-
ciency, it is not possible to obtain an analytical
equation to calculate the cutoff diameter. The
following section describes a modified empirical
method from Tsai et al. (2004), which can be used
to predict the cutoff aerodynamic based on the
inlet pressure, flow rate, and cyclone dimension.

Semi-empirical equation for cutoff aerodynamic
diameter

In this study, the theoretical derivation of the
particle collection efficiency is similar to our pre-
vious study (Tsai et al., 2004) but the pressure
drop through the vane section is assumed to be
linear. The pressure at nth turn of the vane can be
defined based on Pin (pressure at the cyclone inlet)
and Pout (pressure at the vane outlet) as

Pn ¼ Pin � n� Pin � Pout

nT
; ð13Þ

where the nT is the total number of turns of the
vane and is fixed to 2 based on the present

numerical results. The volumetric flow rate and
particle relaxation time will change in the vane
section with respect to pressure. The plug flow
assumption was used to facilitate the derivation of
the theoretical collection efficiency, which is
known to under-predict the cutoff diameter. By
comparing the experimental cutoff diameters with
the theoretical values, we can obtain an empirical
factor K to adjust the theoretical values.
Integrating the particle radial velocity and the

residence time in the two complete turns, the
particle total migration distance (Dr) in the vane
section is obtained. The particle collection effi-
ciency is then calculated as in Eq. (9). By setting
g = 0.5 in Eq. (9), the theoretical cutoff aerody-
namic diameter, Dpa50,theo, can be derived as

Dpa50;theo ¼
0:11l B�wð Þ r2max� r2min

� �
rmax� rminð Þ

qp0k0rminP
2
760

�A; ð14Þ
where A = Pin� Pout/Q0, which is the important
operating parameter of the cyclone as described
earlier.
The collection efficiencies of liquid OA particles

at 5 different operation conditions are shown in
Figure 5 as described in the previous section. The
comparison of experimental cutoff diameters at
different inlet pressures with the numerical values
and the theoretical values by Eq. (14) is shown in
Table 1. As expected, the theoretical values are
smaller than the experimental results. Therefore,
an empirical factor K, which is defined as the ratio
of the experimental cutoff size to the theoretical
value, is suggested to adjust the theoretical cutoff
size. In Table 1, K is shown to be relatively con-
stant with the average and standard deviation of
1.4 and 0.126, respectively. That is, the semi-
empirical cutoff aerodynamic diameter can be
rewritten as:

Dpa50 ¼ 1:4Dpa50;theo

¼ 0:154l B�wð Þ r2max�r2
minð Þ rmax�rminð Þ

qp0k0rminP
2
760

� A:

ð15Þ
The above semi-empirical equation is easy to use
and is able to predict the cutoff aerodynamic
diameter accurately within 9% of error.
If the collection efficiencies are plotted

against
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
St=St50

p
, all the experimental data of five
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different conditions for OA particles are collapsed
into a single curve as shown in Figure 10. In the
figure, St is defined as

St ¼ sVt

rmax � rmin
ð16Þ

and St50 corresponds to St at 50% collection effi-
ciency. Referring to Tsai et al. (2004), the slip
correction factor used to calculate the particle
relaxation time (see Eq. (4)) is given as

C Dpa

� � ¼ 1:695P760k0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PinPout

p
Dpa=2

: ð17Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PinPout

p
is used in this study as the average

pressure on which many other parameters depend.
Combing Eqs. (4), (11), (12) and (17), St in Eq.
(16) is rearranged as

St ¼ 0:377rmink0qp0P
2
760

l rmax � rminð Þðr2max � r2minÞðB� wÞA�Dpa:

ð18Þ

It is observed in Figure 10 that all experimental
data of particle collection efficiency almost fall on
a unique curve, which can be fitted by the fol-
lowing Boltzmann function as

Y ¼ 101:4� 82:5

1þ eðX�1:08Þ=0:15 ;X<1:7; ð19Þ

where Y and X are collection efficiency (g(%)) andffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
St=St50

p
, respectively.

Replacing Dpa in Eq. (18) by the semi-empirical
cutoff aerodynamic diameter, Dpa50 of Eq. (15),
the semi-empirical

ffiffiffiffiffiffiffiffiffi
St�50

p
can be calculated asffiffiffiffiffiffiffiffiffi

St�50
p ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:377rmink0qp0P
2
760

lðrmax � rminÞðr2max � r2minÞðB� wÞA�Dpa50

s
:

ð20Þ
Substituting Eq. (15) into Eq. (20),

ffiffiffiffiffiffiffiffiffi
St�50

p
is found

to be a fixed value of 0.241. The experimental
collection efficiency versus

ffiffiffiffiffi
St

p
(calculated from

Eq. (18)) for all five test conditions was plotted
(not shown here), and the experimental

ffiffiffiffiffiffiffiffiffi
St50

p
was

calculated to be 0.256, 0.240, 0.222, 0.226 and
0.240 for Pin = 4.3, 5.4, 6.8, 7.0 and 6.0 Torr,
respectively. The difference between the experi-
mental

ffiffiffiffiffiffiffiffiffi
St50

p
and the semi-empirical

ffiffiffiffiffiffiffiffiffi
St�50

p
, or

0.241, is ) 6.2, 0.4, 7.9, 1.5 and 0.4 % for Pin =
4.3, 5.4, 6.8, 7.0 and 6.0 Torr, respectively. That is,
for the present axial flow cyclone for removing
nanoparticles, the design value for the square root
of the cutoff Stokes number isffiffiffiffiffiffiffiffiffi

St�50
p ¼ 0:241: ð21Þ

This value is much smaller than the
ffiffiffiffiffiffiffiffiffi
St50

p
of the

circular jet and rectangular jet impactor, which is
0.49 and 0.77, respectively (Hinds, 1999).

Conclusions

In this study, the axial flow cyclone of Tsai et al.
(2004) was further tested for the collection effi-
ciencies of solid NaCl and liquid OA nanoparticles
in the diameter from 12 to 100 nm at low-pressure
conditions (4.3, 5.4, 6.0, 6.8, and 7.0 Torrs). The
objective was to find whether solid particle bounce
would influence the collection efficiencies. The axial
flow cyclone was shown to be able to remove NaCl
and OA nanoparticles below 50 nm efficiently. The
smallest cutoff aerodynamic diameters of OA and
NaCl particles were found to be 21.7 (4.3 Torr,
0.351 lpm) and 21.2 (5.4 Torr, 0.454 lpm), respec-
tively. Differences in the collection efficiencies of
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liquid and solid particles were within 10% indi-
cating that the effect of solid particle bounce on the
collection efficiency was not very obvious. The test
for the solid particle loading in the cyclone further
indicated a soiled cyclone wall did not change the
collection efficiency too much (<10%).
In order to predict the collection efficiency and

cutoff diameter accurately, a 3-D numerical sim-
ulation was conducted to obtain the pressure dis-
tribution and gas velocity fields in the cyclone.
Results showed that the tangential flow developed
quickly into paraboloid flow profile near the end
of the first turn of the vane section. Total migra-
tion distance was calculated based on the local
tangential flow velocity and pressure to obtain the
numerical collection efficiency.
The comparison of the experimental particle

collection efficiencies and cutoff diameters with the
numerical simulations showed that the Paraboloid
tangential flow assumption yielded better results
than the plug flow assumption, with the maximum
error of 15% for the collection efficiencies and
13.9% for the cutoff diameters, respectively.
Based on the simulated pressure and tangential

flow fields, a modified theoretical method fromTsai
et al. (2004) was proposed. The semi-empirical
equation was then developed to predict the cutoff
aerodynamic diameter and the cutoff Stokes num-
ber accurately within 9% and 8% of error, respec-
tively. Based on the semi-empirical cutoff
aerodynamic diameter, the design value of the
square root of the cutoff Stokes number,

ffiffiffiffiffiffiffiffiffi
St�50

p
, was

calculated and found tobe a constant value of 0.241.

Acknowledgement

Authors would like to thank for the financial
support of this project by Taiwan National Science
Council (NSC 94-2211-E-009-001).

References

Biswas P. & R.J. Flagan, 1988. Particle trap impactor. Aerosol

Sci. 19, 113–121.

Blachman M.W. & M. Lippmann, 1974. Performance charac-

teristics of the multicyclone aerosol sampler. Am. Ind. Hyg.

Assoc. J. 35, 311–326.

Boysan F., B.C.R. Ewan, J. Swithenbank & W.H. Ayers, 1983.

Experimental and theoretical studies of cyclone aeparator

aerodynamics. IChemeE. Symp. Series 69, 305–320.

Harwood R. & M. Slack, 2002. CFD analysis of a cyclone.

QNET-CFD Network Newsletter. 1, 25–27.

Hinds W.C., 1999 Aerosol Technology. New York: Wiley 126.

Hoekstra A.J., J.J. Derksen & H.E.A. Van Den Akker, 1999.

An experimental and numerical study of turbulent swirling

flow in gas cyclones. Chem. Eng. Sci. 54, 2055–2065.

Hsu Y.D., H.M. Chein, T.M. Chen & C.J. Tsai, 2005. Axial

flow cyclone for segregation and collection of ultrafine

particle: Theoretical and experimental study. Environ. Sci.

Technol. 39, 1299–1308.

Liu B.Y.H. & K.L. Rubow, 1984. A new axial flow cascade

cyclone for size characterization of airborne particulate

matter. In: Liu B.Y.H., Pui D.Y., & Fissan H.J. ed. Aerosols.

Elsevier, Amsterdam, pp. 115–118.

Maynard A.D., 2000. A simple model of axial flow cyclone

performance under laminar flow conditions. J. Aerosol Sci.

31, 151–167.

Patankar S.V., 1980 Numerical Heat Transfer and Fluid Flow.

Washington: Hemisphere Publishing Co.

Schmidt S. & F. Thiele, 2002. Comparison of numerical

methods applied to the flow over wall-mounted cubes. Inter.

J. Heat & Fluid Flow. 23, 330–339.

Schmidt S., H.M. Blackburn, M. Rudman & I. Sutalo, 2003.

Simulation of turbulent flow in a cyclonic separator. 3rd

International conference on CFD in the Minerals and

Process Industries CSIRO, Melbourne, Australia, 10–12

December 2003, p. 365–369.

Tsai C.J., H.G. Shiau, K.C. Lin & T.S. Shih, 1999. Effect of

deposited particles and particle charge on the penetration of

small sampling cyclones. J. Aerosol Sci. 30, 313–323.

Tsai C.J. & T.I. Lin, 2000. Particle collection efficiency of

different impactor designs. Sep. Sci. Technol. 35, 2639–2650.

Tsai C.J. & Y.H. Cheng, 1995. Solid particle collection

characteristics on impaction surfaces of different designs.

Aerosol Sci. Technol. 23, 96–106.

Tsai C.J., D.R. Chen, H.M. Chein, S.C. Chen, J.L. Roth, Y.D.

Hsu, W. Li & P. Biswas, 2004. Theoretical and experimental

study of an axial flow cyclone for fine particle removal in

vacuum conditions. J. Aerosol Sci. 35, 1105–1118.

Vaughan N.P., 1988. Construction and testing of an axial flow

cyclone pre-separator. J. Aerosol Sci. 19, 295–305.

Weiss Z., P. Martinec & J. Vitek, 1987. Vlastnosti Dulnibo

Prachu A Zaklady Protiprasne Techniky. Prague: SNTL.

Xiang R.B. & K.W. Lee, 2004. The flow pattern in cyclones

with different cone dimensions and its effect on separation

efficiency. Abstract, EAC 2004, Budapest, Hungary, Sep.

6–10, p. 289–290.

Zhu Y. &K.W. Lee, 1999. Experimental study on small cyclones

operating at high flowrates. J. Aerosol Sci. 30, 1303–1315.

83



Special issue: Nanoparticles and Occupational Health

Measuring particle size-dependent physicochemical structure in airborne

single walled carbon nanotube agglomerates

Andrew D. Maynard1,*, Bon Ki Ku2, Mark Emery3, Mark Stolzenburg3 and Peter H. McMurry3
1Woodrow Wilson International Center for Scholars, Project on Emerging Nanotechnologies, One Woodrow
Wilson Plaza, 1300 Pennsylvania Avenue NW,Washington, DC, 20004, USA; 2Centers for Disease Control and
Prevention, National Institute for Occupational Safety and Health, 4676 Columbia Parkway, Cincinnati, OH,
45226, USA; 3Mechanical Engineering Department, University of Minnesota, 111 Church Street, Minneapolis,
MN, 55455, USA; *Author for correspondence (Tel.: +1-202-691-4311; Fax: +1-202-691-4001; E-mail:
andrew.maynard@wilsoncenter.org)

Received 14 August 2006; accepted in revised form 5 September 2006

Key words: aerosol, carbon nanotubes, differential mobility analysis, aerosol particle mass monitor,
composite nanoparticles, occupational health

Abstract

As-produced single-walled carbon nanotube (SWCNT) material is a complex matrix of carbon nanotubes,
bundles of nanotubes (nanoropes), non-tubular carbon and metal catalyst nanoparticles. The pulmonary
toxicity of material released during manufacture and handling will depend on the partitioning and arrange-
ment of these components within airborne particles. To probe the physicochemical structure of airborne
SWCNT aggregates, a new technique was developed and applied to aerosolized as-produced material. Dif-
ferentialMobilityAnalysis-classified aggregateswere analyzed using anAerosol ParticleMassMonitor, and a
structural parameter C (proportional to the square of particle mobility diameter, divided by APM voltage)
derived. Using information on the constituent components of the SWCNT,modal values ofCwere estimated
for specific particle compositions and structures, and compared against measured values. Measured modal
values of C for 150 nmmobility diameter aggregates suggested they were primarily composed of non-tubular
carbon from one batch of material, and thin nanoropes from a second batch of material – these findings were
confirmed using Transmission Electron Microscopy. Measured modal values of C for 31 nm mobility
diameter aggregates indicated that they were comprised predominantly of thin carbon nanoropes with
associated nanometer-diametermetal catalyst particles; therewas no indication that either catalyst particles or
non-tubular carbon particles were being preferentially released into the air. These results indicate that the
physicochemistry of aerosol particles released while handling as-produced SWCNTmay vary significantly by
particle size and production batch, and that evaluations of potential health hazards need to account for this.

Introduction

Single walled carbon nanotubes (SWCNT) repre-
sent a carbon-based material that shows unique
physical and chemical properties. As applications
of the material continue to be explored, possible

Disclaimer: The mention of any company or product does
not constitute an endorsement by the Centers for Disease
Control and Prevention. The findings and conclusions in
this paper are those of the authors and do not necessarily
represent the views of the National Institute for Occupa-
tional Safety and Health.
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implications to human health following exposure
have been raised (Shvedova et al., 2003, 2005; Lam
et al., 2004; Maynard et al., 2004; Warheit et al.,
2004). The potential health hazards of single walled
carbon nanotubes (SWCNT) remain poorly
understood. However, it is probable that the
unusual physicochemical properties underpinning
their value as a new engineered nanomaterial –
including high tensile strength and structure-
dependent electrical conductivity – will influence
their toxicity, as well as determine deposition and
transportation within the body. Early studies have
shown SWCNT are cytotoxic and lead to oxida-
tive stress in vitro (Shvedova et al., 2003), as well as
indicating pro-inflammatory and fibrogenic resp-
onses in rodent lungs (Lam et al., 2004; Warheit
et al., 2004). In particular, biological response has
been associated with the nanoscale structure and
composition of SWCNT particles (Shvedova et al.,
2003, 2005; Warheit et al., 2004). Although aerosol
generation rates have been shown to be low during
handling (Maynard et al., 2004), published data to
date indicate that inhaled airborne material may
present a pulmonary hazard.
As-produced SWCNT material is a complex

matrix of carbon nanotubes, bundles of nanotubes
(nanoropes), non-tubular carbon and metal
catalyst nanoparticles (Bronikowski et al., 2001).
The pulmonary toxicity of as-produced SWCNT
released during manufacture and handling will
depend on the partitioning and arrangement of
these components within airborne particles. How-
ever, physicochemical characterization of airborne
particles at the nanoscale presents unique chal-
lenges. Here we present a new technique for prob-
ing the nanostructure of airborne particles, and use
it to show significant differences in nanostructure
between 150 nm mobility diameter and 31 nm
mobility diameter aerosol particles released from
as-produced SWCNT.

Background

It has previously been shown that as-produced
SWCNT material generated using the HiPCO�
process can release particles into the air when
agitated (Maynard et al., 2004). Controlled agita-
tion of material from a SWCNT manufacturer
using the HiPCO� process demonstrated a
bimodal aerosol, with modal count median
mobility diameters of approximately 400 nm, and

below 10 nm (Maynard et al., 2004). Although the
generation rates observed during laboratory and
small-scale production conditions were very low,
potential health risk following inhalation will
depend on the toxicity of the airborne particles in
combination with exposure.
Transmission Electron Microscopy (TEM) of

the same as-produced SWCNT material confirmed
that it comprised of four distinct components:
carbon-coated iron-rich catalyst particles approxi-
mately 5 nm in diameter, discrete single walled
carbon nanotubes, ordered bundles of single walled
carbon nanotubes typically between 5 and 50 nm in
diameter and non-tubular carbon material (Fig-
ure 1). The mass-fraction of iron was previously
measured at 30% using inductively coupled plasma
– mass spectrometry (Maynard et al., 2004). The
fraction of non-tubular carbon was not quantified,
although TEM analysis indicated relatively little to
be present in the bulk material.
Each of these components is likely to represent a

different toxicity within the lungs. The US
National Institute for Occupational Safety and
Health (NIOSH) Recommended Exposure Limits
(REL) for carbon black (assumed to be analogous
to the non-tubular carbon) and iron oxide fume

Figure 1. TEM image of as-produced SWCNT (second
batch of material). Three of the four principle components
are identified: A: discrete single walled carbon nanotubes;
B: bundles of carbon nanotubes (nanoropes); C: iron
catalyst particles. The non-tubular carbon component is not
visible in this micrograph.
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are 3.5 mg/m3 and 5 mg/m3 respectively. There
have been indications that SWCNT may be as
toxic as crystalline quartz in the lungs (Lam et al.,
2004) – which has an REL of 0.05 mg/m3 – and
Shvedova et al. have indicated that the presence of
nanometer-diameter iron particles within as-
produced SWCNT lead to Fenton-type reactions
and the release of reactive oxygen species (Shve-
dova et al., 2003). An unusual inflammatory and
fibrogenic response to SWCNT aspirated into the
lungs of mice has also been observed (Shvedova
et al., 2005).
In addition to an inhalation hazard determinant

on the composition of SWCNT-derived airborne
particles, the physical structure of the generated
particles will possibly contribute to their pulmo-
nary toxicity. Shvedova et al. (2005) identified
distinct responses in the proximal and distal
regions of mice lungs aspirated with SWCNT, and
speculated that the regional responses were asso-
ciated with different agglomerate structures.
A recent review of engineered nanomaterial

toxicity screening tests emphasized the importance
of structure as well as chemistry in determining
potential hazard, and stressed the need to fully
characterize the physicochemical nature of mate-
rials under study (Oberdörster et al., 2005). In the
case of particles released from as-produced
SWCNT, possible variations in particle structure
and composition place stringent requirements on
characterization, which push the bounds of current
analytical techniques. When agitated under con-
trolled conditions, 150 nm mobility diameter par-
ticles were released from as-produced SWCNT at a
sufficient rate to allow physicochemical character-
ization using TEM. However, given low aerosol
generation rates and material availability, it is
estimated that TEM analysis of particles in the
sub)35 nm diameter mode would require unfeasi-
bly long sample collection times.

Method

To explore the nature of smaller aerosol particles
released from the bulk material, we have devel-
oped a new approach to probing the physical
structure of airborne nanoparticles by combining
differential mobility analysis (DMA) with Aerosol
Particle Mass analysis (APM). These two tech-
niques have previously been used together to

explore the structural properties of aerosols
(McMurry et al., 2002; Park et al., 2004b). Here,
we define the structural parameter C, and use it to
estimate the composition and structure of sampled
airborne particles.
Differential mobility analysis enables airborne

particles with a specific electrical mobility diameter
to be differentially selected from an aerosol, and is
capable of producing monodisperse aerosols with
modal diameters from a few nanometers upwards
(Knutson & Whitby, 1975). For open-structured
and compact particles with Knudsen numbers
greater than 1 (Kn, defined as the mean free path of
the suspension gas divided by particle radius),
electrical mobility diameter is comparable to the
diameter of a sphere with the same projected
area (Rogak et al., 1993; Park et al., 2004a; Ku &
Maynard, 2005). Mobility diameter can therefore
be used to derive particle surface area for a range
of particle morphologies. In general, particles
differentially classified using the DMAwill have the
same ‘active’ surface area – defined as the surface
area associated with particle-molecule interactions
that determine drag (Keller et al., 2001).
APM analysis is a recently developed method for

measuring the mass of discrete singly-charged air-
borne particles (Ehara et al., 1996; McMurry et al.,
2002). Particles of a known mobility diameter and
charge are transported axially through a narrow
annular gap separating two rotating concentric
cylindrical electrodes. The cylinders and particles
rotate about the axis at the same angular speed.
High mass particles deposit on the outer electrode,
while low-mass particles deposit on the inner elec-
trode due to electrophoresis: Only those particles
where centrifugal force is precisely balanced by the
inward electrostatic force traverse the device,
where they are counted using a condensation par-
ticle counter. By varying the voltage between the
electrodes, particles with a specific charge to mass
ratio are differentially sampled. For instance, at
1000 rpm and 500 volts, particles with a modal
mass of 3.95�10)17 kg are differentially selected,
corresponding to 423 nm diameter spherical par-
ticles with a density of 1000 kg/m3. Instrument
resolution is influenced by rotational velocity,
particle size and sampling flow rate (Ehara et al.,
1996). McMurry et al. (2002) have shown the APM
to have a relatively broad transfer function using
polystyrene latex spheres, although modal values
of particle number versus APM voltage enabled the
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mass of spherical monodisperse aerosol particles to
be measured to within 5%.
In order to extend the operational range to sub-

100 nm diameter particles with low densities, the

APMwas operated at up to 4100 rpm and 0.5 l/min
sampling rate, with differential voltages between
the electrodes of less than 2 volts. This revised
configuration enabled differential separation of

Table 1. Estimated values of C (Cest) as a function of particle composition and structure, for a variety of possible particle
morphologies and compositions

IDa Mobility Diameter (nm) Descriptionb Cest (m
2/g)c

A 150 Compact non-tubular carbon particles 20
B 150 Compact non-tubular carbon particles with 30% Fe by mass 11
C 150 Compact single walled carbon nanotubes with 30% Fe by mass 12
D 150 Open agglomerate of single walled carbon nanotube with 30% Fe by mass 860
E 150 Open agglomerate of 15 nm diameter nanoropes with 30% Fe by mass 81
F 150 Open agglomerate of 5 nm diameter Fe particles 150
G 31 Compact non-tubular carbon particles 97
H 31 Compact non-tubular carbon particles with 30% Fe by mass 51
I 31 Compact single walled carbon nanotubes with 30% Fe by mass 58
J 31 Open agglomerate of single walled carbon nanotube with 30% Fe by mass 860
K 31 Open agglomerate of 5 nm diameter nanoropes with 30% Fe by mass 240
L 31 Open agglomerate of 5 nm diameter Fe particles 150

Values of Cest are based on estimates of particle mass and surface area for a given composition and structure
a Refer to Figures 2 and 3.
b Compact particles are assumed to have a minimum surface area. Open agglomerates are assumed to have a surface area
determined by the dimensions of the component structures.
c Estimated assuming a density for carbon nanotubes and nanoropes of 1.4 g/cm3, a density of 7.9 g/cm3 for iron nano-
particles and a density of 2 g/cm3 for non-tubular carbon.
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Figure 2. Measured values of C for 150 nm mobility diameter as-produced SWCNT-derived particles. Estimated values of C
(Cest) for particles with specific physicochemical characteristics (Table 1) are shown for comparison along the upper x-axis.
Particles from batch I have a (lognormal fit) value of �C of 17 m2/g, while the equivalent parameter for particles from batch II is
95 m2/g. Comparing values of �C with Table 1, particles from batch I are indicated as being predominantly compact particles,
possibly with a significant non-tubular carbon component. Particles from batch II have a distinctly higher value of �C,
indicative of open agglomerates of small-diameter nanoropes (Table 1).
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particles with a mass below 2�10)21 kg (corre-
sponding to a 31 nm diameter spherical particle
with a density of 600 kg/m3).
Particles with a selected mobility diameter (and

therefore active surface area) were classified by
mass in the APM. APM spectra for a given par-
ticle mobility diameter were used to calculate C,
defined as

C ¼ p�d 2
m

x2�r

qE
ð1Þ

where �dm is the modal particle mobility diameter
selected by the DMA, q is the particle charge, �r is
the gap separating the concentric cylinders within
the APM, x is the rotational velocity of the APM
electrodes and E is the electric field between the
two electrodes.
C represents modal particle surface area (defined

by the DMA), divided by modal particle mass
(defined by the APM), and has units of surface
area per unit mass. Plots of particle number con-
centration versus C represent a parameter closely
related to particle specific surface area, convoluted
by the DMA and APM transfer functions. With-
out de-convolution (particularly for the APM
transfer function) C can not provide detailed

structural information on aerosol particles. How-
ever, by varying E and/or x for a given �dm and
measuring particle number concentration, the
modal value of C ( �C) for a given mobility diameter
may be estimated. Comparing �C with calculated
values of specific surface area for possible particle
structures and compositions enables some insight
to be gained into the physicochemical nature of the
aerosol under study.
Measurement of C for SWCNT-derived particles

with mobility diameters of 31 nm and 150 nm were
made, representing particles within the two aerosol
size distribution modes observed by Maynard et al.
In all cases, SWCNT material was aerosolized
using the method previously described (Maynard et
al., 2004). Characterization of the larger diameter
particles was validated using TEM. 150 nm
mobility diameter particles from two batches of
SWCNT produced using the same process were
analyzed: A similar comparison was not possible
for 31 nm diameter particles, due to excessively low
generation rates from the second batch of material.
Replicate measurements were made over a range
of APM rotational velocities. As the aerosol
generation rate varied with time, measurements
made under the same conditions were combined,
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Figure 3. Measured values of C for 31 nm mobility diameter as-produced SWCNT-derived particles (batch I material).
Estimated values of C (Cest) for particles with specific physicochemical characteristics (Table 1) are shown for comparison
along the upper x-axis. Based on a lognormal fit, the distribution has a value of �C of 890 m2/g, although the quality of the
lognormal fit at higher values is not good. The relatively high value of �C suggests that the particles had an open structure
dominated by discrete carbon nanotubes and nanometer-diameter nanoropes (Table 1).
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and then normalized for concentration within
overlapping ranges of the parameter C. Modal
values of C ( �C) were estimated by fitting data using
a lognormal function. Measured values of C were
compared with estimates (Cest) associated with
various particle compositions and morphologies
(Table 1, Figures 2, 3).

Results and discussion

Modal values of C for 150 nm diameter particles
differed between the two batches of material tested
(Figure 2). Comparison between �C for batch I and
Cest (Table 1) indicated that compact particles of
non-tubular carbon material were being preferen-
tially released into the air. TEM analysis confirmed
this, although sampled 100 nm mobility diameter
particles had a projected area-equivalent diameter
closer to 400 nm (Figure 4). Measuring projected

area as a function of sample holder tilt within the
TEM confirmed that these particles were planar,
suggesting that particles within the DMA either
aligned with the electrostatic field or tumbled, thus
reducing their apparent mobility diameter.
DMA/APM analysis on batch II of SWCNT

material indicated that the particles being released
were dominated by a nanostructure which was
relatively open (high values of C). Comparison of
�C with estimated values (Table 1) for a range of
physicochemical structures, suggested that the
particles being released were associated with small-
diameter nanoropes or combinations of nanoropes
and other nanostructured components. This was
confirmed in TEM micrographs of sampled
150 nm mobility diameter particles (Figure 5). Size
distribution measurements made on the batch I
material confirmed previously published size
distribution (Maynard et al., 2004). However,
similar measurements on the batch II material

Figure 4. Micrographs of a representative 100 nm mobility diameter particle from batch I material, imaged over a number of
specimen stage tilts. The particle was collected onto a lacey carbon support film using a thermophoretic sampler (Maynard,
1995). Although the projected area is indicative of particles with a mobility diameter larger than 100 nm, decreasing projected
area with increasing tilt angle shows the particles to be planar. The particle is compact, and appears to be predominantly non-
tubular carbon, in agreement with the physicochemical structure inferred from the modal value of C (Figure 2).
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were very different: The lower-diameter mode was
not well developed, and the upper-diameter mode
occurred well above the upper size limit of the
DMA (approximately 400 nm in this case).
Although the SWCNT material for both batches
was produced by the same manufacturer under
similar conditions, our results indicate that subtle
changes in physicochemical properties may have
profound effects on hazard potential.
The estimated value of �C for 31 nm mobility

diameter particles from batch I material indicated a
strong dependence on nanostructure (Figure 3).
The analysis method was operating at its limits
above approximately 800 m2/g, and data within
this region need to be treated with care. The
lognormal fit used to estimate �C clearly deviates
systematically from the data above C = 500 m2/g,
although the quality of the data are not sufficient to
indicate whether the deviation is significant or not.
However, comparison with estimated value of �C

clearly indicates particles with an open structure
dominated by nanometer-diameter nanotubes.
There is little evidence that compact carbonaceous
particles were released.

Summary

Associations between structure and the properties
of engineered nanomaterials challenge current
approaches to evaluating hazard potential, and in
many cases indicate new methods and approaches
will be needed for characterizing materials. Using
a new aerosol analysis technique, the size and
source material-dependent physical and chemical
complexity of single walled carbon nanotube
aerosols has been demonstrated. Our results sug-
gest that the physicochemistry of aerosol particles
released while handling as-produced SWCNT may
vary significantly by particle size and production

Figure 5. Micrographs of representative 150 nm mobility diameter particles from batch II material. Particles were collected
onto a carbon support grid using a thermpohoretic aerosol sampler (Maynard 1995). The particles have an open structure
comprising predominantly of nanometer-diameter nanoropes and Fe catalyst particles, in agreement with the physicochemical
structure inferred from the data in Figure 2.
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batch, and that evaluation of potential health
hazard needs to account for this.
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Abstract

Two different air filter test methodologies are discussed and compared for challenges in the nano-sized
particle range of 10–400 nm. Included in the discussion are test procedure development, factors affecting
variability and comparisons between results from the tests. One test system which gives a discrete pene-
tration for a given particle size is the TSI 8160 Automated Filter tester (updated and commercially available
now as the TSI 3160) manufactured by the TSI, Inc., Shoreview, MN. Another filter test system was
developed utilizing a Scanning Mobility Particle Sizer (SMPS) to sample the particle size distributions
downstream and upstream of an air filter to obtain a continuous percent filter penetration versus particle
size curve. Filtration test results are shown for fiberglass filter paper of intermediate filtration efficiency.
Test variables affecting the results of the TSI 8160 for NaCl and dioctyl phthalate (DOP) particles are
discussed, including condensation particle counter stability and the sizing of the selected particle challenges.
Filter testing using a TSI 3936 SMPS sampling upstream and downstream of a filter is also shown with a
discussion of test variables and the need for proper SMPS volume purging and filter penetration correction
procedure. For both tests, the penetration versus particle size curves for the filter media studied follow the
theoretical Brownian capture model of decreasing penetration with decreasing particle diameter down to
10 nm with no deviation. From these findings, the authors can say with reasonable confidence that there is
no evidence of particle thermal rebound in the size range.

Introduction

Nano-sized particles are often defined as particles
in the size range of less than 100 nanometers (nm).
Particles in this range fall into two categories,
nanoparticles and ultra fines. Nanoparticles are
the end products of applying nano-technology to

various materials for industrial applications and
products. Ultra fines are created as the result of a
synthetic or natural process, and tend to be formed
through nucleation, gas to particle reactions, or
evaporation. Much progress is being made in
industrial and academic research with respect to
the manufacture of nanoparticles from a wide
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range of materials to determine their unique
properties and potential for industrial applica-
tions. Examples of industrial processes that may
produce ultra fines or nano-size particles include
flame pyrolysis, thermal spraying and coating, and
welding. Particles in the nanometer size range are
also produced in large quantities from diesel
engines and from domestic activities such as gas
cooking. Nanometer sized particles are also found
in the atmosphere where they originate from
combustion sources (traffic, forest fires), volcanic
activity, and from atmospheric gas to particle
conversion processes such as photochemically
driven nucleation (Aitken et al., 2004).
Engineered nanoparticles are being used in

electronic, magnetic and optoelectronic, biomedi-
cal, pharmaceutical, cosmetic, energy and catalytic
applications. The ability to control a combination
of unique material properties at a specific nano-
size range has led to speculation on a number of
fronts, from measuring and filtering nano-size
particles to potential health effects.
If airborne nano-size particles need to be con-

trolled, one method is filtration, and questions
have been raised regarding the capturing mecha-
nisms and possible deviation from the classical
single-fiber-efficiency theory. In addition to per-
formance questions, research is underway to
understand if there are any unanticipated adverse
health effects of materials at the nano-sized range.
Current exposure indices are based on the mass
concentration of the particle, and research is
underway to determine if this is the most appro-
priate metric to represent the health effects of
nanoparticles and ultra fine materials. The nano-
size particle debate points out that the concentra-
tion might be small in terms of mass, quite large
in surface area, and even greater in terms of
particle numbers. Occupational hygienists need to
collect personal exposure samples that represent a
biologically relevant fraction, and currently not
enough knowledge exists to determine how these
nano-sized particles should be measured and
assessed. Although understanding the health
effects of nano-sized aerosols and the ability to
measure those fractions will likely be a long
process, it is important that research begin on
understanding the performance of filtration media
challenged with nano-sized particles, and to
determine if the capture of nano-sized particles
deviates from current filtration theory.

As guiding references for this filtration study,
testing standards and protocols for filter penetration
versus particle size have been put forth by the
American Society of Heating Refrigeration and Air-
Conditioning Engineers (ASHRAE) and the Amer-
ican Society for Testing and Materials (ASTM).
ASHRAE Standard 52.2 (1999) ‘‘Method of Test-
ing General Ventilation Air-Cleaning Devices for
Removal Efficiency byParticle Size’’ outlines specific
requirements for the evaluation of penetration
through filter media. ASTM Standards F778-88
(2001) ‘‘StandardMethods for Gas Flow Resistance
Testing of Filtration Media’’ and F2519-05 (2005)
‘‘Standard TestMethod for Grease Particle Capture
Efficiency of Commercial Kitchen Filters and
Extractors’’ also outline similar requirements.
The theory of aerosol filtration through fibrous

filter media is well developed, as shown in Kirsch
and Stechkina (1978), Brown (1993) and Hinds
(1999). In the nano-sized particle range, the dom-
inant mechanism for particle deposition on filter
fibers is Brownian diffusion, which for aerosol flow
through a filter medium is described by analytical
relationships with the dimensionless fiber Peclet
number (Pe = dfUo/D, where df is the fiber
diameter, Uo is the filter face velocity and D is the
particle diffusion coefficient). For uncharged
fibrous filters the theory shows that as particle size
decreases below 100 nm, filter percent penetration
continuously decreases because of increasing dif-
fusional deposition. Kirsch (2003) reviewed the
theory of particle filtration in the nano-sized
particle ranges and presented modeling in the
Brownian convective diffusion regime for any
Peclet number, including those less than one for
particles as small as 2 nm, and this work could be
used to check future test results in this very low
range of size.
Lately, research interest has increased in the

filtration of particle sizes below 30 nm. Theoreti-
cally, for very small particles less than 10 nm
(Wang & Kasper, 1991), a percentage of solid
particles may develop enough thermal energy from
gas diffusional collisions to bounce from fibers or
‘‘rebound’’ just as if they were gas molecules. This
has been studied empirically for screen and wire
diffusion batteries with thermal rebound occurring
at no greater than 3 nm by Skaptsov et al. (1996),
Cheng and Yeh (1980), and Wang (1996). Heim
et al. (2005) states that for particles as low as
2.5 nm, no measurable deviation occurs from the
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classical single-fiber-efficiency theory of air filtration.
For silver nanoparticles, Kim et al. (2005) have
confirmed this claim, showing fibrous filter testing
results that substantiate a continuous decrease in
filter penetration with decreasing particle diameter
down to 3 nm with no evidence of thermal
rebound.
One method of obtaining the penetration of

particles through an air filter is to measure it at a
set particle size using a monodisperse aerosol
challenge. This involves producing a stable small
particle size distribution, which is then electrically
classified into a narrow (monodisperse) particle
size distribution with a differential mobility ana-
lyzer, electrostatically neutralized and finally used
as a filter challenge. The filter upstream and
downstream count concentrations may be mea-
sured using condensation particle counters, and
the filter penetration may be calculated as the ratio
of the downstream to the upstream concentrations
for each discrete particle size challenge. The chal-
lenge aerosol size may be increased or decreased to
give a range of discrete filter penetrations. A good
example of such a system is shown in Dhaniyala
and Lui (1999). The TSI 3160 Automated Filter
Tester (an updated version of the TSI 8160) is a
commercially available example of this system.
Lifshutz and Pierce (1996) described an extensive
study of penetration results of flat filter media with
respect to the ‘‘most penetrating particle size’’
(MPPS, see Lee and Lui (1980)) using the TSI 8160
Automated Filter Tester, comparing the results to
data from the TSI 8160 CertiTest Automated
Filter Tester (a replacement for the old ATI Q127
DOP penetrometer high efficiency filter test).
Franklin (2005) conducted an in-depth study of
variables affecting the performance of a TSI 8160
and an outline of a methodology to reduce them,
and this is a reference for a good calibration
protocol for the TSI 8160/8130.
Another method of filter penetration testing for

nano-sized particles is to produce a stable, small
particle aerosol with a wide size distribution,
electrostatically neutralize the aerosol and use it as
a direct filter challenge. The concentration of
various particle sizes upstream and downstream of
the filter may be measured with an aerosol spec-
trometer that uses differential mobility classifica-
tion, such as a Scanning Mobility Particle Sizer
(SMPS). For a specific size channel of the spec-
trometer output, the penetration is the ratio of the

concentrations upstream and downstream in that
channel. A continuous penetration versus particle
size curve may be developed for the entire range of
challenge size distribution. Huang and Chen
(2001) and Agranovski et al. (2001) have shown
such filtration measurement systems, which they
limited to particle diameters above 30 nm.
This study deals with these two different filter

test methodologies in the nano-sized particle range
of 10–400 nm, including test procedure develop-
ment, factors affecting variability and comparisons
between results from the tests. One test system
which gives a discrete penetration for a specific
particle size is the TSI 8160 Automated Filter
tester (updated and commercially available now as
the TSI 3160) manufactured by the TSI, Inc.,
Shoreview, MN. Another filter test system was
developed that utilizes a Scanning Mobility Parti-
cle Sizer (SMPS) to sample the particle size dis-
tributions downstream and upstream of an air
filter to obtain a continuous filter penetration
versus particle size curve.

Description of the instruments and methodologies

TSI 8160 Automated Filter Tester System

The TSI 8160 Automatic Filter Tester was first
introduced in 1987, with the specific subject of this
analysis commissioned circa 1991. It was designed
for rapid and simple operation while conducting
penetration versus particle diameter tests on a high
efficiency air filter media. The TSI 8160 is a fully
self-contained testing apparatus for conducting
initial filter penetration tests of single particle size
within a range between 15 and 400 nm diameter
using challenge aerosols of dioctyl phthalate
(DOP) and sodium chloride (NaCl). As shown in
Figure 1, the TSI 8160 components are organized
within two subgroups representing first, the aero-
sol generation group and second, the particle
counting for filter penetration measurement group.
A polydisperse aerosol is created when each

nozzle is singly activated from a bank of six
atomizing nozzles, each nozzle drawing from a
respective feedstock solution. Three of the atom-
izers, respectively, supply NaCl aerosol from
feedstock solution concentrations of 1%, 0.1%,
and 0.01% NaCl by weight in distilled water. The
other three atomizers respectively supply dioctyl
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pthalate (DOP), from individual volume concen-
trations of 0.3%, 0.03%, and 0.003% DOP solu-
tions in very high purity isopropyl alcohol. Based
upon the requested aerosol material and particle
diameter, the computer automatically activates the
associated solenoid valve for each atomizer, giving
a polydisperse aerosol for subsequent size classifi-
cation by a differential mobility analyzer. The
NaCl aerosol flows through a diffusion dryer to
ensure the formation of solid, dry particles.

For a requested computer input of type of aer-
osol material and particle diameter, the resulting
polydisperse aerosol flows to a TSI model 3071
electrostatic classifier where a small cut is taken
from the polydisperse distribution. The result is a
challenge aerosol for filter testing of a selected size
with a very narrow particle size distribution. Upon
leaving the electrostatic classifier the aerosol is
brought to a Boltzmann equilibrium charge
distribution by passing through a Kr–85 charge
neutralizer. Previous to the filter testing chucks,
the aerosol flows through an aerosol manifold and
a computer activated 100 to 1 dilution bridge to
ensure the challenge aerosol is at concentration
levels within the single particle counting mode
capabilities of the condensation particle counters.

The TSI 8160 penetration measurement instru-
ment group includes two condensation particle
counters (TSI 3760 CPC’s), pneumatic chucks,
flow and pressure differential measurement, as well
as vacuum pumps for flow. To increase the filter
penetration range, the upstream concentration is
diluted. The protocol is to use a primary split-flow
diluter (apart from the dilution bridge) that is
calibrated and adjusted for a 100 nm particle

diameter challenge during each set-up to give a
ratio of the upstream concentration to the down-
stream concentration by a factor of 1:100. The
computer software compensates for this dilution
ratio by multiplying the upstream concentration
by 100.
The percent penetration is then calculated as the

ratio of downstream to upstream concentration in
particles per cubic centimeter, but this only mea-
surement is only dependable at the 100 nm particle
diameter challenge where the dilution ratio was
established. In reality, the performance of the
CPCs may vary with respect to each other for each
particle size because of particle size sensitivities
and different sampling line losses. To compensate
for this possible error, the manufacturer has set up
a means of calculating correction factors for each
requested challenge particle diameter. To generate
the correction factors after the 100 nm dilution
ratio is entered, the user sets up a protocol of test
particle sizes and runs the filter tester without filter
media in place (100% penetration). The corre-
sponding penetration should then always be
100%, and, if it is not, a correction factor for each
size is calculated as in Eq. (1) and multiplied by the
measured filter percent penetration to obtain the
correct penetration value.

CF ¼ 100

% PðnofilterÞ ð1Þ

The test operator enters the desired particle sizes,
the correction factors, the flow rate, and, after
calibration of the DMA airflows, the test is ready
to begin. Upon completion of a filter test battery
using different discrete challenge particle sizes, the

Dilution Bridge

Aerosol Manifold

CPC 1

CPC 2

Particle Generation

Kr-85 Source

Air Regulator

Particle Counting

DMA

Sprayers

Dilution 1:100

Chucks

PC/ Control System

Filter Airflow

CPC Airflow

Figure 1. TSI 8160 Automated filter tester schematic.
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computer prints out a summary listing particle
size, total concentration up and downstream,
penetration, pressure drop across the media, face
velocity, volumetric flow rate, and aerosol particle
composition (DOP or NaCl).

TSI 8160 Calibration methodology – Requested
particle diameter

In order to record the conditions of use for the TSI
8160, the initial polydisperse aerosols were mea-
sured first. A TSI model 3986 Scanning Mobility
Particle Sizer (SMPS), set up for a 9.4–400 nm
particle diameter range, was used to obtain aerosol
size distribution for the output of each of the six
atomizers. The SMPS calibration was checked
with 80 nm latex sphere particles. Aerosol from
each of the six atomizers was then examined with
the TSI 8160 DMA classifier bypassed and is
shown in Table 1.
A range of operator requested ‘‘monodisperse’’

particle sizes were chosen for the filter testing. The
TSI 3986 SMPS was used for DOP and NaCl
aerosols to give the measurement statistics for each
requested size. An adequate purge time was

allowed with each new particle size to ensure all
particles were flushed out of the SMPS from the
previous sizing cycle. Table 2 shows the range of
values obtained for geometric mean and geometric
standard deviation throughout the testing period
as well as an average aerosol concentration
(sometimes automatically diluted by the TSI
8160). The TSI 8160 uses a TSI 3071 Electrostatic
Classifier to produce filter challenge aerosols of
known particle diameters. In order to give greater
classifier output concentrations for the testing of
very high efficiency filters with the TSI 8160, the
manufacturer dictates a 2:1 ratio of the classifier
sheath air to the output aerosol flow is to be used,
which is very different from the 10:1 ratio specified
when such classifiers are used for differential
mobility particle size analysis.
In Table 2, it may be seen that the SMPS mea-

sured geometric mean diameters were sometimes
different than the operator requested particle sizes.
This shows the need for proper calibration for
each reported particle diameter when measuring
percent penetration. For the smallest requested
size of both DOP and NaCl, 15 nm, the measured
values were at least 25% larger, and this is the

Table 1. TSI 8160 atomizers particle size output

Particle
Material

Atomizer Program Atomizer

Size Range (nm)

Percent Solution

Concentration

GMD

(nm)

GSD Aerosol Concentration
(#/cc)

NaCl A <50 0.01 38.4 1.59 4594
NaCl B 50–100 0.1 49.2 1.68 6987
NaCl C >50 1 65.2 1.70 7710
DOP D <50 0.003 36.3 1.68 4700
DOP E 50–100 0.03 46.6 1.79 8570
DOP F >50 0.3 65.4 1.77 11250

Table 2. DMA classified challenge size distributions

Operator requested
particle diameter
(nm)

NaCl Particles DOP Particles

Actual GMD
(nm)

GSD Aerosol

Concentration (#/cc)

Actual GMD

(nm)

GSD Aerosol
Concentration (#/cc)

15 20.1–20.4 1.25–1.30 2040 23.9–24.8 1.54–1.58 2370
27 28.3–9.5 1.24–1.46 1900 26.1–27.6 1.37–1.47 23000
47 45.8–45.9 1.20–1.35 22600 35.9–40.0 1.50–1.65 31100
84 82.5–84.8 1.28–1.31 66400 68.7–81.6 1.31–1.60 1300
150 138.0–140.8 1.34–1.37 72000 133.0–138.0 1.37–1.40 1507
267 198.0–205.0 1.30–1.37 11700 184.0–203.0 1.36–1.61 21800
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diameter that should be reported as the challenge
particle size. The mid-range sizes, 27–84 nm,
yielded better results, giving measured values
within 10% for NaCl and 15% for DOP. At the
larger size ranges, 150 and 267 nm, all distribu-
tions developed bimodal characteristics, and this
may be due to dual charges accumulating on the
large particles. This common problem cited by
Yeh (1993) is caused by the larger particles’
increased ability to possess multiple units of
charge.

TSI 8160 Calibration Methodology – Condensation
Particle Counters

Because penetration is a function of the two con-
centrations read by the upstream and downstream
TSI 3760 CPCs, uncertainty introduced by the
CPCs can have major consequences on the
resulting penetration values. To determine the time
required to give a stable output after being pow-
ered up (warm-up time), an experiment was
designed using a Collison atomizer to produce a
polydisperse 20 nm NaCl aerosol at a concentra-
tion level within the single particle counting mode
range of the two CPCs. Each CPC was turned on
at the same time, and 30 s concentration output
intervals were recorded for each CPC and were
compared to the sampling output of a warmed-up,

calibrated TSI 3010 CPC. It was found that a
warm-up time of about 30–40 min was necessary
to reach a stable output for the CPCs, much
greater than the time it took for the TSI 3760
indicator lights to turn from red to green (indi-
cating a stable internal temperature differential for
counting).
As a check for CPC stability over time after the

prescribed warm-up period, correction factors
were calculated successively eight times for a range
of operator requested-particle diameters, checking
the stability of the counters over roughly a 1.5 h
period. The results are shown in Figure 2 with the
correction factor magnitude plotted versus trial
number. The resulting plot shows a small amount
of variability, but no more than 15% change,
likely due to random error. Each day, an initial set
of correction factors was calculated from three
to five trial runs. As part of the test protocol,
correction factors were checked periodically dur-
ing the day to ensure that they were within three
standard deviations of the initial daily value.
Correction factor drift occurred most in particle
sizes <40 nm. The TSI 8160 factory-programmed
default particle size selections use a lowest filter
challenge particle size selection of 30 nm. This is a
prudent choice for the lower particle size, below
which a careful watch on correction factor vari-
ability is necessary.
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Scanning mobility particle sizer (SMPS) filtration

system

A filtration penetration measurement system was
constructed using an SMPS to sample downstream
and upstream of a filter, the output of which was
used to calculate the particle size distributions
for the calculation of the subsequent penetration
versus particle diameter curve for the filter.
The TSI 3936 Scanning Mobility Particle Sizer

(SMPS) system used in this study consists of a
number of TSI, Inc. components: 3080 Electro-
static Classifier, 3010 Condensation Particle
Counter, 3080 DMA and a 0.0457 cm diameter
orifice aerosol inlet impactor. During aerosol
sampling, the output of the SMPS system to the
TSI Aerosol Instrument Manager software con-
sists of raw count scores from the CPC, stored in
channels representing progressively greater parti-
cle sizes. These raw scores were then used by the
software to generate a particle concentration ver-
sus particle diameter. The upstream filter challenge
for each channel must be of a high concentration
(>105 particles/cm3) to minimize error when
determining filter penetration below 0.01% pene-
tration. If care is not taken, the subsequent
calculation for the count concentration per particle
size channel may vary remarkably in the lower
particle size ranges for the SMPS configuration
chosen, especially in the situations when the raw
score counts are very low, when the counts
between channels vary or go to zero and when
there is not a progressive rise in counts as the
particle size is increased.
As with the TSI 8160 system, the system, sche-

matically shown in Figure 3, has an aerosol gen-
eration sub-system and filter penetration analysis
sub-system. The aerosol generation system consists
of two nebulizers to produce the aerosol, a small
heating tube to aid in evaporation, a filtered
dilution system, a Kr–85 neutralizer and a final
diffusion drier to maintain the aerosol at less than
30% RH. For this study of filter penetration of
nano-sized particles below 100 nm, the challenge
aerosol was produced by evaporating the 70 lpm
output from two BGI Inc. Collison nebulizers set
at 23 psi air pressure. These were a CN60-24 jet
nebulizer, (spraying lab stock distilled water, pro-
ducing dissolved-solids residual particles less that
20 nm) and a CN24-3 jet nebulizer (spraying an
NaCl 0.03% solution in distilled water). The

CN60-24 nebulizer nozzle head was fitted with an
impactor cylinder, which when mounted over the
nozzles gave a nozzle-impactor distance of
1.5 mm, effectively limiting the output spray
droplets to very small particles. This combination
of two size distributions challenged the SMPS with
neutralized aerosol number concentrations greater
than 105 particles/cm3 in the range of 10–172 nm.
The concentration reached a 106 particles/cm3

peak at 35 nm, and then gradually fell to less than
105 particles/cm3 for particles above 200 nm. Col-
lison nebulizers are well-known for their output
stability and reproducibility when the temperature
of the liquid solution has reached steady-state, and
tests could be run for over 2 h without significant
concentration changes.
The filtration penetration testing sub-system

consists of pneumatic chucks to hold the filter
medium with a cross-sectional area of 100 cm2, a
differential manometer and the SMPS sampling
system for the sequential measurement of the
particle concentration upstream and downstream
of the filter sample in the chucks.

SMPS system configuration and variability

For the filter testing in this study, procedures were
developed to use the SMPS output to generate a
continuous curve of percent penetration versus
particle diameter, essentially taking the tabulated
outputs of concentration for each particle size and
calculating the ratio of downstream to upstream
particle concentrations for each distribution size
bin. For this configuration of the TSI 3936 SMPS,
the channel resolution was set to 32 channels per
decade from a possible 64 in order to average and
reduce noise between adjacent channels. This gave
a range of particle bin midpoints of 10.4–407 nm,
and a curve with 52 data points. With this con-
figuration, each SMPS size distribution measure-
ment scan took 135 s.
Although particle counting is an integral part of

the TSI 3936 SMPS system to generate a particle
size distribution, the SMPS is not an instantaneous
particle counter. Correct sampling procedures
must be followed to get good results, especially in
particles sizes smaller than 30 nm. The SMPS
sampled aerosol volume takes time to travel
through the inlet, the impactor, the neutralizer, the
DMA and finally through the condensation par-
ticle counter. For multiple samplings of the same
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aerosol, if there is not a ‘‘purge-time’’ pause or
time interval between samples, the large classified
particles left over in the system from the last
sample may be erroneously counted as the smallest
particles in the next sample. In addition to this
serious source of inaccuracy, an even greater error
may occur for the sequential sampling of different
aerosol distributions, as in filtration penetration
studies, where the entire aerosol sample volume of
the one distribution must pass through the SMPS
to then be replaced by the entire aerosol sample
volume of the next distribution. This error is
compounded and especially serious for filter pen-
etration if a downstream sample is taken quickly

after an upstream sample. In that case, the large
particles from the upstream sample are counted as
small particles which may not exist at all in the
penetrating downstream sample distribution, giv-
ing penetration results as much as two decades
greater than reality.
When sampling two very different size distribu-

tions with the SMPS, the average time for the
normal sample flow between samples to clean out
or ‘‘purge’’ the TSI 3936 SMPS interior volume
was found to be as long as ten minutes to minimize
filter testing error. However, if when a proper
clean air purging apparatus and procedure was
developed (see appendix for 16 lpm filtered air
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purging procedure), the system could be made
ready for the next distribution measurement in less
than 90 s.
After a proper purging procedure is in place,

other variables that may affect sampling for the
filter penetration calculation must be minimized,
including differences in particle loss in the sam-
pling trains. As in the TSI 8160, a correction factor
(Eq. (1))for the penetration was generated for each
particle diameter channel or bin to compensate for
sampling train particle loss and for possible SMPS
software particle distribution calculation variabil-
ity due to factors such as a loss in resolution at the
upper and lower limits of the measured particle
size ranges or low raw score counts at the upper or
lower limits of the challenge particle size distri-
bution.
For this SMPS filtration system, Figure 4 is a

typical plot of average correction factors versus
particle diameter with 95% confidence limits
(dashed line curves). Below a 30 nm particle
diameter, the average (solid line) correction factor
increases, probably because of greater line loss
differences between upstream and downstream
sampling. The variability of the correction factor
(dashed line) also increases greatly as the lower
range of the SMPS/DMA classification system is
reached. Another increase in correction factor

variability is seen above 200 nm, where, for this
test, the raw score counts are rapidly decreasing at
the upper end of the challenge particle sizes,
causing erratic calculations of this part of the size
distribution.

Results and discussion – nano-size particle air

filter testing

Filter media description

Four medium-efficiency fiberglass filter papers of
very low variability were used for the filter testing
to give comparisons of filter penetration versus
particle diameter. The media was previously
donated by Hollingsworth and Voss Co. for fil-
tration standard variability studies by the Ameri-
can Society for Testing and Materials (ASTM)
F–21 Committee on Filtration, ASTM F1215-89
‘‘Standard Method for Determining the Initial
Efficiency of a Flatsheet Filter Medium in an
Airflow Using Latex Spheres’’. The filter media
characteristics are shown in Table 3 from studies
by Japuntich (1991). The low coefficients of vari-
ation shown for both pressure drop and Q127
DOP Test penetration show the high degree of
homogeneity of these samples. All filter tests were
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for initial penetration and were conducted with
new, clean media each time with the felt side
toward the challenge. Each filter sample was
placed in a portable filter holder with a face area of
100 cm2 and then loaded into the filter test chucks.
All data were collected at volume air flows of
32 lpm, giving a face velocity of 5.3 cm/sec that is
a standard for testing flat-sheet filter media.

Penetration tests: TSI 8160 NaCl challenge aerosol

The filter media were tested on the TSI 8160 for
NaCl particle penetration at different, discrete
particle diameters, as shown in Figure 5. Each
data point is the average of ten filter tests, con-
ducted over the course of three separate days. The
challenge particle size distributions were measured
at the beginning of each day of testing for each
operator-requested diameter, representing three
geometric mean diameter sets for each of the seven
challenge sizes. The smallest particle diameter
that could be made was 17.9 nm. Although some
particle sizes were not as accurate with respect to
the operator-requested size from the computer
program, they were very precise and easily repro-
duced with minimal error. In Figure 5, error bars
shown in the x-direction are the 95% confidence
intervals for the geometric mean diameter of the
particle, and the error bars in the y-direction rep-
resent the 95% confidence intervals for penetra-
tion values (error calculated according to the
guidelines set forth by ASHRAE standard 52.2-
1999). Less than five percent error can be expected

in generating NaCl particles on repeated tests, with
95% confidence in this estimation. The error esti-
mated for the penetration measurements at the
95% confidence level was, in most cases, not more
than 5%. However, in the case of one of the smaller
particle sizes, the error climbed to nearly 8%.
A medium efficiency penetration filter media

was chosen for this study because it gives pene-
tration results over a wide span of particle diam-
eters. The difference between the filter penetrations
at 20 nm and 150 nm may be as much as two to
three logarithmic decades. It would be difficult to
get both penetrations on one plot if a high effi-
ciency filter medium was used.

Penetration tests: TSI 8160 DOP challenge aerosol

Using the same procedures as shown above for
NaCl, the DOP aerosol testing was also executed
over the course of three days, and the actual aer-
osol challenge distributions of each particle size
were recorded at the start of each day. The oper-
ator-requested particle sizes were the same as for
NaCl. The fiberglass filter media average pene-
tration data for the DOP aerosols looks much
the same as the data for NaCl and is shown in
Figure 6. However, the reproducibility of the DOP
particle diameters was not as good. This may be a
particular problem with our TSI 8160, but trouble-
shooting of the system did not improve the results.
Looking closely at Figure 6, the DOP particle

size error is most prevalent at the two mid-range
program sizes of 47 and 84 nm, and it is not

Table 3. Hollingsworth and Vose filter media characteristics

Filtration parameters H&V filter paper identification

HE1073 HE1021 HF0031 HF0012

Thickness (cm) Ave. 0.053 0.069 0.074 0.074
%COV 2.3 4.3 2.3 2.3

Basis weight (g/sq.m) Ave. 63.9 80.3 82.6 69.2
%COV 0.53 0.67 0.86 0.92

Pressure Drop (mmH2O) at 5.3 cm/s Ave. 8.4 4.7 3.5 1.3
%COV 1.48 1.35 1.94 1.47

0.3 micrometer Q127 DOP %Penetration at 5.3 cm/s Ave. 12.8 39 45.8 79.9
%COV 2.2 1.7 0.92 1.24

Fiber density (g/cu.cm) 2.4 2.4 2.4 2.4
Solidity 0.05 0.049 0.047 0.039
Effective fiber diameter (micrometers) (Rubow, 1981) 1.9 2.9 3.3 4.9
Effective fiber diameter (micrometers) (Davies, 1952) 2.1 3.2 3.7 5.4
Effective pore diameter (micrometers) (Benarie, 1969) 8.8 13.4 16.1 26.2
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known why this should be so. These two particle
sizes originate from different nozzles, and each
nozzle is also used in at least one other particle
size, which show smaller magnitudes of error. The
particle size error for the other four diameters is
much less, with values ranging from 4 to 7% error.

Penetration tests: SMPS system penetration test

with comparisons to TSI 8160 Test

Three of the filter materials were chosen to yield a
wide range of values for comparisons of percent
penetration versus particle size between the SMPS
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Figure 5. TSI 8160 Penetration of NaCl challenge aerosol for H&V filter media.
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Figure 6. TSI 8160 Penetration of DOP challenge aerosol for H&V filter media.
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system and the TSI 8160 system using NaCl
aerosols. These were HE1073, HE1021 and
HF0031. Ten samples of each filter medium were
clamped in portable filter holders and were then
alternately mounted into the chucks of each sys-
tem, tested at face velocities of 5.3 cm/s. This
yielded the plot of average values shown in
Figure 7.
In Figure 7, the TSI 8160 data are shown as

single points, and, since the test is actually close to
a monodisperse initial penetration test, it is a good
calibration tool with which to judge the validity of
the SMPS Test data. The SMPS System average
test results are shown as continuous curves, and
the 95% confidence limits for each curve are seen
as dashed-line curves. It can be seen that the
average TSI 8160 data and the average SMPS
System data give nearly identical results over a
wide range.
It is also interesting to note in Figure 7 that the

SMPS System 95 percent confidence limits
increasingly diverge from the average data as the
particle diameter decreases below 15–20 nm,
depending on the filter medium. This increase in
uncertainty is evident even though correction fac-
tors were used for the SMPS data, and it also
shows that for these ranges the number of samples

should be increased to give a more confident
average curve. The increase in uncertainty in
Figure 7 may be the result of measurements
approaching the lower limit of the DMA in the
SMPS to resolve particle diameter. If another
differential mobility analyzer with a suitable par-
ticle size range covering these lower diameters were
used, such as a nano-DMA, it is surmised that it
would give higher data confidence, but this is
future work.
Figure 8 displays what happens to the SMPS

system results for the HE1073 filter medium if the
proper procedures of system purging and appli-
cation correction factors are not followed. There is
certainly more variability in the higher particle
diameter range, and the results for average pene-
tration in the lower ranges of particle diameter
may be as much as 100 times greater than the
uncorrected results. This is a very serious issue for
SMPS and other DMA-based systems, and proper
use of these systems must be followed.

Conclusions

With adequate calibration, the TSI 8160 Auto-
matedFilter Tester produces repeatable and reliable
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data for single particle size penetration measure-
ment with only minor limitations. However, these
limitations should be noted and kept in mind
during use of the apparatus. Proper calibration of
the apparatus is likely the most important step
required in ensuring reliable results, as well as
continual maintenance cleaning of the aerosol
transport lines and the DMA. For our study, the
challenge particle sizes were not necessarily the
same as the program size entered by the operator.
Yet, the challenge particle geometric mean
diameters measured were very consistent from
test to test. The user need only make particle size
measurements at reasonable intervals, and the
interval found to be adequate for the testing
conducted in this paper was once per day.
In selecting the instrumentation for a system like

the TSI 8160, the minimum detectable particle size
of the condensation particle counters should be
carefully considered to remove a significant degree
of uncertainty from the measurements. It is rec-
ommended that the condensation particle counters
be chosen with very low diameter detection limits
to reduce uncertainty in correction factor estima-
tions. Allowing a warm up period around 45 min
beyond the manufacturer’s pre-programmed time
for the CPC’s is necessary to obtain a stable
response comparison between the two counters.

For the TSI 8160 Test, the variability of the
particle size repeatability was greater for DOP
than for NaCl aerosols, which may be due to some
peculiarity in our test. Although the theoretical
prediction of the output of a DMA classification
system may be used to create an aerosol in a
certain size range, it is always prudent to measure
the particle diameter and to implement proper
calibration procedures to ensure good size data.
The TSI 8160 technique of obtaining a higher
concentration output by using a 2:1 ratio of sheath
air to monodisperse aerosol output in the TSI 3071
differential mobility analyzer classifier may give an
uncertainty in the size distribution of the ‘‘mono-
disperse’’ output aerosol.
Afilter penetrationmeasurement systemhas been

assembled using a Scanning Mobility Particle Sizer
(SMPS), which for a filter medium yields a contin-
uous percent penetration versus particle diameter
curve from the sampling of upstream and down-
stream particle size distributions. A procedure (see
appendix) has been implemented to minimize error
by using proper purging between particle samples
and employing a method of applying correction
factors to penetration for different particle sizes.
Results of percent penetration versus particle size
from the testing of flat sheet filters have shown
excellent comparison with TSI 8160 data.
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For both of these nano-sized particle air filtra-
tion tests, the penetration versus particle size
curves for the filter media studied follow the trends
of the theoretical Brownian capture model of
decreasing penetration with decreasing particle
diameter below 100 nm. There was no evidence of
‘‘particle bounce’’. However, if the SMPS system
procedures implemented are disregarded, errone-
ous results appearing as ‘‘particle bounce’’ should
be expected, with values of this subsequently
invalid filter penetration ranking much higher than
reality in ranges below 30 nm.
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Appendix: SMPS System filter test procedure

The SMPS system is used to generate distributions
of concentration versus particle size channel by
aerosol sampling downstream and upstream of an
air filter medium. The filter penetration is the ratio
of the downstream to upstream particle concen-
tration for each size channel. The SMPS system
test procedure is outlined below with references to
the schematic, Figure 3.

1. System warm up

– Observe the SMPS and CPC warm up period as
outlined by manufacturer.

– Run Collison atomizers 10 min to allow liquid
reservoir temperatures to reach a steady-state.

2. Filter air flow

– Set the prescribed filter test flow using valve V1,
with the multiport valve set for sampling from
the downstream position.

– To maintain the filter test flow during the
sequential upstream and downstream change

sampling, a downstream vacuum flow is turned
on using valve V3 during upstream sampling
and turned off during downstream sampling,
with this flow adjusted using valve V2.

3. SMPS Internal Volume System Purge

– An SMPS system purge is required each time the
multiport valve is switched to another sampling
location (upstream or downstream).

– After setting the multiport valve to a sampling
location, bleed valve V4 is opened to bring the
SMPS internal system air pressure slowly up to
atmospheric pressure (if a sampling inlet impac-
tor is used).

– Valve V5 is opened to allow for excess purge
flow, and bleed valve V4 is closed.

– Clean air flow Valve V6 is then turned on to
purge the SMPS with 16 lpm filtered air for 45 s.

– Clean air valve V6 is closed, valve V5 is closed
and the system is given another 45 seconds for
the internal pressure to equilibrate to the inter-
nal negative pressure (if a sampling inlet impac-
tor is used) and when no counts are read on the
CPC.

4. Upstream and downstream concentration
measurements

– The filter medium is placed in the chucks.
– The multiport valve is switched to the down-

stream location, valve V3 is closed.
– A system purge is done.
– Two SMPS data sets are taken from the

downstream sampling location.
– The multiport valve is switched to the upstream

location, valve V3 is open.
– A system purge is done.
– Two SMPS data sets are taken from the

upstream sampling location.
– The percent penetration is calculated for each

size channel as 100 times the ratio of the data set
averages of the downstream to upstream con-
centrations.

5. Percent penetration correction for down-
stream and upstream sampling differences

– To compensate for particle loss differences in
sampling locations, correction factors are cal-
culated for each SMPS particle size channel
from a penetration test with no media present, a
theoretical 100 percent penetration, by the
following equation:
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CF ¼ 100

% PðnofilterÞ ð1Þ

– Averages of five correction factor data sets
taken.

– The penetrations for each particle size channel
are then multiplied by the respective average
correction factors to give the final corrected
penetrations.
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Abstract

The goal of this study is to model the data from the experiments of nanoparticle filtration performed at the
Particle Technology Lab, University of Minnesota and at the 3M Company. Comparison shows that the
experimental data for filter efficiency are bounded by the values computed from theoretical expressions
which do not consider thermal rebound. Therefore thermal rebound in the tested filter media is not detected
down to 3 nm particles in the present analysis. The efficiency measured experimentally is in good agreement
with the theoretical expression by Stechkina (1966, Dokl. Acad. Nauk SSSR 167, 1327) when the Pectlet
number Pe is larger than 100; it agrees well with the theoretical expression by Kirsch and Stechkina (1978,
Fundamentals of Aerosol Science. Wiley, New York) when Pe is of the order of unit. We develop an
empirical power law model for the efficiency depending on the Peclet number, which leads to satisfactory
agreement with experimental results.

Introduction

Aerosol filtration is used in diverse applications,
such as respiratory protection, air cleaning of smelter
effluent, processing of hazardous material, and clean
rooms. The filtration of nanoparticles is becoming
an important issue as they are produced in large
numbers from material synthesis and combustion
emission. They may pose a health risk because
nanoparticles can readily enter the human body
through inhalation and their toxicity is relatively
high due to the large specific surface area (Obe-
rdörster et al., 2005; Maynard & Kuempel, 2005).
Some studies show that nanoparticles may

bounce through the filter media due to their high
thermal speed. The theoretical study of Wang and
Kasper (1991) predicted the onset of aerosol

rebound below 10 nm during filtration process.
Balazy et al. (2004) reported that thermal bounce
occurred for 20 nm particles. There are also stud-
ies showing that the thermal bounce is not detected
down to 2–3 nm particles. Ichitsubo et al. (1996)
carried out experiments using wire screens and did
not detect measurable thermal bounce until 3 nm
and lower. Alonso et al. (1997) used a tandem
DMA technique, and detected no particle bounce
in the same size range of Ichitsubo et al. (1996).
Heim et al. (2005) examined the filtration effi-
ciency of sub-20 nm aerosol particles on grounded
metal filters and screens, and plastic mesh. They
found that even for particle sizes as small as
2.5 nm there was no measurable deviation from
the classical single-fiber-efficiency theory, thus no
measurable thermal bounce.
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Experiments have been performed at the Uni-
versity of Minnesota (UMN) and the 3M Com-
pany (see the companion papers by Kim et al.
2006 and Japuntich et al. 2006) to investigate the
filtration efficiency of standard filters. The size of
the aerosol particles is 3–20 nm in the UMN study
and is 15–400 nm in the 3M study. We compare
the experimental data with theoretical filtration
models. Since diffusion is the dominant deposition
mechanism for nanoparticle filtration, the expres-
sions for efficiency due to diffusion play an essen-
tial role in the comparison. Many researchers
obtained theoretical expressions for the efficiency
due to diffusion by solving the convective diffusion
equation using a boundary layer approach.
Friedlander (1957, 1958) and Natanson (1957)
performed such analyses using the Stokes flow past
a single fiber. Fuchs and Stechkina (1963), Pich
(1965), Stechkina (1966), Kirsch and Stechkina
(1978) and Lee and Liu (1982) used the Kuwabara
flow field, which allows the consideration of the
interference effect by the neighboring fibers. The
comparison shows that the experimental data for
filter efficiency are bounded by the values com-
puted from theoretical expressions.

Experimental results

Four standard filter media, HE1073, HE1021,
HF0031 and HF0012 manufactured by Hollings-
worth and Vose Fiberglass Media are used in the
experiments. HE-type filter media approach

HEPA regime for small aerosol particles; HF-type
filter media are more common to standard HVAC
systems. The filtration efficiency of these filter
media has been tested using ASTM test method
F1215-89. The results showed low coefficients of
variation (COV) and high degree of homogeneity.
Characteristic parameters for these filter media are
given in Table 1. The solidity is the volume frac-
tion of fibers, which is equal to (1 – porosity). The
standard filter media are composed of fibers of
different sizes with random orientations. The
effective fiber diameter used in our calculation was
computed based on the pressure drop and includes
the effects of inhomogeneity.
Filtration testing systems have been set up at

UMN and the 3M Company. Silver particles in the
range of 3–20 nm were used in the UMN study
and NaCl particles in the range of 15–400 nm were
used in the 3M study. The details of the experi-
mental setup are documented in the companion
papers by Kim et al. (2006) and Japuntich et al.
(2006).
Measured filter penetration is plotted as a

function of the aerosol particle size in Figure 1a
and b for face velocities 5.3 cm/s and 10 cm/s,
respectively. The data from UMN and 3M for
particle size �20 nm agree very well when the face
velocity is 10 cm/s; the agreement is less good but
still satisfactory when the face velocity is 5.3 cm/s.
The values of the Reynolds number at different
face velocities are listed in Table 1. They are much
smaller than 1, indicating that the flows are in
Stokes flow regime and the air inertia is negligible.

Table 1. Characteristic parameters of the four filter media and the Reynolds number at different face velocities

Parameters HE1073 HE1021 HF0031 HF0012

Thickness (cm) Average 0.053 0.069 0.074 0.074
% COV 2.3 4.3 2.3 2.3

Solidity – 0.05 0.049 0.047 0.039
Effective fiber diameter (lm) – 1.9 2.9 3.3 4.9
DOP % Penetration 0.3 lm at 5.3 cm/s Average 12.8 39 45.8 79.9

% COV 2.2 1.7 0.92 1.24
Pressure Drop at 5.3 cm/s (mmH2O) Average 8.4 4.7 3.5 1.3

% COV 1.48 1.35 1.94 1.47
Fiber Density (g/cm3) – 2.4 2.4 2.4 2.4
Reynolds number at different face velocities 5.3 cm/s 0.0068 0.010 0.012 0.018

10 cm/s 0.013 0.020 0.022 0.033
15 cm/s 0.019 0.029 0.034 0.050

The Reynolds number is defined as Re = U0df/t, where U0 is the face velocity, df is the fiber diameter, and t is the kinematic
viscosity of air
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The filter penetration is related to the single fiber
efficiency through

P ¼ exp � 4aEt
pdf

� �
; ð1Þ

where P is the penetration, a is the solidity, E is the
single fiber efficiency, t is the thickness of the filter
and df is the fiber diameter. Inverting Eq. (1), we
can express the single fiber efficiency as

E ¼ � pdf
4at

lnP: ð2Þ

Using (2), we compute the single-fiber efficiency E
from the UMN and 3M experimental data.

Modeling of the single fiber efficiency for

nanoparticles

The total single-fiber efficiency E has contributions
from different collection mechanisms and can be
written as

E � ED þ ER þ EDR þ EI þ EG; ð3Þ
where ED, ER, EI, EG represent the collection
efficiency due to diffusion, interception, inertial
impaction and gravity, respectively; EDR accounts
for the enhanced collection due to interception of
the diffusing particles. Expressions for these effi-
ciencies can be found in Hinds (1998) and are used
to estimate the relative importance of different
collection mechanisms. For example, if we con-
sider the filter media HF0012 at the face velocity
of 10 cm/s, ED accounts for 99.85% of E when the

particle diameter is dp = 1 nm, 85.5% of E when
the particle diameter is dp = 100 nm.
Since diffusion is the dominant filtration mech-

anism for nanoparticles, the total efficiency E
computed using (2) is approximately equal to ED

when dp < 100 nm. In the literature, a number of
theoretical expressions for the single fiber effi-
ciency due to diffusion are derived. Hinds (1998)
gives the following expression

ED ¼ 2Pe�2=3; ð4Þ
where Pe is the Peclet number and defined as

Pe ¼ dfU0

D
¼ dfU0

3pg
kTCc

dp;

where D is the diffusion coefficient, g is the vis-
cosity of air, k is the Boltzmann constant, T is the
temperature, and Cc is the slip correction factor.
The Peclet number provides an indication of the
relative importance of diffusion and convection. In
our calculation, the expression for the slip cor-
rection factor obtained by Kim et al. (2005) is
used. Stechkina (1966) did a boundary layer
analysis for the convective diffusion equation and
obtained

ED ¼ 2:9Ku�1=3Pe�2=3 þ 0:624Pe�1; ð5Þ
where Ku is the Kuwabara hydrodynamic factor.
Kirsch and Stechkina (1978) considered the effects
of the gas slip and the case in which

ð2k1=PeÞ1=3<Kn; ð6Þ
where Kn = 2k /df is the Knudsen number,
k1 = Ku + s Kn and s is a coefficient of order of
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Figure 1. The penetration as a function of the aerosol particle size for the four standard filter media: HE1073, HE1021,
HF0031 and HF0012. The face velocity is 5.3 cm/s in (a) and 10 cm/s in (b). The size of the aerosol particles is 3–20 nm in
UMN experiments (solid symbols in the figures) and is 20–260 nm in 3M experiments (open symbols in the figures).
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unity and depends on interaction of gas and fiber.
Note that d1 = (2k1/ Pe)

1/3 is the characteristic
length of the diffusion boundary layer. Kirsch and
Stechkina (1978) presented an analysis of the
convective diffusion equation and showed that

ED ¼ 3:20k
�1=2
1 ðsKnÞ1=2Pe�1=2: ð7Þ

We assume s = 1 in our calculations. The
prominent feature of Eq. (6) is that the power of
Pe is ) 1/2, not ) 2/3 as in Eqs. (4) and (5).
We compare the efficiency obtained from the

UMN and 3M experiments to the theoretical
expressions (4), (5) and (7). We focus on particles
smaller than 100 nm, for which E� ED. The the-
oretical studies suggest

E ¼ FunctionðPe; a;KnÞ:
The efficiency E is plotted against the Peclet
number Pe for the filter media HE1073, HE1021,

HF0031 and HF0012 in Figure 2a, b, c and d,
respectively. The solidity a and the Knudsen
number Kn for these filters are listed in each figure.
Figure 2 shows that generally Eq. (5) overesti-

mates the efficiency and Eq. (7) underestimates it.
The experimental results for E are in good agree-
ment with Eq. (5) when Pe>100; they agree well
with Eq. (7) when Pe is of the order of unit. The
good agreement with Eq. (5) at high Pe seems to
be reasonable, since Eq. (5) was derived from a
boundary layer analysis which is presumably valid
at high Pe. The agreement with Eq. (7) at low Pe is
better when Kn is larger. It shows that the gas slip
should be considered if Kn is not negligible. We
notice that the condition (6) is not satisfied at low
Pe in the experiments, thus the good agreement
with Eq. (7) at low Pe is not clearly understood.
The experimental data for filter efficiency are
bounded by the values computed from theoretical
expressions (5) and (7). Therefore thermal rebound
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Figure 2. The efficiency E against the Peclet number Pe for the filter media (a) HE1073, (b) HE1021, (c) HF0031 and (d)
HF0012. The theoretical expressions (4), (5) and (7) are represented by lines and the experimental results are indicated by
symbols. The experimental results include data obtained using the face velocities 5.3, 10 and 15 cm/s.
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in the tested filter media is not detected down to
3 nm particles.
We seek a new empirical model which can

describe the experimental data more accurately.
Figure 2 shows that the experimental results can
be satisfactorily fitted using power laws

E ¼ APm
e : ð8Þ

The fitting parameters A and m are listed in
Table 2 for the four standard filter media.
If we take the average values of A and m, a

power law in the following form can be obtained

E ¼ 0:84Pe�0:43: ð9Þ
Equation (9) can be used to compute the pene-
tration. In Figure 3, the computed penetration is
compared with the experimental results. At the
same time, the equation E = 2Pe)2/3 in Hinds
(1998) is also used to compute the penetration and
compared to the experimental results. The agree-
ment for the equation E = 2 Pe)2/3 is not good,
especially at small particle sizes. The agreement for
the equation E = 0.84 Pe)0.43 is satisfactory. This
comparison demonstrate the simple power law
expression with only two fitting parameters can
lead to good agreement with a wide range of fil-
tration data, which cover all the four filter media
and particles smaller than 100 nm at face velocities
of 5.3, 10 and 15 cm/s.

Processing the data using dimensionless groups

Friedlander (1967, 2000) analyzed the convective
diffusion equation and derived a functional rela-
tionship which covers the filtration efficiency due
to diffusion and interception. It indicates that the
group (E R Pe) should be a single-valued function
of (R Pe1/3):

ERPe ¼ FunctionðRPe1=3Þ; ð10Þ
over the range Pe >> 1, R << 1 for a fixed Rey-
nolds number smaller than 1. Here R = dp/ df is
the interception parameter. In the limiting case
R fi 0, diffusion is the dominant deposition
mechanism, therefore the efficiency is independent
of R and (10) should have the form

ERPe � ðRPe1=3Þ1: ð11Þ
In the limiting case Pe fi ¥, interception is far
more important than diffusion, therefore the effi-
ciency is independent of Pe and Eq. (10) suggests

ERPe � ðRPe1=3Þ3: ð12Þ
If the group (E R Pe) is plotted against (R Pe1/3),
all data at a fixed Reynolds number should fall on
the same curve. On a log–log plot, the slope of the
curve is unity for small values of (R Pe1/3) and
three for large values of (R Pe1/3).
We plot the experimental results using the

dimensionless groups (E R Pe) and (R Pe1/3) in
Figure 4. The data points for each filter media
almost fall on the same curve, in agreement in the
functional relation (10). The curves for the four
filter media are close, but somewhat different. This
indicates that the filter solidity plays a role in
determining the functional relation (10).
We notice that the slopes of the curves become

larger as the value of (R Pe1/3) increases. For con-
venience, we select R Pe1/3 = 0.1 as a limiting
value. The slopes of the curves for the four filtermedia
are in the range of (1.25–1.32) whenR Pe1/3<0.1 and
in the range of (1.37–1.68) when 0.1<R Pe1/3<2.
It appears that our data for R Pe1/3 <0.1 are close
to Eq. (11). Our data for 0.1<RPe1/3<2 are in a
transition regime between the diffusion-dominated
regime and the interception-dominated regime. We
do not have data for the interception-dominated
regime to confirm Eq. (12).

Discussion and conclusion

In this study we process the experimental data for
fibrous filtration of aerosol particles in the range of
3–260 nm. The single-fiber efficiency is computed
from the experimental data and compared to well-
known theoretical expressions. The experimental
results are in good agreement with the theoretical

Table 2. The solidity a the Knudsen number Kn, and the
fitting parameters A and m for the four standard filter
media

Filter a Kn A m

HE1073 0.05 0.0695 0.8623 ) 0.4082
HE1021 0.049 0.0455 0.7836 ) 0.4114
HF0031 0.047 0.04 0.7901 ) 0.4235
HF0012 0.039 0.0269 0.9142 ) 0.4599
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expression by Stechkina (1966) when the Pectlet
number Pe>100; they agree well with the theo-
retical expression by Kirsch and Stechkina (1978)

when Pe is of the order of unit. The penetration
decreases as the particle size approaches 3 nm and
the single-fiber efficiency is bounded by the values

0.0001

0.001

0.01

0.1

1

10

100

1 10 100

Particle diameter (nm)

Pe
ne

tr
at

io
n 

(%
)

HF0012

HF0031

HE1021

HE1073

Face velocity 10 cm/s

0.0001

0.001

0.01

0.1

1

10

100

1 10 100

Particle diameter (nm)

Pe
ne

tr
at

io
n 

(%
)

HF0012

HF0031

HE1021

HE1073

Face velocity 10 cm/s

0.0001

0.001

0.01

0.1

1

10

100

1 10 100

Particle diameter (nm)

Pe
ne

tr
at

io
n 

(%
)

HF0012

HF0031

HE1021

HE1073

Face velocity 15 cm/s

0.0001

0.001

0.01

0.1

1

10

100

1 10 100

Particle diameter (nm)

Pe
ne

tr
at

io
n 

(%
)

HF0012

HF0031

HE1021

HE1073

Face velocity 15 cm/s

(a) (b)

(c) (d)

Figure 3. The penetration as a function of the particle size. The face velocity is 10 cm/s in (a) and (b) and 15 cm/s in (c) and
(d). The symbols are experimental results and the solid lines are computed using different expressions for single-fiber efficiency.
Hinds equation E = 2Pe)2/3 is used in (a) and (c); the agreement is not good. The power law E = 0.84 Pe)0.43 is used in (b)
and (d); the agreement is satisfactory.
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computed from theoretical expressions. Thus no
evidence of thermal rebound is detected in the
tested filter media for particles as small as 3 nm.
The inhomogeneity and random orientations of

fibers are difficult to account for. Their effects are
only considered in the calculation of the effective
fiber diameter but not considered in the present
analysis of the single-fiber efficiency. This may be
part of the reason why the experimental efficiency
does not agree very well with theoretical expres-
sions.
Numerical simulation provides another

approach for filtration studies. Kirsh (2003)
numerically solved the convective diffusion equa-
tion in a two-dimensional cell model. His results
are in good agreement with the Stechkina formula
(5) even when Pe is of the order of unit. But our
experimental data do not agree well with (5) in the
same range of Pe. It appears that accurate mod-
eling of filtration by standard filters at small Pe
limit is still a challenging task.
We found that a power law model for the effi-

ciency depending on the Peclet number leads to
satisfactory agreement with experiments. The
power of the Peclet number is in the range of
) 0.41 to ) 0.46 for particles smaller than 100 nm.
The experimental data are also consistent with the
functional relation suggested by Friedlander
(1967, 2000).
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Abstract

In this study, nanoparticle penetration was measured with a wide range of filter media using silver nano-
particles from 3 nm to 20 nm at three different face velocities in order to define nanoparticle filtration
characteristics of commercial fibrous filter media. The silver particles were generated by heating a pure
silver powder source via an electric furnace with a temperature of 870�C, which was found to be the optimal
temperature for generating an adequate amount of silver nanoparticles for the size range specified above.
After size classification using a nano-DMA, the particle counts were measured by an Ultrafine Conden-
sation Particle Counter (UCPC) both upstream and downstream of the test filter to determine the nano-
particle penetration for each specific particle size. Particle sampling time continued long enough to detect
more than 105 counts at the upstream and 10 counts at the downstream sampling point so that 99.99%
efficiency can be detected with the high efficiency filter. The results show a very high uniformity with small
error bars for all filter media tested in this study. The particle penetration decreases continuously down to
3 nm as expected from the classical filtration theory, and together with a companion modeling paper
by Wang et al. in this same issue, we found no significant evidence of nanoparticle thermal rebound down
to 3 nm.

Introduction

Nanotechnology, which involves the manipulation
of matter at nanometer length scales to produce
new materials, structures and devices, has the
potential to start the new industrial revolution.
The potential for new products leading to
improvements in our lives is astounding. Nano-
particles often behave much differently than bulk
samples of the same materials, resulting in unique
electrical, optical, chemical, and biological prop-
erties. The special properties of nanoparticles give
rise to recent concerns about the potential health
hazards posed to workers or users that are exposed

to them (Oberdörster, 2000; Maynard, 2003).
Therefore, nanoparticle research has received
considerable attention in many laboratories and
industrial fields, especially for studying the health
effects of nanoparticles and their control.
Filtration is the simplest and most common

method for air cleaning, and aerosol filtration is
used in diverse applications, such as respiratory
protection, air cleaning of smelter effluent, pro-
cessing of nuclear and hazardous materials, and
clean rooms. However, the process of filtration is
complicated, and although the general principles
are well known there is still a gap between theory
and experiment (Hinds, 1999). In particular, recent
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modeling and experiments pointed to the potential
penetration of nanoparticles through the filters
due to thermal rebound. Further, nanoparticle
penetration has not been shown clearly due to the
difficulties of system set-up and penetration mea-
surement. Wang and Kasper (1991) suggested a
numerical model for nanoparticle penetration
showing that the thermal impact velocity of a
particle will exceed the critical sticking velocity in
the size range between 1 and 10 nm depending
sensitively on elastic and surface adhesion
parameters. Ichitsubo et al. (1996) conducted an
experimental work of nanoparticle penetration
using wire screens, and showed the nanoparticle
penetration below two nm in size was higher than
the theoretical results due to the thermal rebound.
Following this, Alonso et al. (1997) used a tandem
DMA technique, and detected no particle bounce
effects in the same size range as Ichitsubo et al. As
of now, the thermal rebound effect on nanoparticle
filtration is not well proven, and it is very impor-
tant to study the air filtration properties of nano-
particles to determine the filtration requirements
of personal protective equipment or HVAC filter.
In this study, the nanoparticle penetration test

system has been established and the nanoparticle
penetration was tested with a wide range of filter
media (four fiberglass filter media, four electret
filter media and one nanofiber filter media) using
silver nanoparticles from 3 nm to 20 nm at face
velocities of 5.3, 10 and 15 cm/s.

Experiments

Figure 1 shows a schematic diagram of a nano-
particle filtration test system, and it consists of a
nanoparticle generation system, a size classifica-
tion system and a penetration measurement
system. An electric furnace is used to generate
silver nanoparticles from a pure silver powder
source (99.999%, Johnson Mattney Electronics),
and clean compressed air is used as a carrier gas
with flow rate of 3.0 lpm. The silver powder source
located in the center of a heating tube is vaporized
and condensed into silver nanoparticles with a
wide size distribution at stainless steel tube parts.
The particle size distribution can be controlled by
changing the furnace temperature as shown in
Figure 2. The average size and the particle number
concentration of silver nanoparticles generated by
the furnace increases with the furnace temperature,
because at a higher temperature, the evaporation
rate increases, giving rise to a larger amount of
condensable vapor which allows the particles to
grow to larger sizes by agglomeration and con-
densation (Ku & Maynard, 2006).
The silver nanoparticles are given a Boltzman

charge distribution by Po-210 and classified by a
differential mobility analyzer (nano-DMA, Model
3085, TSI). The neutralized silver nanoparticles
(by another Po-210) are then introduced to the test
filter and the number counts upstream and
downstream of the filter are measured by an

Figure 1. Schematic diagram of the nanoparticle penetration test.
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ultrafine CPC (Model 3025A, TSI) for the nano-
particle penetration calculation during a certain
sampling time that is long enough to show high
reliability. Each test is repeated more than five
times with different test conditions to show the
variability caused by the set-up and the measure-
ment itself.
Chen et al. (1998) studied nanoparticle trans-

portation in the nano-DMA in order to reduce
nanoparticle loss and suggested a new inlet design
to reduce the recirculation problem. Here, the slit
width is reduced to improve the matching of the

flow velocity in the classifying region and to avoid
electric field penetration into the upstream side of
the entrance slit. As a result, the nano-DMA has
the potential for high resolution in sizing and
classifying nanoparticles. Figure 3 shows the cali-
bration results of nano-DMA measured by a
Scanning Mobility Particle Sizer (SMPS, Model
3080, TSI) and CPC (Model 3022A, TSI). These
size distributions were measured next to the nano-
DMA for the particle size classification and the
results show that nanoparticle size distribution
classified by nano-DMA is monodisperse and

Figure 2. Silver nanoparticle size distribution as a function of temperature.

Figure 3. Nano-DMA calibration.
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acceptable for a discrete nanoparticle penetration
test.
Table 1 shows the specifications of the four

different fiberglass filter media tested in this study.
The filter media were made by the manufacturer,
Hollingsworth and Vose of East Walpole,
MA 02032, U.S.A, and were originally donated for
use in the establishment of the precision and
accuracy statement for the ASTM F1215-89
Standard ‘‘Standard Method for Determining the
Initial Efficiency of a Flatsheet Filter Media in an
Airflow Using Latex Spheres’’. The filter media are
of very low variability, with coefficients of varia-
tion for thickness, mass per area, initial pressure
drop and initial DOP penetration of less than 4, 1,
2 and 3%, respectively (Japuntich, 1991). The HE
series approaches HEPA regime for small particle
size and the HF series is more common to
standard HVAC systems. These filter media have
different combinations of supporting fibers to keep
filter shape and main fibers to capture particles,
and the filtration efficiency is proportional to
the amount of the main fibers. Figure 4 shows the
SEM images of H&V fiberglass filter media mag-
nified 500 times. The pore size of the HE filter

media is much smaller than that of the HF filter
media, and the main fiber ratio of the HE
filter media is much higher than that of the HF
filter media.
Table 2 shows a list of commercial filter media

that were tested in this study. Four different
electret filter media (media A, B, C, and D) are
made by the 3M Company and Lydall, Inc. and
applied on commercial respirators that are widely
used in the working field. Media E is a nanosized
e-PTFE (expanded polytetrafluoroethylene)
membrane filter medium made by W.L. Gore, and
is used for ultra high efficiency filtration industrial
applications. Figure 5 shows the SEM images of
the commercial filter media tested in this study.
The uniformity of the porosity is not as good when
compared to the H&V fiberglass filter media as
shown in the SEM images, but media E can be
expected to show high repeatability in test results
due to its uniform porosity all over the filter
medium.
Each filter sample was placed in a portable filter

holder with a filtration area of 17.34 cm2, and the
face velocity through the test filter medium was
controlled by a regulated vacuum pump located at

Table 2. Specifications of the specialized filter media

Name Type Manufacturing method

Media A Corona charged blown fiber (mid-size fiber) Melt blowing process
Media B Highly charged blown Fiber (mid-size fiber) Melt blowing process
Media C Split film fiber Film extrusion process
Media D Highly charged blown fiber (fine-size fiber) Melt blowing process
Media E e-PTFE Membrane Filter –

Table 1. Specifications of H&V fiberglass filter media

Filter Parameters Media

HE1073 HE1021 HF0031 HF0012

Thickness (cm) Ave. 0.053 0.069 0.074 0.074
%COV 2.3 4.3 2.3 2.3

Basis Weight (g/m2) Ave. 63.9 80.3 82.6 69.2
%COV 0.53 0.67 0.86 0.92

Pressure Drop at 5.3 cm/s (mmH2O) Ave. 8.4 4.7 3.5 1.3
%COV 1.48 1.35 1.94 1.47

DOP % Penetration 0.3 lm at 5.3 cm/s Ave. 12.8 39 45.8 79.9
%COV 2.2 1.7 0.92 1.24

Fiber Density(g/m3) – 2.4 2.4 2.4 2.4
Solidity – 0.050 0.049 0.047 0.039
Effective Fiber Diameter (lm) – 1.9 2.9 3.3 4.9
Effective Pore Diameter (lm) – 8.8 13.4 16.1 26.2
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the end of the system. The tests were conducted
with face velocities of 5.3, 10.0, and 15.0 cm/s.
Prior to each measurement, a particle count mea-
surement at the downstream end of the test filter
with applying zero Volts to the nano-DMA was
conducted in order to check the leakage of the
filter holder. Because no particle can pass through
the DMA without any electric field inside of the
DMA, we can check a system leakage by checking
the zero particle count in case of zero Volts DMA
test. Furthermore, after switching the sampling
point from upstream to downstream, another zero
Volts DMA test was conducted to make sure that
there are no residual particles inside the sampling
tube.

Results and discussion

Nanoparticle penetration efficiencies were mea-
sured for four different fiberglass filter media, four
different electret filter media and one nanofiber
filter medium using silver nanoparticles. All

experimental results are shown in terms of the
percent penetration with respect to the electrical
mobility diameter that is classified by the
nano-DMA. Each data point is an average of
at least five replicates with the maximum and
minimum values as error bars. Figure 6 shows the
nanoparticle penetration of the H&V fiberglass
filter media at the face velocity of 5.3 cm/s, which
is a standard test velocity for a respirator filter
medium. The furnace setting temperature was
870�C, which can generate an adequate amount of
silver nanoparticles for the size range of 3 to
20 nm. The particle sampling time was 600 s for
particle sizes smaller than 5 nm and 60 s for the
rest of particle size in order to get more than 105

counts at the upstream and 10 counts at the
downstream sampling point so that 99.99%
efficiency can be detected with the high efficiency
filter. The results show very high uniformity with
small error bars. In the case of the HF 0012, which
has the lowest filtration efficiency among the H&V
fiberglass filter media, data were obtainable for all
particle sizes down to 3 nm, while the particle

Figure 4. SEM images of the H&V filter papers (�500). (a) HF0012 (b) HF0031 (c) HE1021 (d) HE1073.
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penetration less than 9 nm for the HE 1073 could
not be measured due to its high filtration effi-
ciency. In these cases, particles could not be
detected at the downstream sampling point, even
with an extended sampling time of 30 min. The
results show that particle penetration decreases
continuously down to 3 nm as expected from the
classical filtration theory, and there is no signifi-
cant evidence of the nanoparticle thermal rebound
down to 3 nm.

Figures 7 and 8 show the nanoparticle penetra-
tion of the H&V fiberglass filter media at the face
velocity of 10 and 15 cm/s, respectively. The
higher face velocities show a higher penetration
percentage due to a shorter residence time through
the filtration region. These results show the same
trend as the case of the 5.3 cm/s face velocity.
Figure 9 shows the nanoparticle penetration of the
commercial filter media at the face velocity of
5.3 cm/s. Nanoparticle penetration decreases

Figure 5. SEM image of the specialized filter media. (a) Media A (�100) (b) Media B (�100) (c) Media C (�50) (d) Media D
(�100) (e) Media E (�3,000) (f) Media E (�30,000).
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continuously with decreasing particle size down to
3 nm with no evidence of thermal rebound. These
results show larger error bars than those of
the H&V fiberglass filter media due to the
non-uniformity of the fiber diameter, porosity and
fiber charging condition except media E as
mentioned previously.
Figure 10 shows the combination of the nano-

particle penetration measured in this study with

the submicron particle (from 20 to 200 nm) pene-
tration measured by Japuntich et al. (2007) for
H&V fiberglass filter media at the face velocity of
5.3 cm/s. They used a TSI 8160 automated filter
tester for the particle penetration test with sodium
chloride (NaCl) particles generated by an atom-
izer. As shown in the graph, the results agree well
with each other at the particle size of 20 nm, even
though different test particles were used in the

Figure 6. Nanoparticle penetration of the H&V filters at the face velocity of 5.3 cm/s.

Figure 7. Nanoparticle penetration of the H&V filters at the face velocity of 10.0 cm/s.
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two studies. This is because the most dominant
filtration mechanism for nanoparticles is Brownian
diffusion, which is not affected by the particle
density.

Conclusion

In this study, the nanoparticle penetration was
tested with a wide range of filter media (four

glassfiber filter media, four electret filter media and
one nanofiber filter medium) using silver nano-
particles from 3 nm to 20 nm at face velocities of
5.3, 10 and 15 cm/s. Nano-DMA calibration and
adequate leakage tests show that the test system
can produce repeatable and reliable data. The
furnace setting temperature and particle sampling
time were determined experimentally in order to
generate enough amounts of silver nanoparticles in
the size range of 3–20 nm, so that 99.99% of effi-

Figure 8. Nanoparticle penetration of the H&V filters at the face velocity of 15.0 cm/s.

Figure 9. Nanoparticle penetration of the specialized filter media.
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ciency can be measured for the high efficiency filter
media. The results show a very small variability
with small error bars for all filter media tested in
this study, even though each test was repeated
many times with a variety of test conditions
(operator, test date and sample). The particle
penetration decreases continuously down to 3 nm
as expected from the classical filtration theory, and
there is no significant evidence of nanoparticle
thermal rebound down to 3 nm for nine different
filter media with three different face velocities.
Further, the result shows a good agreement in the
overlapping size range of previous test results
using submicron particles (from 20 to 200 nm).
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Abstract

Nanometer particle size distributions were measured in booths with two different ventilation patterns in an
occupational environment with welding operations underway. The measurements were used to illustrate the
impact of change of ventilation methods (existing – with ventilation ducts located at the top, modified –
with ventilation ducts located below the weld bench) on the aerosol size distributions at different locations:
close to the weld, in the vicinity of the welder�s face, and in the exhaust duct. Particle number concen-
trations measured in the vicinity of the welder�s face (mask) during a horizontal standard arc welding
process in a booth with ventilation at the top was in the range of 7.78�105 particles cm)3 with a geometric
mean size of 181 nm and geometric standard deviation of 1.8. This reduced to 1.48�104 particles cm)3 in
the vicinity of the welder�s face with the modified ventilation system. The clearance of the welding aerosol
was also faster in the modified booth (6 min compared to 11 min in a conventional booth). Particles were
collected in the booth for the various test conditions, and analyzed to determine their composition and
morphology. The particles were composed of hazardous heavy metals such as manganese, chromium and
nickel, and had varying morphologies.

Introduction

Nanoparticles are ubiquitous in the environment
as they are emitted from several sources and also
formed by spontaneous nucleation in the atmo-
sphere. Nanoparticles in the workplace are of
interest, and Biswas and Wu (2005) have reviewed
a variety of industrial processes that are sources of
unwanted nanoparticles. Vincent and Clement
(2000) categorized ultrafine particles in the work-
place as: (1) fumes from hot processes (e.g.
smelting, refining and welding); (2) fumes from

(incomplete) combustion processes (e.g. transpor-
tation, carbon black manufacture); and (3)
bioaerosols (e.g. viruses, endotoxins). Conditions
required for the generation of ultrafine particles in
a workplace were summarized as: (1) presence of
vaporizable material; (2) sufficiently high temper-
ature to produce enough vapor, followed by
condensation to form an independent aerosol; (3)
rapid cooling and a large temperature gradient.
Welding is a commonly used industrial process in
which all the above conditions are observed, and
well known to produce large concentrations of
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nanoparticles. There are many types of welding
processes (Zimmer & Biswas, 2001); and one of the
commonly used ones is the arc welding process.
More than 700,000 people are involved with

welding for some part of their work, and it has
been estimated that up to two percent of the
working population in industrialized countries are
welders (NIOSH, 1988). Welding processes have
been linked to several detrimental acute and
chronic health effects (NIOSH, 1988), one reason
probably due to exposure to nanoparticles with
compositions of chemicals contained in the weld
electrode and base metal. Acute health effects
include bronchitis, pneumonitis and metal fume
fever (McNeilly et al., 2004). Studies have linked
lung cancer, cancer of the larynx, and cancer of the
urinary tract to welding fume exposure (Stern,
1983; Sjogren et al., 1994; Antonini et al., 2003).
Welding fume inhalation can also cause chronic
bronchitis, emphysema and increased risk of heart
disease. Welding fumes also have non-respiratory
effects such as eye and skin irritation (AFSCME,
2004). There have been only limited studies
conducted that have characterized aerosols
generated from a welding process (Zimmer &
Biswas, 2001; Konarski et al., 2003; Stephenson
et al., 2003). These studies have shown that a high
concentration of nanoparticles are generated in
such processes. While results on their capture and
removal have been conjectured, the overall con-
centration of nanoparticles in work places has not
been monitored. The proper use of ventilation
systems can also help in reducing exposure.
There is increasing interest in establishing the

impacts of nanomaterials in workplaces, especially
occupational settings wherein engineered nano-
particles are synthesized. While welding processes
are not used for deliberate production of nanom-
aterials, there are several commonalities that are
important. First, arc welding is a plasma process
that is similar to high temperature processes used
to synthesize nanoparticles. Second, it is con-
ducted in an open environment, thus providing
valuable data for potential control methods that
would be protective of the workers. Third, the
unwanted nanoparticles that are produced have to
be controlled and captured to minimize exposure
to the worker, and may contain valuable
by-products which could be a source of useful
nanomaterials. This paradigm of reducing emis-
sions and exposure, and producing valuable

by-products is a useful approach that should be
considered (Biswas et al., 1998).
The objective of this paper is to characterize the

impact of ventilation changes on resultant welding
aerosol size distributions in an occupational envi-
ronment. Nanoparticle size distributions are
measured in an operator training school wherein
arc welding is carried out in a series of booths.
Modifications in ventilation systems are made to
study the potential impact of nanoparticle expo-
sure. Particle number size distributions, mass
concentrations, morphology and chemical com-
positions are reported. Scenarios that would result
in reduced nanoparticle exposure are discussed.

Experimental

The overall objective is to study the influence of
ventilation changes on nanoparticle aerosol char-
acteristics in a booth where welding operations are
underway. A welding operator training school was
used as the model case in this study. A brief
description of the booth and welding operation,
and the various measurement systems is provided.

Ventilation systems

Welding processes indoors is often done in a small
booth consisting of a table, an apparatus to assist
with vertical welding processes and other ancillary
electrical equipment. For this study two different
booths were used, each equipped with different types
of ventilation systems as shown in Figure 1. The first
was an existing welding booth (conventional booth;
2.1 m high�1.5 m wide�1.8 m deep) with the ven-
tilation duct located overhead at the top in the
ceiling. The exhaust duct was a single pipe (diameter
15 cm) and had a flow rate of 11 m3 min)1. The
booth had a curtain on the open side to protect
people in the vicinity not involved in the welding
fromharmful ultraviolet light.The secondboothwas
one with a modified ventilation system (modified
booth). The welding table had an integrated vent for
use during horizontal welding operations, as shown
in Figure 1. The vent drew flow through a set of
grates away from the weld region at a flow rate of
11 m3 min)1. Themodified booth was also equipped
with a movable ventilation duct, referred to as the
arm. The main use for this apparatus was to limit
exposure during vertical welding operations. The

128



diameterof theduct thatmadeup thearmwas14 cm,
and operated at a suction flow rate of 9 m3 min)1.
An arc welding operation on 3/8¢¢ base metal

plates (ASTM A36-97a) was carried out (Arc
voltage: 20 V, Arc current: 125 A) with E-7018
welding rods (two rods per sample). Both hori-
zontal and vertical welding operations were
conducted. The total welding operation ran for
about 5 min, allowing sufficient time for sampling
using the real time aerosol instruments.

Particle size distribution sampling

To obtain particle size distribution data, a real-
time size-distribution measuring system (Scanning
Mobility Particle Sizer (SMPS), TSI Inc., St.Paul,
MN, USA) was used. This device consists of an
electrostatic classifier (TSI model 3080) and a
condensation particle counter (TSI model 3025).
The sample flow rate was 0.3 liters per minute and
the sheath flow rate for the SMPS was 10 liters per
minute. The length of the sampling tube was
2.7 meters, so that the operator could conduct the
welding operations without disturbance. The loss
of particles by diffusional deposition in the tube
was not very high, for example about 6% of 50 nm
particles would be lost. Prior to the beginning of
the welding operation, background measurements
were taken to ensure that the concentrations were
typical of an indoor environment without any
sources. Measurements were taken at different
locations (see Table 1) for both horizontal and
vertical welding operations. In the conventional

booth, measurements were taken at three different
locations: 10 cm above the weld, in the welder�s
mask near the mouth and nostrils, and in the
exhaust duct. The same was done for the booth
with the modified ventilation system (modified
booth). Temporal measurements were also taken
in the booth to determine the time it took for the
particle concentrations to drop back to the back-
ground levels after welding operations. Replicate
tests were conducted and at least three measure-
ments were made for each sampling point.

Particle collection for mass concentration,
composition and morphology

Particles from the welding fumes were collected on
a 47 mm Teflon filter that was installed in a holder
that was 1.5 m above the welding region. The flow
rate used was 10 liters per minute, and sampling
was done for about 5 min that matched the
welding operation. Three replicate filter samples
were collected, and the mass of particles collected
was determined gravimetrically to determine the
mass concentration. The particles were analyzed
by X-Ray Fluorescence (XRF, Chester Labnet,
Tigard, OR, USA) to determine the elemental
concentrations of the constituents in the welding
aerosol. The collected particles were also viewed
by scanning electron microscopy (SEM, Hitachi
S-4500). A trap consisting of a permanent magnet
outside the sampling tube was used to determine
the fraction of particles that were magnetic, and to
check their morphology.

Exhaust Duct 

Arm

Welding Table 
2.1 m2.1 m

Welding Table 

1.8 m 2.1 m

1.5 m1.5 m

 New booth  Existing booth 

(a) (b)

Figure 1. Ventilation system in the conventional and modified booths. The conventional booth has an exhaust duct located
overhead. The modified booth ventilation system is below the welding table and has an arm-type exhaust.
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Results and discussion

Particle formation and transport

Welding aerosol formation and the resultant
particle transport are complex phenomena.
Metallic species from both the electrodes and the
base metal being welded are vaporized in the
high temperature zone near the arc. The rate of
fume generation is a function of welding
parameters such as welding alloy, arc voltage,
and electrode (Zimmer & Biswas, 2001; Zimmer
et al., 2002), resulting in a highly variable aero-
sol, both spatially and temporally. Controlled
studies of a Gas Metal Arc Welding (GMAC)
show that at a height of 4.8 cm, the concentra-
tions were 1.42�107 particles cm)3 and at a
height of 19.2 cm the particle concentration
decreased to 3.67�106 particles cm)3 (Zimmer &
Biswas, 2001). Near the welding arc, where the
temperatures are still very high, the welding fume
remains as a vapor. As it begins to move away
from the hot zones of the plasma to the cooler
regions, the metal species vapors begin to nucle-
ate, followed by growth by condensation and
coagulation.

In contrast to the controlled studies conducted
earlier, the objective was to evaluate the particle
characteristics at the different locations in the
booths with the different ventilation systems. In
the conventional booth, the generated particles
and vapors follow the flow streamlines towards the
exhaust duct located in the ceiling, and undergo
growth mechanisms (as illustrated in Figure 2).
This flow is past the welder�s face and protective
hood (mask), thus increasing chances of exposure.
In contrast, in the modified booth the particles and
vapors are drawn away from the vicinity of the
welder�s face into the duct below the table, and
most of the particle growth occurs inside the
exhaust duct. Detailed description of the nano-
particle size distributions measured are discussed
in the following section.

Conventional booth

Figures 3(a) and (b) show the particle size distri-
butions at different sampling locations in the
horizontal and vertical welding process, respec-
tively. The size distributions are very similar above
the weld, in the mask and in the exhaust duct;
however, there are clear differences in the total

Table 1. Summary of particle size distribution measurements

Sampling location Particle size,
Dp (nm)

Total
particles,
Ntot (#/cm

3)

Geometric
standard
deviation, rg

Total surface
area, Stot
(nm2/cm3)

Total
volume, Vtot

(nm3/cm3)

Conventional booth
Background 52 9.08E+03 2.1 2.48E+08 7.11E+09
Horizontal
weld

Above Weld 162 2.06E+06 1.7 2.62E+11 9.81E+12
In Mask 181 7.78E+05 1.8 1.14E+11 4.44E+12
In Exhaust Duct 187 2.77E+05 1.6 3.94E+10 1.53E+12

Vertical weld Above Weld 216 1.69E+05 1.4 2.82E+11 1.13E+13
In Mask 138 3.29E+05 2.2 3.71E+10 1.43E+12
In Exhaust Duct 132 2.29E+05 2.1 2.88E+10 1.10E+12

Modified booth
Background 41 1.26E+04 2.2 2.42E+08 6.34E+09
Horizontal
weld

In Mask (fan off) 188 4.26E+05 1.6 6.18E+10 2.41E+12
In Mask (fan on) 50 1.48E+04 2.1 4.09E+08 1.26E+10
Below Table 190 4.86E+06 1.6 6.82E+11 2.61E+13
In Exhaust Duct 159 1.80E+06 1.6 1.96E+11 4.56E+23
Above Weld 98 2.38E+04 2.4 2.21E+09 8.19E+10

Vertical
Weld

In Mask (table only) 116 5.25E+04 2.4 5.95E+09 2.29E+11
In Mask (table and arm) 45 2.58E+04 2.3 6.88E+08 2.25E+10
In Mask (arm only) 46 2.12E+04 2.3 5.27E+08 1.58E+10
Arm Duct 72 2.69E+05 2.1 1.22E+10 3.55E+11
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particle number concentrations. The particles
typically grow to about 100 to 300 nm very
rapidly, as observed in Figure 3. The particles in
this range are the most problematic as they deposit
deep in the respiratory system and have the longest
lung clearance times after deposition (Kuo et al.,
2005). Table 1 shows the integral properties of the
distribution at the different sampling locations.
The number concentrations during welding are
considerably higher than that of the background
for all particle sizes.
In a horizontal welding operation, the geometric

mean size was 181 nm at a number concentration of
7.78�105 particles cm)3 in the welder�s mask. The
corresponding mean size in the mask was 52 nm
with a number concentration of 9.08�103 parti-
cles cm)3 for the background condition. Closer to
the weld, the geometric mean size was smaller
(162 nm), and the size correspondingly increased to
181 nm in themask, and 187 nm in the exhaust duct.
This is due to the particle growth by condensation
and coagulation mechanisms described earlier. The
total number concentrations decrease with distance
away from the weld zone: from 2.06�106 particles
cm)3 above the weld, 7.78�105 particles cm)3 in the
mask to 2.77�105 particles cm)3 in the exhaust duct.
The particles in the weld zone were lower than that
measured in the controlled studies of Zimmer and
Biswas (2001), due to the enhanced mixing and
dilution in an actual welding booth environment.

The decrease with distance away from the weld zone
is due to both growth by coagulation, and due to
dilution as the aerosol plume moves away and
spreads. The decrease in the total volume concen-
tration reported in Table 1 confirms that dilution is
also playing a role.
The vertical welding operation reveals a

different pattern. Samples taken in the vicinity of
the welding zone had a higher mean particle size
(216 nm) which then decreased for samples
taken in the mask (138 nm) and the exhaust duct
(132 nm). The total number concentration above
the welding region was 1.69�105 particles cm)3,
and in the mask and at the exhaust duct they
were 3.29�105 particles cm)3 and 2.29�105

particles cm)3, respectively. The larger particle
sizes above the weld are probably due to the
different orientation of the welding process, and
complicated flow patterns that affect the growth
mechanisms. An important observation is that
there was some spatter, and this could also bias
the interpretation of the integral properties.
Conditions for spatter have been identified in
other welding studies (Zimmer et al., 2002).

Modified booth

The modified booth was quite effective at remov-
ing the particles in the nanometer size ranges,
resulting in a significant decrease in the measured

Figure 2. Anticipated particle formation and growth process of welding aerosols in the two booths.
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total number concentration. Figures 4(a) and (b)
show the particle size distributions in the modified
booth with the exhaust fan on. Samples taken in
the mask without the fan on, yielded a total
number concentration of 4.26�105 particles cm)3

with a particle size of 188 nm as shown in Table 1.
With the fan on the total number concentration
dropped to 1.48�104 particles cm)3. The mean

particle size shifted to a much smaller size (50 nm)
with the fan on, closer to background levels in this
specific booth.
During a vertical welding operation, the total

number concentration in the mask was 5.25�104

particles cm)3. This is slightly higher than during a
horizontal welding operation, however a major
difference is the mean particle size was observed
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Figure 3. (a). Particle size distributions of welding aerosols in the conventional booth at different locations (Horizontal
welding). (b). Particle size distributions of welding aerosols in the conventional booth at different locations (Vertical welding).
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(116 nm for the vertical compared to 50 nm for
the horizontal). In a vertical operation, the hood
or mask of the welder is closer to the welding zone
or region of fume generation that explains the
above observed trends.
Using an exhaust duct on the arm allowed more

effective drawing away of the generated particles
from the vicinity of the welding zone. This resulted

in a drop in the number concentration, and the
mean sizes were similar for both types of welding
operation (Table 1). The results indicate that the
modified ventilation scheme with the exhaust
located below the table for the horizontal welding
operations, and the arm for the vertical welding
operations, are effective in reducing exposure to
welders.
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Figure 4. (a). Particle size distributions of welding aerosols in the modified booth at different locations (Horizontal welding).
(b). Particle size distributions of welding aerosols in the modified booth at different locations (Vertical welding).
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Particle clearance time in booth

After conclusion of welding, it is important how
fast the welding fumes are removed from the booth
to protect welders. The time it takes for the aerosol
concentrations to reduce down to background
levels is shown in Figure 5(a) and (b) for the
conventional and modified booths, respectively.
The measurements were initiated immediately

after the welding process concluded, and taken at
the indicated time intervals. The particle concen-
trations reached background levels in approxi-
mately 11 min in the conventional booth, and in
6 min in the modified booth. Thus the efficacy of
the modified ventilation system was not only in
reducing exposure during the welding operation,
but also cleared the environment of the remnant
aerosol in a shorter duration.
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Figure 5. (a) Particle size distributions in the conventional booth for 4 different times after conclusion of welding. (b) Particle
size distributions in the modified booth for 3 different times after conclusion of welding.
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Mass concentration, chemical composition and
morphology of welding aerosols

The gravimetrically measured mass concentration
of collected particles varied between 6.48 and
24.4 mg m)3, and is in the typical range encoun-
tered in an occupational environment with welding
operations. On assuming an average density for
the particles (1.2 g cm)3), and converting the
measured number size distributions to the total
mass concentration, the values obtained are in the
range of 1.4–25.0 mg m)3 above the weld region.
The gravimetrically measured mass concentration
in the booth (6.48–24.4 mg m)3) exceeds the PEL
(Permissible Exposure Limit – 5 mg m)3) pro-
posed by ACGIH (1994). The chemical composi-
tion of the samples is shown in Figure 6. Several
hazardous heavy metal species such as manganese,
chromium and nickel are detected in the sample.
The composition of the welding aerosol matches
that of the welding rod (Fe: 70–85%, CaCO3:
5–10%, CaF2: 5–10, TiO2: 1–3%, Mn: 1.1%, Cr:
0.04%) and the base metal (Fe: 98%, Mn: 0.8%,
Cu: 0.5%, Cr: 0.2%, Ni: 0.1% Others: 0.4%). The
morphologies of the collected particles are shown

Na

Mg

Al

Si

P

S

Cl

K

Ca

Ti

V

Cr

Mn

Fe

 Co

 Ni

 Cu

 Zn  GaG e A s S e Br Rb S r Y Z r Mo P d A g Cd In S n S b Ba La Hg P b Bi

Figure 6. Chemical composition of welding aerosols
collected and analyzed by XRF analysis.

Figure 7. Scanning electron microscope micrographs of representative welding aerosols.
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in Figure 7. Particles of varying morphology were
obtained. Some of them formed more compact
agglomerated structures, indicative of a partial
sintering process. Others formed more chain like
aggregates that are probably indicative of struc-
tures formed when magnetic particles grow by
collisional processes. To confirm that the particles
were magnetic, a filter consisting of an externally
imposed magnetic field was used. This selectively
collected the ferromagnetic particles, and a linear
chain like structure was observed, that matched
the morphology of some of the particles collected
on the filter. Nanostructured magnetic particles
have application in a variety of fields, including
that of environmental remediation (Savage &
Diallo, 2005). Hence, in addition to capture of
nanoparticles to protect the worker, systems using
magnetic fields could be used to separate byprod-
ucts for use in other applications. More studies
need to be conducted before such techniques
would be feasible; however they offer potential of
reducing emissions and producing valuable nano-
material by-products.

Conclusions

Welding processes generate nanoparticles and high
concentrations are observed in the vicinity of the
face of the welder. The particle number concentra-
tion from a horizontal standard arc welding process
was approximately 7.78�105 particles cm)3, with a
geometric mean size of 181 nm and geometric stan-
dard deviation of 1.8. The mass concentrations
varied from 6.48 to 24.4 mg m)3, much higher than
the permissible exposure limits. These particles had
hazardous constituents and were observed with
varying morphologies. On changing the ventilation
system in the booth, the concentrations were lower
(1.48�104 particles cm)3), and also resulted in faster
clearance of the generated particles (6 min com-
pared to 11 min).
The studies provide guidance to design of

effective ventilation systems to aid in the reduction
of nanoparticle concentrations and reduction of
exposure. Detailed studies that map out flow pat-
terns would be essential to design systems to
minimize airborne concentrations.
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Abstract

Uncertainties in conventional quantitative risk assessment typically relate to values of parameters in
risk models. For many environmental contaminants, there is a lack of sufficient information about
multiple components of the risk assessment framework. In such cases, the use of default assumptions
and extrapolations to fill in the data gaps is a common practice. Nanoparticle risks, however, pose a
new form of risk assessment challenge. Besides a lack of data, there is deep scientific uncertainty
regarding every aspect of the risk assessment framework: (a) particle characteristics that may affect
toxicity; (b) their fate and transport through the environment; (c) the routes of exposure and the
metrics by which exposure ought to be measured; (d) the mechanisms of translocation to different parts
of the body; and (e) the mechanisms of toxicity and disease. In each of these areas, there are multiple
and competing models and hypotheses. These are not merely parametric uncertainties but uncertainties
about the choice of the causal mechanisms themselves and the proper model variables to be used, i.e.,
structural uncertainties. While these uncertainties exist for PM2.5 as well, risk assessment for PM2.5
has avoided dealing with these issues because of a plethora of epidemiological studies. However, such
studies don�t exist for the case of nanoparticles. Even if such studies are done in the future, they will be
very specific to a particular type of engineered nanoparticle and not generalizable to other nanopar-
ticles. Therefore, risk assessment for nanoparticles will have to deal with the various uncertainties that
were avoided in the case of PM2.5. Consequently, uncertainties in estimating risks due to nanoparticle
exposures may be characterized as �extreme�. This paper proposes a methodology by which risk analysts
can cope with such extreme uncertainty. One way to make these problems analytically tractable is to
use expert judgment approaches to study the degree of consensus and/or disagreement between experts
on different parts of the exposure–response paradigm. This can be done by eliciting judgments from a
wide range of experts on different parts of the risk causal chain. We also use examples to illustrate how
studying expert consensus/disagreement helps in research prioritization and budget allocation exercises.
The expert elicitation can be repeated over the course of several years, over which time, the state of
scientific knowledge will also improve and uncertainties may possibly reduce. Results from expert the
elicitation exercise can be used by risk managers or managers of funding agencies as a tool for research
prioritization.

Journal of Nanoparticle Research (2007) 9:137–156 � Springer 2006
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Introduction

The appeal of nanotech results from its protean
nature – applications of this technology have the
potential to affect all aspects of human life.
Worldwide government investment in nanotech-
nology has increased by a factor of five from
$825 million in 2000 to $4.1 billion in 2005 (Roco,
2005). However, like biotechnology before it,
concerns about environmental and human health
risks have already begun to have an effect on the
societal debate around nanotechnology. Fears
about risks of nanotechnology result from a basic
conundrum: the properties that make nanoparti-
cles so promising – that they can behave very
differently from bulk forms of the same material –
also make their health and environmental effects
extremely difficult to predict (Service, 2004).
Uncertainties about health effects feed directly into
the risk-benefit debates that increasingly shape
societal responses to, and regulation of, new
technologies.
The human health impact of toxic substances

and pollutants can be studied using frameworks of
risk assessment developed over the past 30 years.
Risk assessment in this context is a set of tools
used to integrate exposure and health effect
information for characterizing the potential for
health hazards to humans (NRC/NAS, 1983; US
EPA, 2004). Such methods typically use quanti-
tative predictions of health impacts (e.g., proba-
bility of mortality). However, qualitative risk
assessments are also valuable when quantitative
assessments are not possible. Even under the best
of circumstances, risk assessment cannot estimate
risk with absolute certainty. Modern quantitative
risk assessment aims not to arrive at a single pre-
cise number, but to allow decision makers to face
the possible consequences of a range of ‘‘not
clearly incorrect’’ answers and decide on the pro-
tective policies that are warranted in light of the
range of possible future outcomes of alternative
policies (Anderson & Hattis, 1999). Thus, for
example, if there is uncertainty regarding expo-
sures or dose in a population, one can either col-
lect more data or use numerical models to estimate
missing values or extrapolate values from other
similar populations.
Numerical models incorporate amounts of pol-

lutants prevalent in the ambient environment, the

actual amounts absorbed or inhaled by an exposed
individual, the toxicological effects on the human
body as inferred from in vivo, in vitro, in silico, and
epidemiological studies, and biologic variability.
Uncertainties in values of model parameters play a
central role in conventional risk calculations. The
parameters in such models may be known with
some uncertainty, and a degree of subjective pro-
fessional judgment about the values of such
parameters may enter into the analysis. Uncer-
tainties in numerical models such as those used to
calculate risks can be divided into two broad
classes: (a) ‘‘parametric’’ uncertainty associated
with parameter or observational values that are
not known precisely and (b) ‘‘structural’’ or
‘‘model’’ uncertainty where important relation-
ships between variables or their functional form
may not have been identified correctly. Not sur-
prisingly, assessing model uncertainty is generally
more difficult since the uncertainties are likely to
be more fundamental. Since key mechanisms for
exposure processes and toxicity effects of manu-
factured nanoparticles remain poorly understood,
model uncertainties might dominate in related risk
calculations. Uncertainties about mechanism
include those related to: (a) how long manufac-
tured nanoparticles may persist in the atmosphere
depending on their rates of agglomeration (and
some nanoparticles are designed specifically not to
agglomerate), thus influencing the probability of
exposure; (b) the routes of exposure and the met-
rics by which exposure ought to be measured; (c)
mechanisms of translocation to different parts of
the body after nanoparticles enter the body; (d)
mechanisms of toxicity. These are not simply
uncertainties in the value of some model parameter
but rather uncertainties about the causal mecha-
nisms themselves.
This paper examines how risk analysts can cope

with extreme uncertainty in nanoparticle risk cal-
culations. In Section ‘‘Traditional risk assessment’’
we begin with a discussion of uncertainties in
health risks from particles that are less than
2.5 lm in diameter (PM2.5). Risks from PM2.5

have been studied for over a decade and provide a
starting point for understanding the health effects
of particulate matter. In Section ‘‘Uncertainty in
characterizing health risks from nanoparticles’’,
we extend the analysis to manufactured nanopar-
ticles and show how model uncertainties dominate
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calculation of risks. In Section ‘‘Expert judgment
in uncertainty assessment’’, we suggest that one
way to address the presence of extreme uncertainty
is to use expert assessment as a tool for assessing
uncertainties. We show how systematic use of
expert judgment approaches might help in devel-
oping an understanding of the aspects of the
problem that are well understood and those that
are not. We also use examples to illustrate how
studying expert consensus/disagreement helps in
research prioritization. We conclude by present-
ing some thoughts on the challenges of using
expert assessment as tool for analyzing risks from
manufactured nanoparticles (Section ‘‘Conclu-
sions’’).

Traditional risk assessment

Risk assessment is a complex process that involves
the integration of information across a range of
domains including source characterization, fate
and transport, modeling, exposure assessment, and
dose–response characteristics. It uses well-defined
quantitative models to describe the relationships

between the various elements of the paradigm
shown in Figure 1. We begin by briefly reviewing
how health risks have traditionally been identified
and quantified based on information about expo-
sure and dose–response relationships. Implicit in
this process is the setting of ‘‘standards’’ or
guidelines regarding ‘‘safe’’ or ‘‘acceptable’’ levels
of exposure for a population. Figure 1 shows the
general environmental health framework (in the
center) and its relationship to the risk assessment
framework (loosely based on Sexton et al., 1995).
Exposure is defined as the intensity of contact
between contaminant and the relevant biological
sites of impact over a relevant time period. Expo-
sure assessment includes assessing sources of pol-
lutants and their strengths, measuring or modeling
concentrations in environmental media, measuring
or modeling human exposures through various
pathways, and in some cases even biological
monitoring to measure tissue burden and thereby
estimate dose. The estimation of a biologically
relevant dose from exposure information is, how-
ever, often very difficult and requires fairly detailed
knowledge of the toxicokinetics of the pollutant in
the human body.
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Figure 1. General environmental health framework for risk assessment.
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The lower portion of the diagram relates to the
estimation of the health effects of the exposure
and biologically relevant dose. Information
regarding effects can come from in vitro and
in vivo studies, quantitative structure–activity
relationship (QSAR) modeling (Coleman et al.,
2003), and epidemiological studies. The quantifi-
cation of exposures and effects allows the quanti-
fication of risk that, in turn, allows the proper
allocation of resources to manage the risk. For
example, risk assessment might allow the identifi-
cation of populations or individuals at greater risk
because their exposures are greater than some
threshold identified in epidemiological studies.
For non-cancer toxicants, it is often assumed

that there is some level below which there are no
adverse effects [no observed adverse effects level
(NOAEL)]. A limit or guideline or reference con-
centration is established below this threshold.
Exposures exceeding this threshold are considered
to cause adverse health effects, and measures to
mitigate or reduce exposures need to be taken. If
the shape of the exposure–response curve above
the threshold is well defined, then health risk cal-
culations are feasible. For carcinogens, the stan-
dard practice has been to extrapolate from high
dose to low dose by assuming a linear dose–
response curve without any threshold level (i.e.,
the threshold is zero). The excess risk is calculated
by multiplying the dose with the dose–response
curve ‘‘slope factor’’. Even though the model
assumes no threshold level, for the purpose of risk
management and prioritization, risks exceeding
some minimum risk probability (e.g., 1/103 for
occupational populations and 1/106 for non-
occupational populations) are considered to be of
concern.
Uncertainties in the quantification of model can

arise due to measurement errors (e.g., errors in
measuring emissions from sources), systematic
biases (e.g., using centrally located outdoor mon-
itors for air pollutants to estimate exposures for a
population that spends most of its time indoors),
and non-representativeness (e.g., estimating the
slope of an exposure–response curve from an epi-
demiological study done with a sample that does
not represent the general population). In the above
examples, the underlying scientific model and the
causal chain is not in dispute. Only the values of
the parameters in the model are uncertain. In such
cases probabilistic methods such as Monte Carlo

analysis can effectively characterize uncertainty. In
contrast, model uncertainty arises because the
relationships within and among various compo-
nents of the risk assessment continuum are poorly
understood. There may be several competing
models that purport to explain the relationships
between variables of interest. Competing model
forms may have different parameters, may have
different functional forms, and may even have
mutually exclusive assumptions. In the worst case,
there may be no explanatory models at all. Thus,
the uncertainty is not so much the value of a
parameter in a model, but in the choice of the
model itself. Such uncertainties are difficult, if not
impossible, to quantify.

The example of PM2.5

Some features of the above can be observed in the
development of the national standards in the US
for PM2.5. Since 1987, PM10 has been the metric
for measuring airborne particulates for regulatory
compliance. The PM2.5 fraction that the US EPA
also regulates now is a sub-fraction of PM10.

Uncertainty regarding health effects studies
The first strong findings supporting PM2.5 health
effects were derived from six US cities where
daily mortality was associated with short-term
increases in PM2.5 and only weakly associated with
increases in the coarse fraction (PM2.5–10)
(Schwartz et al., 1996). These findings were sup-
ported by subsequent studies (reviewed in US
EPA, 1996; Fairley, 1999). However, these and
other epidemiological studies could be criticized
on several grounds including, (1) use of inappro-
priate statistical methods, (2) inability to account
for meteorology and co-pollutants, exposure mis-
classification, measurement error, and (3) a lack of
biological plausibility (Vedal, 1997). In addition,
different investigators provided divergent analyses
and interpretations of the same data using differ-
ent exposure and health metrics. This divergence
was most clearly seen in the analyses of the data on
air pollution and mortality from Philadelphia
made by different investigators (Schwartz &
Dockery, 1992; Schwartz, 1994; Moolgavkar
et al., 1995; Moolgavkar & Luebeck, 1996; Samet
et al., 1995, 1997).
Health effects of PM became persuasive only

when evidence from much larger epidemiological
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studies became available. Samet et al. (2000)
investigated the association of PM10 and mortal-
ity in the 90 largest US cities and found that a
10 lg/m3 increase in PM10 resulted in a 0.5%
increase in mortality from all causes. Adding other
pollutants to the model did not affect this result.
Regional differences were observed and were likely
related to variations in PM10 composition. This
study addressed two criticisms raised about pre-
vious time-series studies, namely that statistical
methods had varied among studies and that the
selection of cities for studies may have been biased
which in turn might have led to biased results. The
emerging consistency and coherence of results
from the observational studies was complemented
by experimental animal and human data to eluci-
date attributes of PM that are causally linked to
health effects and associated toxicological mecha-
nisms.

Uncertainty regarding PM characteristics
PM is a complex mixture of solid and liquid par-
ticles that shows tremendous variability in size,
composition and concentration depending on the
source of the particles, geography, and seasonal or
diurnal meteorology. The coarser particles within
the PM10 category consist of crustal minerals, sea
salts and biological material while the finer frac-
tion consists of carbonaceous particles with a
variety of metals (e.g., iron, vanadium, nickel,
copper, and platinum), ionic species such as sul-
fates and nitrates, acids, reactive gases adsorbed
on the particles, hydrocarbons and other organic
material. Each one of these components has been
hypothesized to be the cause of toxic or adverse
health effects.
Particle size is an important parameter in caus-

ing toxicity (e.g., Schwartz et al., 1996; Fairley,
1999; Burnett et al., 2000). As early as 1996, reg-
ulatory bodies such as the US EPA had recognized
that smaller particles were likely to be more toxic.
Wichmann et al. (2000) found that over a 3-year
period, both ultrafine (PM<0.1) and fine parti-
cles (PM 0.1–2.5) were associated with increased
daily mortality. Lippmann et al. (2000) found that
size is more significantly associated with adverse
health outcomes than chemical composition of the
particle.
In addition to size, the presence of transition

metals has been linked to toxicity of the air

pollutant. Ghio and Devlin (2001) combined epi-
demiological and experimental approaches to
show that air pollution particles collected at an
ambient site in Utah showed greater inflammatory
responses in human volunteers when the particles
had higher metal content (iron, zinc, copper, lead,
and nickel). Other studies have shown that
rodents exposed to residual fly ash high in metal
content displayed inflammatory, respiratory and
cardiovascular responses (Watkinson et al., 1998;
Campen et al., 2001). More recently, Hahn et al.
(2005) used rats exposed to ultrafine and fine air-
borne particles of carbon and vanadium pentoxide
(V2O5) to demonstrate that both particle size and
chemical composition may be important for par-
ticle toxicity. However, these experiments did not
account for differences in particle characteristics
that may affect toxicity such as insolubility,
porosity, and tendency to aggregate. Thus, while
there has been substantial progress in identifying
specific particle characteristics responsible for
toxicity, a complex combination of characteristics
may be responsible making risk assessment a more
data intensive task

Uncertainty regarding mechanisms of effect
While human experimental studies in controlled
exposure chambers were inconclusive about
adverse health effects of fine particles, animal
toxicological studies provide support for the bio-
logical plausibility of the epidemiological findings
(e.g., Dreher et al., 1996). These studies also sup-
port the idea that individuals with pre-existing
respiratory diseases are more susceptible to actions
of fine particle exposure (Campen et al., 1996;
Costa et al., 1996; Godleski et al., 1996; Ferin
et al., 1992). More recently toxicological studies
have focused on early cellular/biochemical events
that occur after exposure to particles. The inhaled
particles elicit an inflammatory response in the
airways measured by an increase in the number of
neutrophils and in cytokine and chemokine levels
resulting from oxidative stress pathways inside
cells (Salvi et al., 1999, 2000; Ghio et al., 2000).
The inflammatory response may damage the
epithelial cell layer as well as macrophages, leading
to decreased phagocytosis, i.e., clearing of the
particles from the lungs (Renwick et al., 2001).
Neurogenic inflammation can also occur where
airway nerve cells synthesize neurotransmitters
that may affect white blood cells and epithelial
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tissue (Barnes, 2001). Such inflammation may
reduce respiratory function or cause increased
susceptibility to infections. In addition to localized
inflammatory responses, there may be systemic
responses characterized by circulating neutrophils,
fibrinogen, plasma viscosity, platelet numbers, and
C-reactive protein (Peters et al., 1997a; Salvi et al.,
1999; Seaton et al., 1999; Pekkanen et al., 2000;
Ibald-Mulli et al., 2001; Peters et al., 2001;
Schwartz, 2001; Vincent et al., 2001). Some of
these responses are consistent with causal
hypotheses for the health effects of PM, e.g.,
higher levels of fibrinogen could increase plasma
viscosity and blood coagulation leading to an
increased formation of blood clots in susceptible
individuals. Atherosclerosis, arrhythmias, myo-
cardial infarctions and other health end points can
be similarly related to systemic responses. How-
ever, many of the studies reach conclusions that
are inconsistent with each other and with the
causal hypotheses. At the same time, the rela-
tionship between localized inflammation and sys-
temic responses is not completely understood.
Thus, while there is substantial new information
about early biological events after exposure, the
relationship of these events to short- and long-
term health effects and the mechanisms by which
one affects the other are poorly understood.

Uncertainty regarding dose–response relationship
The uncertainty in the dose–response relationship
that is the basis for risk assessment results from
several factors. The data from epidemiological
studies are necessarily ‘‘noisy’’ and establishing a
shape for a dose–response curve is difficult. Key
uncertainties are whether the data allow for a
threshold exposure level, the value of such a
threshold, and the choice of a linear or non-linear
model. Other uncertainties relate to whether the
relevant exposure metric should be the total mass
of particles less than 2.5 lm or the mass of a
specific chemical constituent, whether the standard
should be based on an averaging time of 24 h or
1 year (related to whether acute or chronic effects
should drive standards-setting), and whether some
groups in the population are more susceptible to
the effects of PM pollution (e.g., people with car-
diovascular disease or diabetes and age). While the
standard proposed and eventually adopted by the
US EPA (an annual average of 15 lg/m3 and a 24-
h average of 65 lg/m3) assumes a threshold, there

is substantial evidence of a lack of a threshold in
PM effects (Vedal, 1997). At the same time, while
the standard appears to give weight to both acute
and chronic effects, the rationale for an annual
average is poorly developed.
Health risk assessments routinely describe

uncertain parameters and coefficients as probabil-
ity distributions and uses stochastic/Monte Carlo
simulation methods to propagate that uncertainty.
A simple ‘‘back-of-the-envelope’’ model illustrates
this point. Equation (1) provides a simple model of
risk/mortality from exposure to PM2.5.

Riskð#of excess deathsÞ ¼ a � C �M � P ð1Þ
where a is the percent change in annual mortality
due to an increase of 1 lg/m3 in the annual aver-
age ambient PM2.5 concentration C, M is back-
ground mortality rate (excluding trauma), and P is
the exposed population. For the purpose of this
illustration let us assume that C, M and P are
exactly known and a is uncertain. Pope et al.
(2002) estimated a = 0.4% for a cohort of
roughly 500,000 US subjects age 30 and over. The
Harvard Six Cities study (Dockery et al., 1993)
estimated a = 1.3% for a cohort of about 8000
US subjects age 25 and older. In this calculation,
uncertainty arises from the uncertainty in a which
can be modeled either parametrically as above or
by using a probability distribution. These two
studies can be used to estimate a range for the
number of excess deaths at a given annual average
PM2.5 concentration (set in this illustration at
25 lg/m3) to be between 17,200 and 50,700 per
year. M and P are set to current values for the US
population and a can also be treated as a random
variable with a known probability distribution and
a probability distribution of excess deaths can be
calculated using Monte Carlo simulation. Simi-
larly, the variability in some model parameters
such as the differing annual average PM2.5 con-
centration in different geographical locations, or
measurement errors in characterizing mortality
rates can similarly be treated in a probabilistic
manner. Thus, despite substantial uncertainties in
particle composition and toxicological mecha-
nisms, epidemiological studies can be used calcu-
late health risk outcomes when uncertainty is
incorporated.
There are several interesting insights from the

evolution of our knowledge of risks from PM2.5.
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Initially, there was significant disagreement about
the epidemiological findings and questions about
the causal attribution of the health effects to PM2.5

remained (Lam et al., 2006). Over time, the
uncertainties in the results of early epidemiological
studies were reduced through the execution of
larger studies. A number of studies focused on the
physical aspects and our knowledge about chemi-
cal characteristics of PM2.5 and thus insight into
mechanisms of toxicity has increased, but is not
complete. Significant uncertainty remains about
mechanisms linking particle characteristics to
toxicity and health impact mechanisms. Interest-
ingly, despite these uncertainties epidemiological
evidence has resulted in a scientific consensus that
makes it possible to quantify PM2.5 risks. In other
words, uncertainties are deemed to be ‘‘manage-
able’’, and risk assessment models that provide
probability distributions for PM2.5 risks are rou-
tinely used.
Health risks from nanoparticles share some

features of the PM2.5 risk calculations because of
their size and estimated tissue residence time.
However, the relevant parameters of nanoparticles
may be more complex making it more difficult to
estimate than those for PM2.5. At present little
information is available regarding potential tox-
icity of nanoparticles (Lam et al., 2006). The fun-
damental mechanisms for health risks from
nanoparticles are largely unknown, and unlike the
PM2.5 case, no epidemiological data are available
(Wichmann et al., 2000). In order to gain a better
estimation of underlying basis for toxicity of
nanoparticles information regarding specificity,
toxicokinetic parameters, localization and half-
life, will be required.

Uncertainty in characterizing health risks from

nanoparticles

Uncertainties in model parameters can result
from variability within a study sample, inherent
‘‘randomness’’, and lack of scientific knowledge
as discussed in the previous section. In many
cases, the latter can translate into uncertainty
about appropriate model forms. Model uncer-
tainty is ‘‘frequently important when the system
involved is sufficiently complex that key influ-
ences have not yet been identified’’ (Casman
et al., 1999). In what follows we will argue that

model uncertainty is endemic to the problem of
calculating nanoparticle risks. We shall show that
doing risk calculations for nanoparticles leads to
an explosion of model forms, rendering the
uncertainty extreme.
In occupational environments with sources that

produce engineered nanoparticles, the incidental
nanoparticles created by multiple sources form a
background. Since incidental nanoparticles have a
variety of shapes, sizes, and compositions, assess-
ing their risks is a complex task that needs to
account for this natural variability as well as
model uncertainty. However, if the intent is to
assess the risks of engineered nanoparticles, the
background particles can be subtracted. For the
engineered nanoparticles, the source and particle
characteristics are well-defined. While the natural
variability is completely characterized, model
uncertainties will still persist. However, in terms of
a strategy for risk assessment, this is a useful first
step. As for any chemical, model uncertainties in
risk assessments of nanoparticles can be classified
into three categories: those resulting from physical
and chemical characterization of nanoparticles
including the choice of an appropriate exposure
metric; those resulting from uncertainty in dose
and health end-points from different exposure
routes; and those resulting from a lack of under-
standing of toxicity mechanisms.
The list of uncertainties for nanoparticles also

holds true for PM2.5. However, as described in the
previous section, risk assessment for PM2.5 has
avoided dealing with these issues because of a
plethora of epidemiological studies. Such studies
don�t currently exist for the case of nanoparticles.
Future epidemiological studies should rightly be in
occupational environments due to the higher
concentrations expected in such environments.
However, unlike PM2.5, they will be very specific
to a particular type of engineered nanoparticle and
not generalizable to other nanoparticles. Thus, the
lesson of PM2.5 is that broadly generalizable epi-
demiological studies are not really possible for
nanoparticles, and the only way forward is to
grapple with the various sources of uncertainty

Particle characteristics

Size and agglomeration
Nanoparticles are smaller than 100 nm in diame-
ter. Included in this definition are engineered
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nanoparticles, unintentionally created nanoparti-
cles, and ambient ultrafine particles. Physical and
chemical characteristics are as varied as the pro-
cesses that create the particles. While it is true that
nanoparticles have been with us for millennia (e.g.,
as combustion byproducts), the risks from nano-
particles arise from the unknown properties of
novel nanoparticles. Engineered nanoparticles may
be structurally and compositionally homogeneous
or heterogeneous or even be multi-functional (e.g.,
those developed for medical diagnostics and
treatment). As particle size becomes smaller, a
greater fraction of atoms are at the surface and
quantum effects tend to increase surface reactivity.
At the same time, nanoparticles have a tendency to
agglomerate and form larger structures. Thus,
agglomeration can lead to a reduction in the
number of atoms at the surface with a reduction in
surface energy. Since coagulation half-lives of
nanoparticles are of the order of tens of micro-
seconds to a few milliseconds (Preining, 1998),
nanoparticle concentrations can decrease rapidly
by agglomeration. Engineered nanoparticles,
however, are specially coated to reduce agglom-
eration in order to exploit high surface reactivity
for various useful ends. This increases the poten-
tial for human inhalation exposures to very small
nanoparticles and also affects their disposition
in the body and toxicity (Araujo et al., 1999;
Kirchner et al., 2001; Oberdörster et al., 1994).
Agglomeration properties of various engineered
nanoparticles (e.g., single or multi-walled carbon
nanotubes, nanoclay particles, zinc oxide nano-
particles, dendrimers, or fullerenes) are unknown,
limiting our ability to estimate the size distribution
of the airborne nanoparticles, and thus their fate in
the human body after inhalation.

Particle shape
Prior experience with asbestos and other fibrous
aerosols indicates that the shape of the particles
(i.e., their length and diameter) has a profound
effect on toxicity. Smaller diameter fibers penetrate
deeper into the respiratory tract, while longer
fibers are cleared more slowly (Mossman et al.,
1990; Royal Society, 2004). Engineered nanopar-
ticles come in various shapes such as spheres (e.g.,
dendrimers), tubes (e.g., SWCNT and MWCNT),
plates (e.g., nanoclay flakes), fullerenes, and nee-
dles. While it seems likely that particle shape will
affect the deposition, fate, and toxicity of the

particles in the human body (Jia et al., 2005), few
data about these effects are available.

Chemical composition
Chemical composition of the surface and the bulk
of engineered nanoparticles will affect toxicity. As
mentioned earlier, surface coatings that modify the
agglomeration properties of nanoparticles will
have biological effects (Oberdörster et al., 2005a;
Warheit et al., 2005a). Experiments using fullerene
soot with different impurities (e.g., metallic
endohedral fullerene) indicate that the pulmonary
toxicity response depends on the types of nanom-
aterials and their impurities (Quan & Chen, 2005).

Choice of exposure metric

Several studies have suggested that at similar mass
concentrations, nanometer size particles are more
harmful than micron size particles (Oberdörster
et al., 1995; Seaton et al., 1995; Donaldson et al.,
1996, 2000; Lison et al., 1997; Peters et al., 1997b;
Donaldson, 1999; Brown et al., 2000, 2001; Cullen
et al., 2000; Tran et al., 2000; Utell & Frampton,
2000; Renwick et al., 2001; Dick et al., 2003;
MacNee & Donaldson, 2003). One possible
explanation for this might be that since the num-
ber of particles and particle surface area per unit
mass increases with decreasing particle size and
pulmonary deposition increases with decreasing
particle size, dose by particle number or surface
area will increase as size decreases. Lison et al.
(1997) and Tran et al. (2000) have demonstrated a
close association between aerosol surface area and
inflammatory response when using a range of
chemically inert materials with low solubility.
Oxidative stress has been highlighted in a number
of studies as being a significant mechanism
underlying an indicated increase in toxicity within
ultrafine and high specific surface-area particles
(Stone et al., 1998; Donaldson et al., 2000; Dick
et al., 2003). At the same time, some preliminary
studies seem to indicate that in some cases, expo-
sures to nanoparticles may be less inflammatory
than micro-scale particles (Warheit et al., 2005b).
Thus, there is considerable uncertainty about
which metric of exposure – mass, surface area, or
number concentration – is most relevant to deter-
mining health effects, although new screening
procedures are being proposed (Oberdörster et al.,
2005c).
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Currently, there are very few measurements of
nanoparticle exposures either in the workplace or
in residential or ambient environments. Maynard
et al. (2004) measured exposures to manufactured
carbon nanotubes in a model workplace and found
low mass concentrations with particles that were
mainly in aggregate form. However, this does not
always imply low counts for other metrics since
exposure metrics do not always track each other,
i.e., if one metric is high, the other metrics are not
necessarily also high. Kuhlbusch et al. (2004) used
a strategy of subtracting ambient concentrations
of ultrafine particles from concentrations of
nanoparticles in carbon black packaging opera-
tions. This strategy allows a characterization of the
manufactured particles as distinct from those
released unintentionally. In a study of exposures to
unintended nanoparticles, Ramachandran et al.
(2005) evaluated the exposures to diesel exhaust
particulates of three occupational groups – bus
drivers, parking garage attendants, and bus
mechanics – using the mass concentration of ele-
mental carbon (EC), surface area, and number
concentrations as the exposure metric. Nearly all
of the mass emitted by engines is in the fine particle
range (between 100 nm and 1 lm) and nearly all
the number is in the nanoparticle range. The
exposed three groups had significantly different
exposures to workshift EC with the highest levels
observed in the bus garage mechanics and the
lowest levels in the parking ramp booth atten-
dants. In terms of surface area, parking ramp
attendants had significantly greater exposures than
bus garage mechanics, who in turn had signifi-
cantly greater exposures than bus drivers. In terms
of number concentrations, the exposures of garage
mechanics exceeded those of ramp booth atten-
dants by a factor of 5–6. The three occupational
groups had quite different exposure rankings for
the three metrics, illustrating the importance of the
choice of exposure metric in exposure and epide-
miological studies. The exposure rankings of the
three groups also change with the metric used. If
the incorrect metric were to be used, significant
misclassification errors could occur. The choice of
an exposure metric is further complicated by
physical transformation of nanoparticles after
their release to the environment. Nanoparticles
may or may not agglomerate to form larger par-
ticles and can also change shape adding an addi-
tional layer of uncertainty in characterizing

atmospheric mass, surface area or number con-
centration.
From the perspective of risk assessment the

uncertainty over exposure metric could lead to two
eventual outcomes. The first is that a consensus
will emerge on a particular metric that will vastly
simplify the current situation. Alternatively, an
exposure metric might be dependent on the type of
nanoparticle, and be determined by such factors as
chemical composition and particle morphology.
The latter will vastly complicate the risk assess-
ment process. Until such time as the issue of
exposure metric is resolved, risk calculations face a
fundamental model uncertainty, i.e., one of
choosing the right variable in a model.

Exposure route

Inhalation
Particles deposit in different regions of the respi-
ratory tract depending on their size and the par-
ticles� inertial, gravitational, and diffusional
behavior (ICRP, 1994). For particles above
100 nm, the predictions of the ICRP model have
been experimentally validated by a number of
studies (reviewed in James et al., 1994; US EPA,
1996; Lippmann, 1999; Phalen, 1999). For nano-
particles, there are a few studies for particle
deposition in the tracheobronchial and alveolar
region (Heyder et al., 1986; Jaques & Kim, 2000)
and extrathoracic (nasal) region (Cheng et al.,
1996) that show reasonable agreement with ICRP
model predictions. For nanoparticles, diffusion is
the main mechanism for deposition and the
deposition efficiency (number of particles of a
given size deposited in a given region as a fraction
of the number of particles entering that region) is
highest in the alveolar region, followed by the
tracheobronchial and extrathoracic regions (the
same relationship holds for surface area and mass
of particles). Most of the mass is deposited in the
alveolar region (with progressively smaller
amounts deposited in the tracheobronchial and
nasal regions). In terms of dose to individual cells,
the mass deposited may have to be normalized by
the surface area of the epithelial cells, in which
case the nasal and upper tracheobronchial regions
receive much higher doses than the alveolar region
(Oberdörster et al., 2005a). This dose may be more
relevant to nanoparticle translocation to other
sites than to local toxicological effects.
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Dermal
Despite the fact that a number of commercial
products containing nanoparticles such as cos-
metics and suntan lotions are already available,
there is considerable uncertainty about whether
this is a significant exposure route. Most existing
studies appear to indicate that few nanoparticles
penetrate through the stratum corneum and the
dermis (Tan et al., 1996; Lademan et al., 1999;
SCCNFP, 2000; Schulz et al., 2002). Researchers
also caution that leaching of selected components
of the particles through the skin and into the blood
stream is possible. Confounding these limited
findings is the fact that different studies used dif-
ferent experimental protocols, making cross-study
comparisons difficult.

Ingestion
Drug development based on engineered nanopar-
ticles is one of nanotechnology�s great promises,
and oral ingestion is likely to be an important
exposure route. Several studies have already
shown that nanoparticles are efficiently absorbed
through the gastrointestinal tract (Jani et al., 1992,
1994) and that the particles then translocate
through the mucosal tissue into the lymphatic and
circulatory systems (Moghimi et al., 2001). The
risk from accidental exposures to nanoparticles via
this route is uncertain, however.

Translocation and health effect endpoints

A critical difference between nanoparticles and
particles of larger size is the ability to nanoparti-
cles to move or �translocate� to different parts of
the body. There is evidence for the translocation of
inhaled nanoparticles from the alveolar spaces into
the interstitium (Oberdörster et al., 2005a), to
local and regional lymph nodes (Oberdörster
et al., 1994), and into the circulatory system (e.g.,
Nemmar et al., 2002; Kreyling et al., 2002).
Translocation into the blood stream may also
affect the ability of blood to coagulate (Nemmar
et al., 2002). There is considerable uncertainty
regarding the extent of translocation, which may
depend on the surface and chemical characteristics
of the particles. More recently, a growing body of
evidence suggests that nanoparticles may translo-
cate along the neuronal pathways into the central
nervous system and the brain (Oberdörster et al.,
2005b). However, the exact mechanisms of trans-

port have not been elucidated and there may yet be
other pathways in addition to neuronal transport.
The small size facilitates uptake into cells and
transport across epithelial and endothelial cells
into the blood and lymph circulation, which may
carry nanoparticles to potentially sensitive target
sites such as bone marrow, lymph nodes, spleen,
and heart. The ability to reach new regions,
unhindered by natural blocking mechanisms of the
body is, not surprisingly, the reason that nano-
particles may be useful in medical applications.
The fate and transport of larger particles is well-

understood and inhalation is the exposure route.
The preceding discussion shows that for nano-
particles, several exposures routes are possible.
This is summarized in Figure 2, which illustrates
that there are several pathways and potential end
points for assessing the adverse health effects of
nanoparticles in the body. In the case of inhala-
tion, larger particulates are deposited in the lungs
and can cause localized health effects within the
pulmonary system. Nanoparticles, on the other
hand, could have multiple health endpoints. For
example, inhaled nanoparticles might translocate
to the central nervous system either through neural
pathways in the olfactory system or through the
body�s circulatory systems (blood and lymphatic)
after absorption in the lungs and consequent
crossing of the blood–brain barrier. The ability of
nanoparticles to translocate to parts of the body
that are not accessible to larger particles in the PM
range or to most toxic chemicals and carcinogens
makes it harder to extrapolate known laboratory
and epidemiological findings to nanoparticles. In
other words, existing physiological models of
exposure and movement of particles within the
human body are not sufficient.
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Figure 2. Pathways for nanoparticle exposure and translo-
cation.
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Toxicity mechanisms

Mechanisms of toxicity for nanoparticles have
much in common with those for PM2.5. But the
differences are sufficient to prevent easy extrapo-
lation from our knowledge of the toxicity of larger
particles (which is also marked with significant
uncertainties). There are several mechanisms with
varying degrees of evidence in their support.
Epidemiological studies have reported adverse

human health effects that include respiratory and
cardiovascular effects (e.g., Peters et al., 1997b;
Wichmann et al., 2000; Penttinen et al., 2001).
Controlled human exposure studies have reported
effects on blood coagulation and systemic inflam-
mation (e.g., Brown et al., 2002; Chalupa et al.,
2004; Wichmann et al., 2000). There is a general
understanding that changes in cell signalling
pathways and gene expression as a result of oxi-
dative stress might be the primary causes of the
observed health effects. Several possible mecha-
nisms may be able to accomplish this: (a) particle
surface area (irrespective of chemical composition)
can cause oxidative stress; (b) transition metals can
cause the oxidative stress leading to intracellular
calcium and gene activation; (c) cell surface
receptors can be activated by transition metals
which in turn cause gene activation; and (d)
intracellular transport of nanoparticles to the
mitochondria could lead to oxidative stress.
The shape of the nanoparticles appears to have

an effect on toxicity: single walled carbon na-
notubes are more toxic than multi-walled na-
notubes, which are in turn more toxic than C60

fullerenes (Oberdörster et al., 2005a). It is still
unclear whether knowledge from fiber toxicology
is applicable to nanotubes. Further, nanoparticles
tend to translocate to other regions of the body
with great ease. The local toxic effects at relocated
sites are yet to be studied in any depth. Particle size
is an important determinant of toxicity. Smaller
particles induce a greater inflammatory response
and have a more pronounced effect on clearance
mechanisms. There are several hypotheses to
explain the size dependence of toxicity: (a) particle
deposition characteristics; (b) greater specific sur-
face area for smaller particles that leads to a dis-
ruption of chemotactic signals and impaired
clearance of alveolar macrophages; and (c) surface
characteristics. All these hypotheses need to be
further investigated.

Expert judgment in uncertainty assessment

The previous section illustrated the deep uncer-
tainties that pervade every element of the expo-
sure–response–risk paradigm for nanoparticles.
Risk assessment frequently needs to be performed
in the absence of relevant measurement data or
deterministic models. In such cases, professional
or expert judgment can be useful in assessing rel-
evant variables, characterizing model forms and
estimating model parameters. Subjective or
Bayesian methods for handling uncertainty have a
long history originating with the use of Delphi
method in technology forecasting and nuclear
deterrence (Helmer, 1966; Kahn & Wiener, 1967;
Linstone & Turoff, 1975), with subsequent appli-
cations in policy analysis, engineering, and risk
analysis (Morgan & Henrion, 1990).
Most often, in scientific domains expert judg-

ment is used to quantify uncertain parameters in
a probabilistic form. However, expert judgment
is not solely limited to assessing model parame-
ters. Often, and especially in early stages of a
scientific issue when uncertainty is high, expert
assessment is used to structure problems, to
indicate key variables, and to examine relation-
ships and influences between variables by build-
ing �influence diagrams� (Morgan & Henrion
1990). Here, the attempt is to develop a consis-
tent representation as a way to structure scientific
understanding1 without necessarily quantifying
parametric values or the strength of influences.
This is best derived using qualitative descriptions
of phenomena obtained through expert inter-
views. Further, even when expert judgment tasks
are focused on eliciting parametric values, the
task typically entails some amount of qualitative
exploration of the phenomena at hand (such as
descriptions of assumptions, reasons for includ-
ing or excluding certain variables) before quan-
titative values are elicited.
Expert judgment approaches have been used in

environmental applications such as environmental
exposure assessment (Hawkins & Evans, 1989;
Ramachandran & Vincent, 1999; Ramachandran,

1 Some Bayesian approaches such as Bayesian Belief
Networks also quantify influences between variables in a
probabilistic manner. In doing so, they attempt both to give
structure to the models, and also assess the impact of
parametric and other uncertainties on model outputs.
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2001; Walker et al., 2001, 2003; Ramachandran
et al., 2003), and assessment of global climate
change (Morgan &Keith, 1995; Risbey et al., 2000;
Risbey & Kandlikar, 2002). In a series of papers,
Walker et al. (2001, 2003) evaluated the use of
expert judgment to estimate non-occupational
exposures to benzene. The authors brought the
experts together into a workshop where the aims of
the project and the existing literature regarding
benzene in the ambient environmentwere discussed.
Selected papers had previously been provided to the
experts. Later, each expert was interviewed to
directly obtain the estimates of exposure with little
or no decomposition of the judgment into its con-
stitutive sub-parts. In contrast, Ramachandran and
Vincent (1999), Ramachandran (2001), and Ra-
machandran et al. (2003) used expert judgments to
elicit specific parameters that served as inputs to a
predictive exposure model.
Recently Morgan (2005) used the expert

assessment approach to develop influence dia-
grams to assess human health risks from nano-
particles. In this work, hierarchically nested
�modules� of influences were inferred for each ele-
ment in the risk assessment causal chain using
expert interview material. In other words, the
project implicitly combined the understanding of
different experts into a single influence diagram
representing a form of collective understanding, an
‘‘uberexpert’’ if you will. Influence diagrams are
very useful devices for structuring problems and
can be used quantitatively if sufficient data are
available about the quantitative relationships
among variables. However, in the absence of such
data, they are more useful as qualitative tools and
cannot be used for risk assessment. In the next
section, we suggest a simple approach that helps us
start in that direction.

Quantifying uncertainty in nanoparticle risks: a
modest proposal

The central challenge in quantifying nanoparticle
risks is the presence of deep uncertainty as mani-
fested in difficulties of choosing appropriate model
variables, and the presence of multiple and com-
peting models. Some of this uncertainty is irre-
ducible in that there is ignorance about causal
mechanisms that could influence risk calculations.
One way to make these problems analytically
tractable is to study the degree of consensus and/or

disagreement between experts on different parts of
the exposure–response paradigm (Figure 3). This
can be done by eliciting judgments from a wide
range of experts on different parts of the risk
causal chain, i.e., experts will be asked to assess
uncertainties in source characteristics of nanopar-
ticles, in their fate and transport through the
environment, human exposures, in the choice of
the proper exposure metric, in the modes of
translocation within the human body, and in the
mechanisms of toxicity.
The expert judgment process begins with a set of

qualitative questions administered in an open-
ended interview format to a small group of
experts. The procedure of open-ended interviews
with a small number of experts is common in many
scientific expert assessment endeavors. These
interviews lay the groundwork for developing
expert assessment protocol to be administered to a
larger group of experts. We call this a protocol
rather than a survey because of the effort to pro-
vide structure and detail in setting out the relevant
questions. It is not a survey of overall opinions on
nanoparticle risks, but a tool to identify judgments
and provide diagnostic guidance. The expert
assessment protocol will require experts to inde-
pendently provide answers to each question in a
probabilistic fashion. The term probabilistic is
used in this case to refer to a either a ‘‘degree of
belief’’ or a subjective probability distribution of a
variable. Questions could be asked in the following
categories:

Subjective degrees of belief/agreement with specific
statements
Experts will respond to 10 specific statements in all
the four domains. The extent of their agreement
with statement will be noted using the Likert scale
(Strongly Agree – Agree – Undecided – Disagree
or Strongly Disagree). The statements will be
posed as definitive propositions. Two example
statements are provided below:

a. The smaller the particle, the more harmful it is.
This statement applies to all substances.

b. Manufactured nanoparticles (e.g., fullerenes,
carbon nanotubes) are more likely to persist in
the environment than other nanoparticles (e.g.,
generated as a byproduct combustion) due to
different agglomeration processes resulting
from special coatings on the particles.
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Response to such statements helps us develop a
broad overview of expert opinions on nanoparti-
cle health risks. Further, since such questions can
be asked of all experts independent of the domain
of expertise, they are useful in evaluating the
extent to which an experts� area of expertise cor-
relates (or not) with specific views of nanoparticle
risks.

Relative importance of variables
Experts could be asked to evaluate the importance
of specific variables using ranking exercises or by
assigning subjective degrees of belief (‘‘probabil-
ity’’). For example, in a question focusing on choice
of exposure metric – mass or number of surface area
concentration, the expert will be asked to assign
points between 0 and 100 (corresponding to a
probability measure) to each of the choices so that
they add up to 100. The experts could be advised to
award more points to the choice they consider more
likely. In this way a subjective probability measure
that reflects the expert�s state of belief regarding
the choice of exposure metric can be obtained. A
hypothetical response to this question may have
the expert assigning a 30 points (probabil-

ity = 0.3) to mass concentration as the appropri-
ate exposure metric, 60 points (probability = 0.6)
to surface area concentration as the appropriate
exposure metric and 10 points (probability = 0.1)
that particle number is the appropriate exposure
metric. Some variables may require more �levels� of
probability elicitation. For example, a set of
questions could interrogate the expert�s belief
about the role of particle shape as a determinant of
toxicity. The first level could ask if the expert
considers shape to be highly important, moder-
ately important or of negligible importance. The
expert would assign probability scores to each of
these three options that would add up to 100%. If
the expert assigns a high probability to the option
that shape is of negligible importance, then no
further questions about particle shape are
required. If the expert regards shape as an
important determinant, then the next layer of
questions will evaluate her beliefs about the
importance of different shapes (e.g., cylindrical vs.
fullerene) and then further branch into questions
of how shape might affect toxicity.
This procedure can be implemented for

each element in Figure 3 and will result in the
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assignation of probabilistic information to each
element of the causal chain. Eliciting opinions
from a large group of experts (20 or more) would
assure that the causal chains [with the associated
probabilities] would be sufficiently populated so
as to allow meaningful comparisons across expert
responses. On some elements of the causal chain,
the experts may have very divergent opinions,
whereas on other elements there may be a general
consensus as reflected by the assigned probabili-
ties. Figure 4 shows a hypothetical pictorial rep-
resentation of how consensus and divergence in
different elements of the causal chain can be
evaluated. Here, each parameter in the causal
chain is plotted along the vertical axis. The hor-
izontal axis shows the level of an expert�s belief in
the importance of that parameter, and this can
range from 0 to 1. In this figure, six expert
opinions are shown, each with its own symbol.
There appears to be general agreement about
Parameters 1 and 2 (although one expert differs
from all others). There is unanimity about
Parameter 3 and 4, and there is broad disagree-
ment about Parameters 5 and 6. Opinion is
evenly divided about Parameter N. Figure 4 is a
hypothetical example used only for the purpose
of illustrating the concept, and the actual ques-
tions and the resulting causal chain might be
more complex.

Relative importance of competing causal mecha-
nisms to characterize model uncertainty
In these tasks experts could be provided with
influence diagrams of competing hypothesis for
causal mechanisms. Each hypothesized mechanism
would have a corresponding influence diagram.
Experts may modify, remove from or add to these
diagrams. As in the example described above,
experts would use a fixed 100-point scale to allo-
cate their degree of belief (‘‘probability’’ of being
correct) that a mechanism represented by an
influence diagram is the correct one.

Assigning probability values to variables
Case studies of nanoparticles could be used to
assess whether there is sufficient knowledge to
allow for calculation of health risks. Nanoparticle
types would be chosen based on characteristics
such as morphology, chemical composition, and
surface coatings. A simple dose–response model
where each step of the causal chain is characterized
by small number of parameters would be devel-
oped, and experts would be asked to provide
quantitative probability assessments in the form of
PDFs for each of these parameters. Since uncer-
tainties in these parameters are likely to be extreme
not all experts may be willing/able to provide
PDFs. Expert could choose chose a range of
metrics in making these assessments – from full
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blown PDFs, to extreme bounds, order of magni-
tude assessment, and complete ignorance using the
approach outlined in Kandlikar et al. (2005). The
intent of such an exercise is not to actually perform
a credible health risk calculation but to understand
the gap between current expertise and the needs of
a credible formal risk assessment.

Qualitative responses
In expert elicitation tasks, experts are asked to
back up their quantitative responses with qualita-
tive reasoning. Qualitative data is particularly
helpful in understanding underlying reasons for
why experts make the quantitative judgments they
do. In addition, this procedure is typically adopted
to combat overconfidence, a common trait
observed in experts (Morgan & Henrion, 1990).
Qualitative responses could be transcribed from
the expert interviews, and classified into a small
number of categories and tagged to the quantita-
tive judgments. In this way it would become pos-
sible to observe whether experts use similar lines of
reasoning when they provide closely matched
quantitative responses to questions and vice-versa
Levels of expert consensus are a useful way to

understand where the uncertainties are highest but
care must be taken in interpreting the results. For
instance, experts might overwhelmingly agree on a
particular metric or mechanism as being the �cor-
rect� one, in which case resources might be allo-
cated to other topics. On the other hand, expert
consensus may be based on limited data and
experts may differ on the underlying reasons even
when the results of quantitative assessment show
agreement. Conversely, experts may be polarized
and disagree strongly on whether a particular
metric is appropriate suggesting that resources
might need to be devoted to this specific question.
The derivation of consensus among the panel

members can be approached from at least two
angles: the behavioral and the mathematical. In
general, behavioral approaches rely on psycho-
logical factors and interactions among experts,
and mathematical schemes use a designated func-
tional aggregation rule that accepts inputs from
each expert and returns an arbitrated consensus
(Winkler, 1968, 1986; Genest & Zidek, 1986).
Behaviorally derived agreements often suffer from
problems of personality and group dynamics.
Mathematical approaches avoid these problems
but introduce their own set; numerically dictated

compromises may be universally unsatisfactory.
The last option is to not seek consensus at all, but
to use each individual probabilistic judgment sep-
arately. This has the advantage of making explicit
the differences in judgments.
Expert assessment raises some important meth-

odological issues and there is large literature on
this topic (reviewed in Morgan & Henrion, 1990;
Cooke, 1991). The individuals selected as experts
should meet several well-established criteria to
qualify as ‘‘experts’’. These include substantive
contributions to the scientific literature (Wolff
et al., 1990), status in the scientific community,
membership on editorial committees of key jour-
nals (Evans et al., 1994; Siegel et al., 1990) advi-
sory boards, and peer nomination (Hawkins &
Evans, 1989). The assembled team should include
experts from industry and academia, and thus
provide for variety and balance of institutional
perspectives. The quality of expert judgment
depends on (a) substantive expertise, referring to
the knowledge that the expert has about the sub-
ject or variable of interest, and (b) normative
expertise, referring to the skill in expressing beliefs
in probabilistic terms, also known as calibration.
Substantive expertise can be assured to some
extent by the expert selection process. Normative
expertise or calibration is a measure of the accu-
racy of the expert judgment and initial training of
the experts in probabilistic responses might be
useful in calibrating them prior to eliciting their
judgments.

Conclusions

In many situations, there is a lack of sufficient
information about multiple components of this
risk framework. In such cases, agencies such as the
US EPA have resorted to the use of default
assumptions and extrapolations to fill in the data
gaps. In the case of nanoparticle health risks the
uncertainties are so large as to obviate any simple
extrapolations. Our brief review of the risk
assessment for PM2.5 yielded some useful insights
about nanoparticle risks. Despite significant and
continuing uncertainty about mechanisms linking
particle characteristics to toxicity and health
impact mechanisms, quantitative risk assessment
for PM2.5 has made progress. It may well be that
PM2.5 is merely a surrogate for the true, but as yet
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unknown, exposure metric. But it is a reasonably
good surrogate that large-scale epidemiological
studies have yielded remarkably consistent results.
Health risks from nanoparticles share some

features of the PM2.5 risk calculations, though they
may be more difficult to characterize than those
from PM2.5. The fundamental mechanisms for
health risks from nanoparticles are largely
unknown and extreme uncertainty prevails in
almost every aspect of the exposure–response
paradigm. No epidemiological data are available
for engineered nanoparticle exposures, and it is
unlikely that such data will be available in the near
future in the absence of scientific consensus on the
proper exposure metric and relevant health effect
to be measured. Thus, while comprehensive risk
assessment using is far from feasible, even simple
screening assessments are difficult due to the nov-
elty of the materials and the lack of basic toxicity
data. Meanwhile, the technology is moving at a
rapid pace, new nanoparticles are routinely man-
ufactured and the social costs of �getting it wrong�
are very high. In such a situation, there is a need
for quantitative frameworks that help in risk
assessment and expert judgment may be a valuable
tool for doing this.
We realize that doing a comparative study of

expert opinions and examining the extent of expert
consensus and disagreement can take us only so
far. The point of this exercise is not to attempt to
resolve the uncertainties regarding the health
effects of nanoparticles by arriving at some artifi-
cial consensus among experts. All experts could be
wrong on a particular issue, in which case con-
sensus would be meaningless. Further, even a
perfectly executed expert assessment exercise can-
not tell us what we do not already know about the
science. Rather, the goal is to provide a quantita-
tive synthesis of the state-of-the-art where, in
contrast with assessment done by committees,
viewpoints of individual scientists can be high-
lighted and differences between scientists brought
to fore. It is possible that an initial exercise of the
type proposed here might reveal a complete lack of
consensus among experts, and might not aid in
risk assessment at all. However, this type of expert
judgment elicitation can be easily repeated over
time as collective knowledge evolves and uncer-
tainties narrow leading to refined risk estimates.
Such data can be useful in setting priorities, and
allocating budgets in a manner that incorporates

diversity of scientific opinion. In the emerging and
meta-stable science of nanotechnology, risk
assessment keeping track of the diversity of sci-
entific opinion could be very useful.

References

Anderson E.L. & D.H. Hattis, 1999. When and how can you

specify a probability distribution when you don�t know

much? Risk Anal. 19, 43–68.

Araujo L., R. Lobenberg & J. Kreuter, 1999. Influence of the

surfactant concentration on the body distribution of nano-

particles. J. Drug Target. 6, 373–385.

Barnes P.J., 2001. Neurogenic inflammation in the airways.

Respir. Physiol. 125, 145–154.

Brown D.M., M.R. Wilson, W. MacNee, V. Stone &

K. Donaldson, 2001. Size-dependent proinflammatory effects

of ultrafine polystyrene particles: A role for surface area and

oxidative stress in the enhanced activity of ultrafines. Toxicol.

Appl. Pharmacol. 175(3), 191–199.

Brown D.M., V. Stone, P. Findlay, W. MacNee

K. Donaldson, 2000. Increased inflammation and intracellu-

lar calcium caused by ultrafine carbon black is independent

of transition metals or other soluble components. Occup.

Environ. Med. 57(10), 685–691.

Brown J.S., K.L. Zeman & W.D. Bennett, 2002. Ultrafine

particle deposition and clearance in the healthy and

obstructed lung. Am. J. Respir. Crit. Care Med. 166, 1240–

1247.

Burnett R.T., J. Brook, T. Dann, C. Delocla, O. Philips,

S. Cakmak, R. Vincent, M.S. Goldberg & D. Kreski, 2000.

Association between particulate- and gas-phase components

of urban air pollution and daily mortality in eight Canadian

cities. Inhal. Toxicol. 12(Suppl. 4), 15–39.

Campen M.J., J.P. Nolan, M.C.J. Schladweiler, U.P. Kodav-

anti, P.A. Evansky, D.L. Costa & W.P. Watkinson, 2001.

Cardiovascular and thermoregulatory effects of inhaled PM-

associated transition metals: A potential interaction between

nickel and vanadium sulfate. Toxicol. Sci. 64, 243–252.

Campen M.J., W.P. Watkinson, J.R. Lehmann & D.L. Costa,

1996. Modulation of residual oil fly ash (ROFA) particle

toxicity in rats by pulmonary hypertension and ambient

temperature. Am. J. Respir. Crit. Care Med. 153, A542.

Casman E.A., M.G. Morgan & H. Dowlatabadi, 1999. Mixed

levels of uncertainty in complex policy models. Risk Anal.

19(1), 33–42.

Chalupa D.C., P.E. Morrow, G. Oberdörster, M.J. Utell &

M.W. Frampton, 2004. Ultrafine particle deposition in

subjects with asthma. Environ. Health Perspect 112, 879–882.

Cheng Y.S., H.C. Yeh, R.A. Guilmette, S.Q. Simpson, K.H.

Cheng & D.L. Swift, 1996. Nasal deposition of ultrafine

particles in human volunteers and its relationship to airway

geometry. Aerosol Sci. Technol. 25, 274–291.

Coleman K.P., W.A. Toscano Jr. & T.E. Wiese, 2003. QSAR

models of the in vitro estrogen activity of bis phenol A

analogs. QSAR Comb. Sci. 22, 78–88.

152



Cooke R.M., 1991. Experts in Uncertainty: Opinion and

Subjective Probability in Science. Oxford University Press.

Costa D.L., J.R. Lehmann, L.T. Frazier, D. Doerfler &

A. Ghio, 1996. Pulmonary hypertension: A possible risk

factor in particulate toxicity. Am. J. Respir. Crit. Care Med.

149, A840.

Cullen R.T., C.L. Tran, D. Buchanan, J.M.C. Davis, A.

Searl, A.D. Jones & K. Donaldson, 2000. Inhalation of

poorly soluble particles. I. Differences in inflammatory

response and clearance during exposure. Inhal. Toxicol.

12(12), 1089–1111.

Dick C.A.J., D.M. Brown, K. Donaldson & V. Stone, 2003.

The role of free radicals in the toxic and inflammatory effects

of four different ultrafine particle types. Inhal. Toxicol. 15(1),

39–52.

Dockery D.W., C.A. Pope III, X. Xu, J.D. Spengler, J.H. Ware,

M.E. Fay, B.G. Ferris Jr. & F.E. Speizer, 1993. An

association between air pollution and mortality in six U.S.

cities. N. Engl. J. Med. 329, 1753–1759.

Donaldson K., 1999. In: Shuker L. and Levy L. eds. Mecha-

nisms for Toxicity: In vitro; IEH Report on: Approaches to

Predicting Toxicity from Occupational Exposure to Dusts.

Report R11. Page Bros., Norwich, UK, pp. 17–26.

Donaldson K., P.H. Beswick & P.S. Gilmour, 1996. Free

radical activity associated with the surface of unifying factor

in determining biological activity? Toxicol. Lett.(Pg) 1–3.

Donaldson K., V. Stone, P.S. Gilmore, D.M. Brown & W.

MacNee, 2000. Ultrafine particles: Mechanisms of lung

injury. Phil. Trans. R. Soc. Lond. A 358, 2741–2749.

Dreher K., R. Jaskot, J. Richards & J. Lehmann, 1996. Acute

pulmonary toxicity of size-fractionated ambient air particu-

late matter. Am. J. Respir. Crit. Care Med. 153, A15.

Evans J.S., G.M. Gray, R.L. Sielken, A.E. Smith, C. Valdez-

Flores & J.D. Graham, 1994. Use of probabilistic expert

judgment in distributional analysis of carcinogenic potency.

Risk Anal. 20, 15–34.

Fairley D., 1999. Daily mortality and air pollution in Santa

Clara County, California: 1989–1996. Environ. Health Per-

spect. 107, 637–641.

Ferin J., G. Oberdörster & D.P. Penney, 1992. Pulmonary

retention of ultrafine and fine particles in rats. Am. J. Respir.

Cell Molec. Biol. 6, 535–542.

Genest C. & J.V. Zidek, 1986. Combining probability distribu-

tions: A critique and an annotated bibliography. Stat. Sci. 1,

114–148.

Ghio A.J. & R.B. Devlin, 2001. Inflammatory lung injury after

bronchial instillation of air pollution particles. Am. J. Respir.

Crit. Care Med. 164, 704–708.

Ghio A.J., C. Kim & R.B. Devlin, 2000. Concentrated ambient

air particles induce mild pulmonary inflammation in healthy

human volunteers. Am. J. Respir. Crit. Care Med. 162, 981–

988.

Godleski J.J., C. Sioutas, M. Katler & P. Koutrakis, 1996.

Death from inhalation of concentrated ambient air particles

in animal models of pulmonary disease. Am. J. Respir. Crit.

Care Med. 153, A15.

Hahn F.F., E.B. Barr, M. Ménache & J.C. Seagrave, 2005.

Particle Size and Composition Related to Adverse Health

Effects in Aged, Sensitive Rats. Research Report 129, Health

Effects Institute, Cambridge, MA.

Hawkins N.C. & J.S. Evans, 1989. Subjective estimation of

toluene exposures: A calibration study of industrial hygien-

ists. Appl. Ind. Hyg. 4, 61–68.

Helmer O., 1966 Social Technology. New York: Basic Book.

Heyder J., J. Gebhart, G. Rudolf, C.F. Schiller & W.

Stahlhofen, 1986. Deposition of particles in the human

respiratory tract in the size range 0.005–15 lm. J. Aerosol

Sci. 17, 811–825.

Ibald-Mulli A., J. Stieber, H.-E. Wichmann, W. Koenig &

A. Peters, 2001. Effects of air pollution on blood pressure: A

population based approach. Am. J. Public Health 91, 571–

577.

International Commission on Radiological Protection (ICRP),

1994. Human Respiratory Tract Model for Radiological

Protection, ICRP Publication 66. Pergamon Press, Elmsford,

NY.

James A.C., W. Stahlhofen, G. Rudolf, R. Köbrich, J.K.
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Abstract

In this study, nanoparticle emission of TiO2 nanopowder coated on different substrates including wood,
polymer, and tile, was evaluated in a simulation box and measured with a Scanning Mobility Particle Sizer
(SMPS) for the first time. The coating process for the substrate followed the instructions given by the
supply company. In the simulation box, UV light, a fan, and a rubber knife were used to simulate the sun
light, wind, and human contacting conditions. Among the three selected substrates, tile coated with TiO2

nanopowder was found to have the highest particle emission (22 #/cm3 at 55 nm) due to nanopowder
separation during the simulation process. The UV light was shown to increase the release of particle below
200 nm from TiO2 nanopowder coating materials. The results show that, under the conditions of UV
lamps, a fan and scraping motion, particle number concentration or average emission rate decreases
significantly after 60 and 90 min for TiO2/polymer and TiO2/wood, respectively. However, the emission
rate continued to increase after 2 h of testing for TiO2/tile. It is suggested that nanoparticle emission
evaluation is necessary for products with nanopowder coating.

Introduction

Due to their novel physical and chemical proper-
ties, nanomaterials have become one of the key
components in the development of nanotechnol-
ogy. The market value of the nanotechnology
industry is estimated to be 1 trillion US dollars in
2015 (Roco, 2005). Major developed countries and
international companies are funding many projects
developing new materials and exploring their
applications. However, the potential health risks
and environmental impacts of nanomaterials are
not understood and have raised public concerns.
Nanomaterial manufacturing processes may
potentially cause human exposure to nanomateri-
als via inhalation, dermal or ingestion routes
(Aitken et al., 2004). In the past decade, health
effects of nanoparticles (or ultra fine particles

(UFPs)) has been investigated by several research
groups. Studies in animals using laboratory-gen-
erated or ambient UFPs show that they consis-
tently induce mild yet noticeble pulmonary
inflammatory responses as well as effects in extra
pulmonary organs. Animal inhalation studies have
included the use of different susceptibility models
in rodents, with analysis of lung lavage parameters
and lung histopathology, effects on the blood
coagulation cascade and translocation studies to
extra pulmonary tissues (Ferin et al., 1991; Ferin
& Oberdörster, 1992; Oberdörster et al., 1992a,
1995, 2000, 2002, 2004; Li et al., 1999; Nemmar
et al., 1999, 2002a, b, 2003; Elder et al., 2000,
2002, 2004; Kreyling et al., 2002; Zhou et al.,
2003). Recently, principles for characterizing the
potential human health effects from exposure to
nanomaterials have been proposed by a group of
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distinguished scientists (Oberdörster et al., 2005).
This work emphasized a screening strategy rather
than a detailed testing protocal.
The exposure possibilities are apparent for

researchers and workers in nanomaterial develop-
ment and manufacturing. However, commercial
products using or applying nanomaterials may
increase the risk of exposure for consumers or end
users. TiO2 nanoparticles are being used increas-
ingly in photocatalytic surface coatings. However,
to our knowledge, there is no information in the
open literature about possible emission of particle
from nanomaterials which employ or apply
nanopowder coating. Particle emission evaluation
is critical to answer the question of whether such
coatings will release nanoparticles during their use.
This study aims to evaluate nanoparticle emissions
from TiO2 nanopowder coating materials in a
simulated utilization stage. UV light/fluorescent
lamps, a fan, and a rubber knife were used to

simulate the sun light, wind, and human contact
with the materials in a closed box.

Experiment

Materials

Anatase polycrystalline single crystal TiO2 samples
(Degussa Inc., German) were used as the coating
agent. Wood plate and PET polymer film sub-
strates were spray coated with 5 wt.% TiO2 sus-
pension and dried at 100�C for 2 h, designated as
TiO2/wood and TiO2/polymer, respectively. In
addition, a commercial TiO2 photo catalyst paint
(Allstar Painting Inc., Taiwan) was used as the
second sample in this study. A tile plate was cov-
ered with a suitable amount of the TiO2 paint and
dried at room temperture. The final product was
designated as TiO2/tile. The above coating process

Figure 1. The simulation box. (a) appearance, (b) inner, and (c) the fan, rubber knife and substrate.
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followed instructions from the paint supplier. The
surfaces of these three substrates (wood plate,
polymer film, and tile plate) were quite clean and
smooth before the coating.

Simulation box

Sunlight, wind, and human contact with TiO2

coating materials were simulated with UV/fluo-
rescent lamps, a fan, and a rubber knife in a closed
box as shown in Figure 1. The outside and interior
of the simulation box are shown in Figure 1a, b,
respectively. The light source was 5 UV lamps
(wavelength = 365 nm, power density = 50 lW/
cm2) on the top inside the box. The fan and rubber
knife were installed in the center of the simulation
box and shown in Figure 1c. The rubber knife,
simulating human contact, was operated with a
motor and the fan was operating continuously
during the test.
Before the emission measurement, 10 cm2 of the

substrate under test that had been coated with
TiO2 was cleaned using a clean air gun for 5 min
and mounted on a small horizontal support at the
bottom of the box. To obtain a stable background
particle concentration, the box was purged with
clean compressed air for several hours to make
sure that particle generation inside the box was
negligible (total concentration <20 #/cm3). The
background particle concentration was deducted
from the sample concentration. The operating
conditions for the simulation experiments are lis-
ted in Table 1. The rubber knife scraping motion
was performed for 1 min every 10 min, over 2 h.
Particle emissions from the substrate and TiO2

coating materials inside the box were monitored at
different operation conditions. We repeated the
2-h particle emission measurement at least twice
for each test condition. A Scanning Mobility
Particle Sizer (SMPS, TSI Inc. USA) was used to
measure the particle size distribution and number

concentration during tests. The SMPS is a com-
bination of Electrostatic Classifier (TSI 3080L)
and Ultra fine Condensation Particle Counter
(UCPC, TSI 3025A). Particle size distributions
ranging from 15 to 661 nm can be measured and
displayed within the response time of 135 s (Chen
& Chein, 2003).

Results and discussion

Particle emission measurement

Figure 2a shows the number concentration of the
particles released from TiO2/wood subjected to
UV light, a fan and scraping motion (case 1 sim-
ulation) as a function of the time. In addition,
Figure 2b shows the number concentration and

Table 1. Operating conditions of three simulation experi-
ments

Case UV lamps

50 lW/cm2)

Fluorescent

lamps

Fan

(75 m/min)

Rubber knife
scraping motion

S1 � X � �
2 � X � X
3 X � � �

Note: � means operating. X means not operating.
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Figure 2. Particle emission at different times (a) and 2-h
scale (b) of TiO2/wood using UV light, fan and scraping
motion (case 1).
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size distribution of the particles released from
TiO2/wood for the whole 2-h test. Most of the
particles are between 50 and 150 nm. The highest
number concentration is about 18 #/cm3 at the
particle size of 120 nm. After 40 min of operation,
a noticeable increase in the particle concentration
was detected. The results indicate that the
conditions in case 1 can increase the number
concentration of particle emission from TiO2

nanopowder coating material. For case 2 (without
scraping motion), the particle number concentra-
tion is less than that in case 1 but the size distri-
bution is similar. In the simulated experiments, the
scraping motion (movement of the rubber knife) is
believed to remove TiO2 nanopowder from
the surface of coating materials as the UV light

deteriorates organic compound used in the coating
agent. Although the simulation is a worse scenario
compared to real applications, nanoparticle emis-
sion from utilization of TiO2 nanomaterial should
not be neglected.

Effect of light source

UV light is the most important parameter for
photo catalyst products applied on the outside of
buildings. UV and visible light were simulated in
this study using UV and fluorescent lamps (case
1 and 3). Similar to Figure 2, Figure 3a, b show
the measurement result of TiO2/wood in the
simulation case 3. The particle number concen-
tration is below 3 #/cm3 in this case and hardly
seen in the figure. The results suggest that the
scraping motion of the rubber knife does not
cause too much particle emission under the
fluorescent lamp light. Comparing Figure 2 with
Figure 3 for particle emission, the differences
indicate that the destructive effect of UV light on
the coating agent is much more serious than the
one of fluorescent lamps. UV light with high
energy is capable of reducing the binding force
between TiO2 nanopowder and the substrate
surface, therefore, many particles are released as
shown in Figure 2.

Substrate effect

Figure 4 shows the particle emission of TiO2/
polymer in the simulation case 1. After 30 min of
operation, a large amount of particles below
200 nm were released and detected. The highest
number concentration of particle emission was
about 16 #/cm3 at the particle size of 100 nm.
Comparing Figure 4 with Figure 2, the results
show that the number of particles being emitted
increased as the testing time reached a critical
point. The breaking time of significant particle
emission is about 30 min for TiO2/polymer and
40 min for TiO2/wood. After the simulated
experiment, the color of the polymer changed from
white to yellow. The color change indicates that
the stability of TiO2 nanopowder coating on the
polymer is worse than on wood. In the simulating
process, UV light may have caused a property
change in the polymer substrate and/or activated
the TiO2 photo catalyst to change the properties of
the binder and/or the polymer substrate.
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Figure 3. Particle emission at different times (a) and 2-h
scale (b) of TiO2/wood using fluorescent lamp, fan and
scraping motion (case 3).
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Figure 5 shows the measurement results of
TiO2/tile. After 30 min of operation, a large
amount of particles below 200 nm were released
and detected. The highest number concentration
of particle emission is about 22 #/cm3 at the

particle size of 55 nm. The increase of particle
emission after the critical time, is similar to the
results in Figure 4. In addition to the UV light and
rubber knife scraping motion, the binder used in
the commercial TiO2 paint, surface properties of
the substrate and coating skills are also important
to influence the life cycle and properties of photo
catalyst products.
Table 2 summarizes the evaluation results of

particle emission showing the test conditions,
running time, number median diameter (NMD),
number concentration and average emission rate.
The results show that, under the conditions of
UV lamps, a fan and scraping motion, the par-
ticle number concentration or average emission
rate decreases significantly after 60 and 90 min
for TiO2/polymer and TiO2/wood, respectively.
However, the emission rate is still increasing
after 2 h of testing for TiO2/tile. According to
the test results, evaluation by simulation experi-
ments is useful for assessing possible particle
emission for nanomaterial coating products and
to reduce the exposure likelihood of customers
who are using or applying the nanopowder
coating products.

Conclusions

This study has investigated the possibility of par-
ticle emission from TiO2 nanopowder coating
materials under several simulated conditions
including UV light/fluorescent lamps, a fan and
rubber knife scraping motion. Among the three
selected substrates (wood, polymer and tile), tile
coated with TiO2 nanopowder was found to have
the highest particle emission (22 #/cm3 at 55 nm).
UV light was shown to increase the release of
particles below 200 nm from TiO2 coating prod-
ucts. Another important factor was the rubber
knife scraping motion. These actions together can
greatly reduce the binding force between the TiO2

nanopowder and the substrate surface and, there-
fore, produce particle emissions from the coating
products. The particles, released from nano-prod-
ucts to the ambient environment, may potentially
increase the exposure possibility of consumers. It is
suggested that particle emission evaluation should
be carried out for nanopowder coating materials
and studies of surface preparation, functional
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Figure 5. Particle emission of TiO2/tile using UV lamps,
fan and scraping motion (case 1).
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Figure 4. Particle emission of TiO2/polymer using UV
lamps, fan and scraping motion (case 1).
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clothes, and nano-composite filters should also be
performed.
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Abstract

Challenges and opportunities for appropriate oversight of nanotechnology applied to or derived from
biological systems (nano-bio interface) were discussed in a public workshop and dialog hosted by the
Center for Science, Technology, and Public Policy of the University of Minnesota on September 15, 2005.
This paper discusses the themes that emerged from the workshop, including the importance of analyzing
potential gaps in current regulatory systems; deciding upon the general approach taken toward regulation;
employing non-regulatory mechanisms for governance; making risk and other studies transparent and
available to the public; bolstering mechanisms for public participation in risk analysis; creating more
opportunities for meaningful discussion of the social and ethical dimensions of the nano-bio interface;
increasing funds for implications and problem-solving research in this area; and having independent and
reliable sources for communication. The workshop was successful in identifying ways of moving forward
responsibly so that ultimately nanotechnology and its products can succeed in developers’, researchers’,
regulators’, and the public’s eyes.

Introduction

Nanotechnology, or really any technology, does
not exist in a vacuum. It is derived from human
efforts and affected by social, cultural, and politi-
cal climates. Yet, few technologies emerge with the
societal consequences in mind. Social and eco-
nomic issues often gain most attention after tech-
nologies enter the marketplace and are widely
used. However, within the U.S. National Nano-
technology Initiative (NNI), resources have been
directed toward the investigation of the societal
issues that might accompany the applications of
nanotechnology on their road to development and
use. Approximately 4% of NNI funding has been
used to study the social, educational, and ethical

implications of nanotechnology (Roco, 2005).
Many experts in this area have cited negative
experiences with past technologies, such as stem
cell research and genetic engineering, as the
impetus for dealing with the contextual issues for
nanotechnology early and often.
Society drives and regulates technology,

attempting to minimize the downsides and maxi-
mize the benefits. Appropriate oversight of new
technologies is important for ensuring the health
and environmental safety of products and instill-
ing public confidence. Most people agree that
ultimately the success of any technology is
dependent on proper oversight within a societal
context. Mishaps or accidents can preclude future
use and development, and there is a delicate
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balance between allowing technology to flourish
and putting appropriate oversight mechanisms in
place.
Discussions of oversight frameworks for nano-

technology have largely focused on health issues
associated with engineered nanoparticles or those
in cosmetics, such as carbon nanotubes, bucky-
balls, and titanium dioxide (e.g. Long et al.,
2006).1 Less attention has been paid to oversight
for widespread applications in medicine, food and
agriculture, and the environment, for which
patients, ecosystems, farmers, or the general public
may bear the risks and benefits. Several of these
‘‘nano-bio’’ applications are already entering the
marketplace, while others are emerging into
development and clinical trial phases. However,
there have not been many focused public conver-
sations on appropriate oversight frameworks for
them. It is in this context, that the Center for
Science, Technology, and Public Policy hosted the
workshop ‘‘The Nanotechnology-Biology Inter-
face: Exploring Models for Oversight’’ on Sep-
tember 15, 2005.2 The workshop addressed the
following questions:

• Is there or will there be a mis-match between
the ability to generate nanoparticles and the
ability to detect or determine the effects of these
particles? Should the two be linked in any
regulations developed with respect to nanopar-
ticle use?

• Are there procedures developed for other tech-
nologies that could or should be adopted or
adapted to assure the safety of nanoparticles
and materials developed from them? What is
the appropriate balance between government
regulation and investigator or industry volun-
tary guidelines?

• What is the relationship between claims (from
modest to extravagant) made for the potential of

nanotechnology and the challenge of building
public confidence in the safety of the new tech-
nology? What is the appropriate strategy for
balancing these two factors to preserve momen-
tum in the development of the technology?

• If new governance models are designed, or
existing ones revised, what is the appropriate
process? What scientific, economic, social, and
other factors should be considered? Who should
be involved in developing the models?

This paper highlights key points of discussion from
the workshop and the opportunities and challenges
associated with oversight at the nano-bio inter-
face.3 It represents the opinions of the delegates at
the workshop4 and additional information and
conceptual synthesis by the author, but it does not
represent the consensus of the participants nor the
views of the organizations with which they are
affiliated. The paper is organized around themes of
the workshop sessions: science and applications at
the nano-bio interface, health and environmental
safety concerns, regulatory and non-regulatory
approaches to governance, striking an appropriate
balance for oversight in a societal context, and far-
future applications and how governance systems
can account for them. It concludes with a summary
of the conclusions and recommendations that
emerged from the dialog. The author of this paper
believes that it should be just the beginning of
closer examinations of oversight for the nano-bio
interface.

Science and applications

Some question how nanotechnology came to be
and whether it is really new. Material sciences,
biochemistry, chemical engineering, aerosol sci-
ence, and particle technology have been around
for several decades, yet have only recently been
included in the forefront of nanotechnology
research and development. To better understand
the field of nanotechnology, the first session of the
workshop was designed to review specific appli-
cations of nanotechnology to biology (Table 1)

1 2nd International Symposium on Nanotechnology and
Occupational Health, University of Minnesota, October
3–6, 2005.
2 In a public workshop, over 160 people from academe,

industry, state and federal government, trade organizations,
law and venture capital firms, and the general public con-
vened to discuss governance issues for the nano-bio inter-
face. The day following the public workshop,
approximately 35 speakers and other experts continued the
discussions. The workshop was funded by the Consortium
on Law and Values in Health, Environment, and the Life
Sciences. http://www.lifesci.consortium.umn.edu/

3 For a more complete summary of the presentations,
visit http://www.hhh.umn.edu/centers/stpp/nanotechnol-
ogy.html.
4 Citations in the text with an asterisk represent speaker

presentations and not peer reviewed publications.
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Table 1. A few examples of research and applications at the nano-bio interface

Sector Application Method or material Details

Agriculture Basic research on energy
production

Nanodetection Single molecule detection to determine enzyme/substrate
interactions (e.g. cellulases in production of ethanol).

Agrochemical delivery Nanoparticles, nano-
capsules

Delivery of pesticides, fertilizers, and other
agrichemicals more efficiently (e.g. only when needed
or for better absorption).

Animal production Nanoparticles Delivery of growth hormone in a controlled fashion.
Nanomaterials in chips

(nanochips)
Identity preservation and tracking.

Animal or plant health Nanosensors Detect animal pathogens, such as foot and mouth
disease virus. Detect plant pathogens early.

Animal medicine Nanoparticles,
nanodevices

Deliver animal vaccines.

Plant production Nanoparticles Delivery of DNA to plants toward certain tissues (i.e.
targeted genetic engineering).

Food Sensing Nanosensors Detect chemicals or foodborne pathogens;
biodegradable sensors for temperature, moisture
history, etc.

Safety Nanoparticles Selectively bind and remove chemicals or pathogens.
Packaging Nanoclays, nanofilms Prevent or respond to spoilage. Sensing features for

contaminants or pathogens.
Healthy food Nanoemulsions,

nanoparticles
Better availability and dispersion of nutrients,

nutraceuticals, or additives.
Environment Microbial ecology and

characterization
Microfluidics, micro-nano

arrays
Identify and quantify microbial populations for

biocontrol, composting, bioremediation, etc. (e.g.
nano-single strand conformation profiling of DNA
for counting single molecules).

Sensing Nanosensors Detect environmental contaminants early; assess states
of populations or ecosystems.

Remediation Nanoparticles Bind contaminants and remove them.
Medicine Ex vivo diagnostics Nanoparticle labeled

DNA
Microarray analysis for medical genomics (e.g. detecting

patient genetic response to pathogens, or tailoring
treatments to individuals).

In vivo diagnostics Nanoparticles Magnetic particles for imaging (e.g. MRI of tumors).
Drug delivery or gene

therapy
Nanoparticles Tag particles and target drugs or genes to specific

tissues. Increase bioavailability or solubility. Make
drugs more bioactive. Liposomes, dendrimers, and
other inorganic or organic particles.

Tissue scaffold Surface nanomaterials,
nanocoatings

Promote cell growth, providing a matrix (e.g. neuron
growth on nanofabricated silicon).

Medical devices Nanocoatings Coatings to make devices, such as pacemakers,
corrosion resistant and biocompatible.

Nanosensors Sense chemicals in the body and adjust device function
accordingly.

Biology –
Basic
research

Sensing, detecting, and
characterizing

Cantilevers Bend in response to molecular interactions.
Nanowires Use nano-conductivity for characterizing interactions

(e.g. between viruses and proteins).
Quantum dots Label different cells, proteins, or cellular components

with colored tags. Track movement, relationships,
etc. at the subcellular level. Long lifetime is a positive
feature of these tags.

Note: this table does not include all possible categories of applications. Source: compiled by J. Kuzma.
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and tackle the question of what makes nanotech-
nology special.
Skeptics believe that as a society we have

hijacked many different fields and applications and
now call it ‘‘nanotechnology’’ as a way to ‘‘create
buzz’’ and get funding. They argue that nano-
technology is not entirely new, and therefore, in
public policy discussions, it is important that we
do not forget that the basic scientific principles
associated with nanotechnology are the same as
with other technologies. However, others would
argue that in last 10 years, we have had better
ability to control, understand, and analyze mate-
rials at the nanoscale and that nanomaterials have
special properties. Therefore, a new area is justi-
fied.
There is disagreement as to whether a precise

definition of nanotechnology is necessary for
oversight and framing of other contextual issues.
Nanotechnology is defined by the NNI as ‘‘the
understanding and control of matter at dimensions
of roughly 1–100 nanometers, where unique phe-
nomena enable novel applications’’ (NNI, 2005).
Nanomaterials can arise from a ‘‘top-down’’
approach, in which macroscopic material is bro-
ken down to the nanoscale, or from a ‘‘bottom-
up’’ approach, in which individual atoms or mol-
ecules are coaxed or self-assemble into nanoparti-
cles. Regardless, nanotechnology reflects a
multidisciplinary conglomerate of ideas and
methods. In this sense, it is an umbrella that brings
people together to make discoveries and solve
problems. Secondary effects of bundling various
basic research questions, fields, disciplines, and
applications together include increased collabora-
tion and understanding among the actors and
scientists involved.
Nanomolecules and particles, such as viruses,

molecular motors, and membrane vesicles, exist
naturally in biology, but the new nano-bio interface
explores the interactions of the natural with the
man-made (Taton, 2005*). The nano-bio interface
is here, and the pace of applying nanotechnology to
health, environment, agriculture, and food is mov-
ing quickly. This rapid emergence creates a host of
technical challenges and opportunities, as the
nanoscale is unique from a physical standpoint. For
example, workshop participants discussed whether
quantum dots interact with molecules in cells and
interfere with typical cellular reactions. There are
studies which indicate that quantum dots do bind

cellular components, and researchers are working
to develop biocompatible coatings to prevent such
interactions (Taton, 2005*).
For industry, a primary question is what can be

done with nanotechnology to benefit society. The
medical device industry uses nanotechnology to
make corrosion-resistant coatings. In the future, it
plans to develop nanosensors that can be used to
detect physiological states of patients (Untereker,
2005*). Nanotechnology can also be used in agri-
culture and the environment, for example, to bet-
ter understand how cellulases work to produce
ethanol and identify and quantify naturally-
occurring microorganisms for generating products
and energy from waste (Table 1) (Walker, 2005*).

Health and environmental safety

The ability to assess the health and environmental
impacts of nanoparticles and other nanomaterials
is a cornerstone of governance. It is not sufficient,
but seems necessary for a good oversight frame-
work. Standard models of chemical, ecological, or
microbial risk assessment apply to nano-bio
products, but within the models, data needs and
technical questions might be very different given
the special biological, chemical, and physical
properties that arise at the nanoscale.
At the workshop, current activities and studies

in environmental health and safety (EHS) research
were presented, along with appropriate mecha-
nisms and institutions for funding and conducting
such work. Several federal agencies fund EHS
research under NNI, such as the National Science
Foundation (NSF), Environmental Protection
Agency (EPA), National Institutes of Health
(NIH), Department of Energy (DOE), Depart-
ment of Defense (DOD), the National Institute of
Occupational Safety and Health (NIOSH), and
National Institute of Standards and Technology
(NIST). For fiscal year (FY) 2006, the NNI EHS
research budget request totaled $38.5 million out
of the total NNI budget request of $1 billion
(NSET, 2005; Savage, 2005*). Yet, there is general
difficulty in classifying EHS research as ‘‘implica-
tions’’ or ‘‘applications,’’ and this is a point of
contention in the health and environmental safety
community. For example, the general development
of sensors could be placed in either category. Also,
applications research can provide information for
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implications and vice versa. To date, EPA has
funded approximately $15.6 million of applica-
tions research, to address existing environmental
problems or prevent future problems, and it has
funded $10.2 million in implications research, to
address the interactions of nanomaterials with the
environment and potential risks (Savage, 2005*).
Environmental applications include improved
monitoring and detection capabilities, ultra-green
manufacturing and chemical processing, waste
minimization, reduced energy usage, clean energy
sources, remediation and treatment technologies,
and sustainability applications. Implications
research for nanomaterials includes studies on
toxicity and its mechanisms; effects of manufac-
turing on ecosystems; transportation and fate of
nanomaterials; bioaccumulation, transformation,
and availability; and dose–response assessment.
Many health and environmental applications of

nanotechnology have a dual nature. The novel
properties and uses of nanotechnology which
provide benefits also cause regulatory concern.
For example, the ability of nanoparticles to cir-
cumvent the blood–brain barrier (Oberdörster
et al., 2005a) has advantages for delivering drugs
to the brain, which is an organ that is otherwise
difficult to reach, but that same feature amplifies
neurotoxicity concerns. In environmental applica-
tions, nanomaterials may be used to penetrate and
remediate subsurface areas, but their penetration
abilities could also lead to greater ecosystem
damage. Surface properties are much different at
the nanoscale, and quantum properties dominate.
Increased surface areas of nanoparticles can lead
to increased cellular reactivity, and increased bio-
availability to increased toxicity. Lower effective
doses of nanomaterials could mean toxic effects at
lower doses. Greater abilities of nanoparticles to
penetrate membranes and speed the onset of
action could lead to greater toxic exposure
through non-traditional routes (Finkelstein,
2005*; Hoerr, 2005*). At the nanoscale, cellular
uptake mechanisms are different – particles below
20 nm can be taken up by the endothelium skin
layers and those below 10–50 nm can enter cells
through receptor mechanisms (Finkelstein, 2005*).
The special properties and effects of nanoparticles
need to be considered, and new strategies for
toxicology are needed.
Fundamental knowledge and data for assessing

the potential risks of nano-bio products is lacking.

Some factors complicating risk assessments include
differences in the exposure medium (e.g. air, water,
or food), routes of exposure (e.g. inhaled, con-
sumed, or contacted), and dose–response relation-
ships. In some cases, it is not known whether
nanomaterials exist as single particles or are
agglomerated in certain media. Also, there are dif-
ferences in dose–response curves depending on
whether the curves are expressed by mass, number
of particles, or surface area (Finkelstein, 2005*).
Furthermore, most tests are short-term, and long-
term toxicity and effects remain unknown. Key
questions for toxicology research on nanomaterials
include: which physicochemical characteristics of
nanoparticles are associated with adverse effects
(e.g. size, chemistry, crystallinity, biopersistence,
surface coating, porosity, charge)?; is cellular
uptake involved, and if so, what are the uptake
and translocation mechanisms?; and what should
be considered when designing biocompatible
nanomaterials? (Finkelstein, 2005*). An expert
group of the International Life Sciences Institute
Research Foundation recently published a report
on a screening strategy for hazard identification
of nanomaterials based on their characteristics
(Oberdörster et al., 2005b).
Until more data are generated, understanding

from previous fields could be applied nanotech-
nology. Nanotechnology is a broad field, for
example, covering particles in films, surfaces, liq-
uids, and gases, and developing methodology for
study of the environmental and health effects is
hard to do as a result. It could be beneficial to
select focused systems that are well-established,
such as aerosol science, in order to better under-
stand nanoscience and its applications (Fried-
lander, 2005*). Aerosol technology has a large
domain, spanning particle diameters from 10)3 to
102 lm (0.1 to 100,000 nm), and the industry has
had many years of experience in data collection,
including for worker exposure, and particle char-
acterization. The aerosol system provides a useful
example for developing powerful methodology for
nanotechnology (Friedlander, 2005*).

Governance frameworks

Governance systems are currently in place for a
variety of products associated with new technolo-
gies. For the design of oversight models for
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nanotechnology, there are opportunities to learn
from past experience with other technologies and
products. It is important to not recreate what
already exists. Some argue that nanotechnology is
already suitably covered by existing regulatory and
non-regulatory oversight activities, whereas others
disagree, arguing that many products on the
market are falling through the cracks of a system
that has not been formalized or coordinated. As a
society, we have choices of (1) creating new laws
and/or regulations, (2) revising existing ones, (3)
interpreting existing ones to cover nanoproducts,
(4) designing non-regulatory approaches, or (5)
modifying existing non-regulatory approaches.
The diversity of the products at the nano-bio
interface (Table 1 and 2) might preclude a single
approach or framework, and one size might not fit
all. The second session of the workshop examined
existing or possible approaches for nanotechnol-
ogy applied to or derived from biological systems.
It also considered appropriate features of gover-
nance systems for ensuring public confidence and
safety.
One example of oversight from which lessons

could be learned is the Coordinated Framework
for the Regulation of Biotechnology (OSTP,
1986). In this case, a governance approach was
developed for the products of biotechnology by
using a patchwork of existing laws. EPA, the Food
and Drug Administration (FDA), and the United
States Department of Agriculture (USDA) were
identified as lead agencies for specific products.
Underlying principles of the framework were that
the products, not the process of biotechnology,
should be the focus of regulation and that geneti-
cally engineered organisms (GEOs) are not fun-
damentally different from non-engineered
organism. Therefore, existing laws were deter-
mined to be sufficient. After the framework was
published, the agencies chose paths to develop
regulations under existing laws or provide guid-
ance and policies under them. This approach and
others should be closely examined for their rele-
vance to the products of nanotechnology.
EPA and its role in nano-bio oversight were

examined at the workshop. The budget of EPA
has been flat or decreasing in recent years, and
diminished resources pose difficult challenges for
EPA in prioritizing its activities (Bergeson, 2005*).
Despite the challenges, the agency is considering
how to reap the benefits of nanotechnology and

identify and control the risks. EPA convened its
Science Advisory Board (SAB) in December 2004
to discuss nanotechnology. The SAB concluded
that nanotechnology can provide great benefits,
but nanomaterials require additional investiga-
tions of environmental, health, and social impacts.
SAB members noted that advancements in new
technologies are occurring at unprecedented rates,
making it difficult for government agencies to keep
abreast of emerging developments.
EPA is also providing general guidance on the

scope of its regulatory authority under the Toxic
Substances Control Act (TSCA) and considering a
voluntary program for the review of existing
nanomaterials. Amending TSCA is unlikely in the
short term, and perhaps even in the long term,
therefore, creative ways are needed to ensure that
nanoscale materials are addressed appropriately
under existing legal authorities (Bergeson, 2005*).
The National Pollution Prevention and Toxics
Advisory Committee (NPPTAC) was formed
under the auspices of the Federal Advisory
Committee Act to provide guidance to EPA on
TSCA implementation and related EPA toxics
programs. The NPPTAC agreed to form an ad hoc
interim work group on nanoscale materials to
provide guidance on the prudence and scope of a
voluntary reporting program on nanoscale mate-
rials. The Nanoscale Materials Voluntary Pro-
gram (NVP) was agreed upon in concept during
NPPTAC ad hoc interim work group discussions
in summer 2005, which progressed and concluded
in fall 2005.
Details of the NVP for which agreement will be

difficult include defining its scope (e.g. should it
review emerging chemicals, or only those now in
commerce), deciding whether data generation
should be part of the program, balancing trans-
parency with protecting confidential business
information, and including a diverse number of
small and medium sized enterprises. The NPPTAC
transmitted to EPA Administrator Johnson on
November 22, 2005, its ‘‘Overview of Issues for
Consideration by NPPTAC’’ (EPA, 2005a). The
document offers the NPPTAC’s ‘‘analysis and
views of a framework for EPA’s approach to a
voluntary program for engineered nanoscale
materials, a complementary approach to new
chemicals nanoscale requirements under the Toxic
Substances Control Act (TSCA), and other rele-
vant issues presented.’’

170



Table 2. A few examples of products of nanotechnology applied to health, food, or the environment

Company Product Purpose/method Stage

Health/medicine
American Bioscience,
Inc. (ABI)

AbraxaneTM Nanoparticulate formulation of
the widely used anticancer
drug paclitaxel for metastatic
breast cancer. First approval
of protein albumin
nanoparticles as a ‘‘natural
solvent.’’

Received final FDA approval in
Jan. 2005.

BioSante
pharmaceuticals

BioVantTM,
BioOralTM,
BioAirTM

Calcium phosphate-based (CAP)
nanotechnology for oral,
nasal, and trans cutaneous
routes of delivery of vaccines
and proteins.

CAP is in preclinical safety trials,
as indicated by the company
website.

GP Surgical TiMESH Hernia mesh made with titanium
nano-coating.

FDA approved, implanted
device; commercially
available.

Health Plus
International, Inc.

Spray For
Life�,
Vitamin B12
Energy
Booster

NanoceuticalTM Delivery System
(NDS), disperses active
molecules into nanodroplets,
increases bioavailability of
nutrients or drugs.

Commerically available, but not
FDA approved.

StarPharma VivaGelTM Polyvalent, polylysine dendrimer
as the active ingredient.
Intended to prevent
transmission of sexually
transmitted diseases (STDs).

Determined to be safe and well-
tolerated in Phase 1 clinical
trials as an Investigational
New Drug (IND) under FDA
(2004), according to the
company website.

Environment/health
EnviroSystems EcoTru� Nanoemulsion technology to

disinfect surfaces for bacteria
and viruses.

Commercially available.

Severn Trent Services
& Bayer AG

SORB 33�

Bayoxide�

E33

Nano-sized surface structures
that are able to absorb
arsenic; composed of ferric
oxide.

Certified for drinking water
systems by American
National Standards Institute/
NSF Standard 61. FDA pre-
market review would be
required under the Federal
Food Drug and Cosmetic Act
(FFDCA) if used in bottled
water.

Food/health
bioMerieux FoodExpert-

ID�
High-throughput gene chip for

testing food and animal feed
for traceability and safety.

In trials in some European
countries (2004).

Nanocor Variety of
products
under the
Nanomer�

trademark

Nanoclays and composites
providing barriers to oxygen
and carbon dioxide flow used
in food packaging to keep
freshness and block out
smells.

Nanomer� nanoclays are
available for commercial use.
Infrastructure in place to
produce more than
100 million pounds annually.
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In addition to the above activities, EPA’s Sci-
ence Policy Council (SPC) recently released a
white paper on nanotechnology that will have
cross-program implications for the agency (EPA,
2005b). The paper reviews science deficits and data
needs for the agency and guides programmatic
elements for both applications and implications of
nanotechnology Overall, challenges for EPA are to
stay on top of program priorities, set years in
advance, while responding to crises and antic-
ipating and managing emerging technologies,
including nanotechnology (Bergeson, 2005*).
Training, recruitment, and infrastructure devel-
opment were identified by the SAB as key priori-
ties for EPA to meet these challenges.
FDA’s approach to nanotechnology is similar to

its approach for any other technology, as the agency
regulates on a product-by-product basis. It does not
regulate technologies per se, but rather several kinds
of products in various ways (Alderson, 2005*).
Drugs are regulated via a pre-market approval
process – they have to pass safety, efficacy, and

manufacturing standards. Devices that are of low
risk are regulated on the basis of ‘‘acceptance of the
product.’’ They are expected to meet pre-approved
standards (category 510ks), and if these are met,
marketing can begin. Cosmetic products can be
marketed without FDA evaluation or review.
Safety considerations for FDA include access of

nanomaterials to cells and tissues, time and clear-
ance of materials in cells and tissues, and effects on
cell and tissue function. Absorption, distribution,
metabolism and excretion (ADME) of nanomate-
rials are key issues. Extensive pre-clinical tests,
such as pharmacology, toxicology, geno-toxicity,
developmental toxicity, immunotoxicity, and car-
cinogenicity tests, are required for safety evalua-
tions. Features of tests include the use of high dose
multiples, at least two animal species, histopa-
thology on most organs, and extended dosing
periods. However, FDA does not conduct these
safety tests themselves, and the drug sponsor
develops them. The agency provides guidance and
direction for the tests and evaluates them after they

Table 2. Continued

Company Product Purpose/method Stage

Nanoplex Technologies Nanobarcodes�

Particles
Encodeable, machine-readable,

durable, metallic rods.
Particles are intrinsically
encoded by virtue of the
difference in reflectivity of
adjacent metal stripes. Used
for supply-chain tracking for
food.

Product expected on market in
2006.

NutraLease Shemen
Industries Ltd

Canola Active Nanocapsules in cooking oil to
improve bioavailability of
nutraceuticals, for example,
plant sterols to reduce the
body’s absorption of
cholesterol in the blood.

On market in Israel; FDA has
not reviewed this product.
Sponsor website indicates
‘‘Canola Active – complies
with FDA requirements.’’

OilFresh OilFreshTM Vertical insert, made of an
advanced nanoceramic
material. For use in cooking
oil for better quality.

Sponsor website indicates
‘‘OilFresh is authorized by
the FDA.’’ However, as
material is not expected to
migrate into food, FDA pre-
market review was not
required.

Samsung Nano SilverSealTM Nano-silver compound in the
product design to suppress
the spread of bacteria and
other microbes in
refrigerators.

Commercially available.

Note: this is not a complete list. Source: J. Kuzma, compiled from company web searches, and many examples from the list
were provided by N. Savage, EPA.
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are conducted. It considers not only safety, but also
pre-clinical medical utility for products and man-
ufacturing standards for consistent and quality
products. In order to evaluate products, the agency
needs more information on the forms of nanopar-
ticles that are presented to cells, the stability and
critical properties of nanomaterials, and the effects
of scale-up and manufacturing on the characteris-
tics of nanomaterials (Alderson, 2005*).
There are limits to FDA authority and regulatory

activity. FDA can only regulate products based on
the claims of the sponsor, and ultimately, FDAmay
be unaware that nanotechnology is being used in a
particular product. Furthermore, FDA has only
limited authority for some nanoproducts, such as
cosmetics. Four key challenges for FDA were pre-
sented at the workshop: the need to (1) be prepared
for ‘‘unknown’’ risks, deal with them, and adopt
new procedures for doing so, (2) communicate with
manufacturers of new medical products, (3) involve
stakeholders, (4) communicate risks to the public,

and (5) report relevant scientific findings in a timely
fashion (Alderson, 2005*).
The public and industry are concerned about

controlling the technology, managing the risks, and
considering potential gaps in regulation (Michelson,
2005*). Workers in industry and students in aca-
demic labs are the primary ones who are exposed to
nanoparticles right now, and so are those in devel-
oping countries where infrastructure and training
for health and environmental safety are lacking
(Michelson, 2005*). Both in the U.S. and abroad,
there is no agreed upon guidance in terms of worker
safety practices for nanomaterials. Regulatory
guidance is particularly important for small busi-
nesses that often do not have the resources to devote
to environmental health and safety.
Risks will change and shift focus as the tech-

nology does. We are currently moving from the
development and use of passive nanostructures,
such as coatings and polymers, to active nano-
structures, such as targeted drugs and other

Figure 1. Current regulatory system in the U.S. in the context of nanoproducts Source: Michelson, 2005*.
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applications at the nano-bio interface (Roco,
2004). As the technology moves forward, people
will only accept risks if important benefits occur.
However, many are worried that the benefits, such
as cancer treatment or cheap and clean energy, will
not materialize if regulations are not in-step with
advances and a mishap occurs as a result. With a
growing number of nano-based products out on
the market, the federal oversight process will
increasingly have trouble keeping up with the pace
of product development and market entry, as it
can take several years to fund and conduct
research on the health and environmental risks,
and even longer to amend or formulate regulations
(Michelson, 2005*).
It is important to consider current and potential

cracks in the regulatory system for nano-bio
products, as well as the general approach that we,
as a society, want to take toward regulation. Some
products make it through the system today with-
out required safety reviews (Figure 1 and Table 2).
For some substances, like drugs, there is compre-
hensive federal safety review, and other products
fall in between these two extremes. There are a
range of potential approaches to the regulation of
nanomaterials, from more restrictive, like a mor-
atorium on use or the treatment of nanomaterials
as new substances, to more permissive, like vol-
untary standards and guidelines or no special state
of regulation. At the workshop, an example of
proactive regulation was discussed. In 1976,
Cambridge MA passed a city ordinance for using
and reviewing recombinant DNA research, and
this was one of the factors that led the biotech-
nology company Biogen, Inc. to move its head-
quarters there (Michelson, 2005*). Public aspects
of transparency, good governance, and a mature
understanding of the field can make locations
attractive for businesses.
Non-regulatory schemes for governance could

also be important for the nano-bio interface. Tort
law and insurance were discussed at the workshop.
The primary function of tort law is to remedy
harm or compensate victims, while that of insur-
ance is to spread risk (Ziegler, 2005*). In some
cases, a defect in manufacturing, design, or warn-
ing is necessary for product liability. However, in
other cases, an injury traceable to the product used
in its normal way may be enough for liability.
Recently, there has been a ‘tidal wave’ of litigation
for products of technology. In some cases, this

stifles innovation in development of useful prod-
ucts. For example, a drug that works great 99.8%
of the time and leads to serious harm 0.2% of the
time can cost developers billions of dollars in
lawsuits, much more than profits from the sale of
it. Nano-bio products face this climate of liability
and litigation. Statutory changes may be needed if
we are to reap benefits of nanotechnology, such as
tightening of regulations so mishaps do not occur;
insulating manufacturers if they follow tight reg-
ulations; and creating selected compensation funds
(Ziegler, 2005*).
In summary, there are several important ques-

tions regarding oversight at the nano-bio interface,
including whom the public trusts, whether risk
information is available and appropriately com-
municated, whether systems are transparent, who
will be responsible for unforeseen harm, whether
long-term risk issues have been analyzed, whether
federal agencies have the authority and resources
to appropriately regulate nanotechnology, and
what the role of non-regulatory schemes will be.

Striking a balance

Society is both a supporter and watchdog of new
technologies, and it strikes a balance between
allowing technology to flourish and limiting it to
acceptable use. Organizations play multiple roles,
sometimes both promoting technology while
ensuring its safety. The societal context for the
nano-bio interface includes social, economic,
institutional, political, and ethical issues and does
not limit governance to technical risk or regulatory
authority. In the past, there have been tendencies
in scientific communities to argue for oversight
based solely on ‘‘sound science.’’ Yet, science
alone cannot determine what level of risk is
acceptable. Decisions are seldom based on science
alone, especially when significant scientific uncer-
tainty exists. Risk managers consider other fac-
tors, including social and economic ones, before
making decisions.
Societal contexts come into play in setting the

scope of technical risk assessments and interpret-
ing their relevance for communities (NRC, 1996).
In this model, the public is not just the recipient of
risk communication, but actively involved in all
facets of risk analysis and decision making. In the
third session of the workshop, questions of over-
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sight were expanded from technical risks and
benefits of nanoparticles and regulatory frame-
works and authorities, to societal contexts that
interpret and affect nano-bio applications.
There is a need to understand public viewpoints

on nanotechnology and learn more about its
context from the perspective of non-experts. In
recent studies on public perception of nanotech-
nology and trust in government, 95% of respon-
dents did not trust government or industry
to effectively manage the risks associated with
nanotechnology (Cobb & Macoubrie, 2004;
Macoubrie, 2005a*). In experimental issue groups
where people were given information on nano-
technology, medical and general industrial appli-
cations for nanotechnology generated lower trust
and that higher education levels of participants
predicted lower trust. People’s basis of concern
was generally experience, or a ‘‘history of failed
precautions.’’ However, at the same time, people
are excited about the benefits and the knowledge
to be gained through nanotechnology (Cobb &
Macoubrie, 2004; Macoubrie, 2005a*).
In 2005, another study was conducted to address

why there is such low trust in government and
industry, what people want that would increase
trust, and where people are presently getting
information about nanotechnology. The work also
addressed whether trust was relative to specific
regulatory agencies or parts of government, why
there was such low trust in medical and industrial
applications, and whether new information on
nano-bio convergence would have influence on
trust (Macoubrie, 2005b). In this study, it was
found that people generally do not have knowl-
edge of nanotechnology, but once given informa-
tion, they generally have neutral or positive
attitudes about it. There is increased trust in some
agencies after learning about nanotechnology, but
less in others. The study groups recommended the
following for restoring public trust: better and
more testing to discover risks; engaging the public
and providing information; and adopting manda-
tory standards. Group participants generally
thought that voluntary standards are not enough.
However, 76% said that a ban on nanotechnology
would be over reacting. These studies demonstrate
that the public has important perspectives, ones
that experts, industry, and regulators should know
and consider in order for nanotechnology to suc-
ceed.

Small companies are aware of the importance of
public perception and the value of proceeding with
caution (Hoerr, 2005*). Nanotechnology presents
unique risk characteristics, which are often
unknown when work with the materials begins in a
start-up setting. There are few sources to which to
turn for help with risk information, yet to reduce
risk to workers, industry needs to control exposure
(Hoerr, 2005*). In order to do so, industry uses
adherence to good manufacturing principles and
safe material handling procedures. Although
safety is important to industry, particularly for the
sake of small companies, future regulation needs
to be data-driven and cost manageable, as heavy
regulatory burdens could have profound effects on
small companies.
Nanotechnology has applications in other sec-

tors, outside of pharmaceutical and biotechnology
companies, such as in agriculture and food (agri-
food nanotechnology). In this sector, one impor-
tant social issue is power relations in the food
system, which extends from suppliers to farmers;
processing, distribution and marketing in indus-
tries; and finally to consumers (Thompson, 2005*).
Retailers have become increasingly interested in
upstream processes for inventory control and
product standards (e.g. grocery chains refusing to
sell genetically modified foods). Consumers are
also starting to show interest in upstream pro-
cessing (e.g. organic farming, animal treatment).
Currently, regulation is based on the end-product
and health and safety standards, but shifts may be
necessary as consumers become more interested in
processes in the supply chain. There will be a need
to balance market power with protecting con-
sumer rights to know and choose (Thompson,
2005*).
Another issue that was discussed at the work-

shop is the effects of nanotechnology on the social
systems surrounding agriculture. There is evidence
that technology has changed the structure of
agriculture (NRC, 2002). Agricultural biotechnol-
ogy was debated in this context, and as a result,
there is dissatisfaction with industrial agricultural
technology (Thompson, 2005*). Non-governmen-
tal organizations (NGOs) and community groups
have pushed to influence directions for agricultural
research that more directly serve the public (UCS,
2001). However, these concerns have not been
integrated into oversight, and therefore, such
groups have shifted focus to where they can chal-
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lenge what is occurring, for example, through lit-
igation and regulatory challenges. Concerns about
the structure of industry, consumer choice, and
ultimately, what is in the best interest of the public,
will likely be prominent in public discussions
about agrifood nanotechnology.
Several NGOs are optimistic about nanotech-

nology’s promise for the environment – for cleaner
or renewable energy, more efficient lighting, water
filtration, and light weighting of materials – and
they are eager to work with industry on realizing
this promise. Yet at the same time, they are
concerned about the toxicity of engineered
nanomaterials (Florini, 2005*). For example, in
1998, Environmental Defense (ED) worked in
collaboration with the American Chemistry
Council and EPA to create a program under which
chemical producers agreed to generate screening-
level toxicity data for high production volume
(HPV) chemicals, illustrating that voluntary ini-
tiatives can play a useful role under certain cir-
cumstances in addressing environmental concerns.
The HPV Challenge was prompted in part by an
ED study showing that 71% of a pilot group of
HPV chemicals lacked basic screening for toxicity
from what could be determined from the public
record. Many argue that even more extensive
information should be available for nanomaterials,
in light of the novel properties that nanomaterials
may exhibit (Florini, 2005*).
Steps to work on safety and regulatory chal-

lenges include more safety research funding by
government and industry, effective regulations,
introduction of voluntary interim standards, and
meaningful stakeholder engagement. There is
skepticism in the environmental law community
about whether statutes, with the exception of
FFDCA and TSCA, will be used for nanomateri-
als in the near to medium term, and there are a
number of critical issues as to the use of TSCA
(Florini, 2005*). It is not clear whether nanopar-
ticles are ‘‘new’’ chemicals under TSCA, and thus
the trigger for the Pre-Market Notification (PMN)
program; what data are needed for PMN reviews;
and whether current PMN exemptions are
appropriate. ED proposes that an engineered
nanomaterial should be considered new regardless
of whether its molecular structure of formula is
new, unless its chemical and physical properties
are demonstrably the same as its conventional
analog. Furthermore, guidance on data that

should be included with a PMN is needed. Basic
information on chemical characteristics, environ-
mental fate and transport, and toxicity seem
important (Florini, 2005*).
Many speakers at the workshop stressed the

importance of stakeholder involvement in the
design of oversight systems, including people from
civil society, labor, industry, and academic
researchers. Increased public understanding of
nanotechnology will help facilitate public dialogs.
Nanotechnology should not be put in a ‘‘black
box’’ and thought of as having ‘‘impacts’’ on
society. Instead, the box should open and inter-
actions between social and ethical practices and
creating knowledge at the nanoscale should be
studied (Baird, 2005*). Communication about
nanotechnology will impact how the public views
nanotechnology and ultimately affect governance
of it. Several groups are working on public com-
munication of nanotechnology.5

The future

The final session of the workshop addressed the
need to look toward and consider far-future
applications of nanotechnology in the design of
oversight systems. For example, some are now
concerned that the 1986 Coordinated Framework
for the Regulation of Biotechnology was not
designed for the present diversity of biotechnology
products and that existing laws are being twisted in
strange ways (e.g. genetically engineered animals
are proposed to be regulated as new animal drugs
under FDA). The developers of the coordinated
framework did not necessarily envision the types
of products now in development.
With future applications, additional governance

issues arise. Time frames for the future of nano-
technology were discussed at the workshop: mid-
and longer term (Peterson, 2005*). In the mid-
term, 5 years and beyond, more active nano-
structures will be developed, such as sensors,
actuators, and targeted drugs. It is difficult to get
information in this time frame, as it is beyond
most business time frames. However, the military
is looking at nanotechnology in this timescale. In

5 For example, see University of South Carolina Nano
Science and Technology Studies: Societal and Ethical
Implications. http://www.nsts.nano.sc.edu/team.html
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the longer term, molecular nanosystems, not just
materials or single devices, will likely emerge, and
the boundaries will be limited only by what is
physically or chemically possible. Longer term
goals for the use of nanotechnology might also
include more complete control of the structure of
matter, making materials atomically precise, and
designing molecular machines to do work. Health
and environmental safety issues will still be
important, however, concerns about privacy and
surveillance will increase, as well as the use of
nanotechnology for terrorism.
Applications to human enhancement will

present society with fundamental social and eth-
ical issues. There is current discussion about
applications at the nanotechnology-biotechnol-
ogy-information technology-cognitive (NBIC)
science interface (Roco & Bainbridge, 2003).
Nanotechnology could someday be used to
improve senses, memory, strength, and beauty; to
delay aging; or to control emotion and person-
ality. Differences in international governance
could create inequalities, as only people who can
afford to travel and pay for such enhancements
will benefit. Furthermore, there will be cultural
differences in acceptance of these applications,
and values of various societies need to be
respected (Peterson, 2005*). To address future
issues, guidelines for developers of nanotechnol-
ogy, which are designed to address the potential
positive and negative consequences in an open
and accurate matter, are being formulated. The
objective of the guidelines is to provide a basis
for informed policy decisions by citizens and
governments (Foresight, 2004).
Governance of far-future applications at the

nano-bio interface also involves strategic invest-
ment in research and development. There are
arguments to invest heavily in nanotechnology to
solve important societal problems. The U.S. fed-
eral government is currently investing about
$1 billion a year in nanotechnology, but it makes
much larger investments in science that is not as
ground breaking (Smith, 2005*). Federal agencies
often require the techniques and concepts to be
proven before large investments are made. There is
the argument that big investments in nano-appli-
cations will pay off in the long run, and at the
workshop, it was recommended to invest more
heavily in long-term, problem-focused nanoscience
(Smith, 2005*).

Conclusions and recommendations

The following conclusions and recommendations
reflect themes that emerged from the workshop.
However, given the diversity of participants both
in the small dialog group6 and in the audience for
the public workshop7 not all of them necessarily
agree with each particular conclusion.

Defining nanotechnology

Participants at the workshop disagreed to some
extent on the importance of defining nanotech-
nology and its applications to biology. Some
argued that definitions matter because we need to
attribute benefits and pitfalls to nanotechnology,
and they may be necessary with respect to gover-
nance under legal statutes and regulations. How-
ever, the nanotechnology-biology interface is
broad, and many believe that we should be
thinking about governance more broadly. Because
there are so many diverse applications, it is
important to distinguish between agricultural,
industrial, and medical applications, as there are
different regulatory and marketing implications, as
well as different public perception and acceptance
landscapes.
Participants questioned whether there will there

be a different set of requirements if something is
defined as ‘‘nano.’’ FDA currently regulates
according to product, not process, and in this case,
the definition of nanotechnology might not be
important for regulation. But many argue that
there should be a different set of requirements
given the public claim that nanotechnology and
nanoproducts are new, have distinct properties,
and allow us to do special things. Many worry that
developers tell the public that nanotechnology is
unique and will provide great benefits, and then
turn around and tell them that a special regulatory
look is not necessary. This seeming contradiction

6 The dialog group includes presenters and other partici-
pants who met on the day following the public workshop. A
complete list of contributors can be found in the full report
from the workshop at http://www.hhh.umn.edu/centers/
stpp/nanotechnology.html
7 160 people from academe, trade associations, the com-

munity, industry, non-profit organizations, state and fed-
eral government, and other organizations attended the
public session of the workshop.
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may cause a loss in public confidence in nano-
technology.
It is difficult to agree on a single definition for

regulatory purposes, especially because every
agency has to define nanotechnology in its own
way based on the statutory authority it has. As a
historical example, the Coordinated Framework
for Biotechnology has operated for 20 years with
different definitions of biotechnology in the federal
agencies. However, many argued that definitions
matter for other reasons – for example, so different
disciplines have a common language for working
with each other. Appreciating the way that words
acquire meaning is important for communicating
among disciplines and with the public
The group generally agreed that we should

change the use of ‘‘nanotechnology’’ for this field to
‘‘nanotechnologies’’, given the vast diversity of
techniques and applications. There was also general
agreement that definitions are important for par-
ticular conversations, such as those at the work-
shop, so that participants know the focus of dialog.
However, energy and resources could be misspent
coming up with a single, universal definition.

Governance mechanisms

Questions about governance were the focus of the
workshop, and the group considered oversight
paths for nanotechnologies applied to biological
systems. Every new technology goes through a
phase where society has choices in oversight
mechanisms, and for nanoproducts, paths for
governance have not been completely figured out.
There is historical precedence for defaulting to
systems that are already in place, and this default
is a choice for nanotechnologies. Other choices
include rethinking current systems and redesigning
them to better fit the nanoproducts. Regardless,
many participants stressed the need for greater
interactions among policymakers, toxicologists,
regulators, and developers of nanomaterials to
address challenges with their oversight.
For nanoproducts, jurisdictional issues are

important, as there are so many products emerging
in the marketplace today. Overlaps or gaps among
agency authorities need to be considered and
addressed, such as the lack of required pre-market
testing for cosmetics and foods.
Because of delays in new rule making at the

federal level, many participants stressed the need

for interim, voluntary guidelines, as it is easier to
formulate them than to issue new regulations. The
group discussed whether there should there be a
ban on certain types of research, ones for which
there are significant unknowns about the conse-
quences. For example, in the mid 1970s with
recombinant DNA technology, scientists got
together at the Asilomar conference and placed
some restrictions on their work until more infor-
mation could be obtained. At the workshop, the
question arose about whether the same caution is
needed for laboratory work with nanoparticles
given the associated occupational health hazards.
The participants also discussed whether it is
appropriate to put restrictions on research that
may lead to applications that have great social
consequences. Either way, interim production and
use standards have a role to play, especially at the
international level. Many experts at the workshop
noted, however, that the public has more confi-
dence in mandatory systems, and in the end, solid
government regulation builds trust and can be
industry’s friend.
Specific ideas for governance from the presen-

tations and dialog are listed below.

• Safety and toxicity issues should be discussed in
open and multi-disciplinary settings before the
widespread use of nanoparticles.

• New strategies in toxicology are needed to
address the fact that nanomaterials have unique
properties. Risk assessment paradigms may be
the same, but the special properties of nanom-
aterials suggest that data and information needs
for ensuring safety will be different.

• Governance frameworks for products of other
technologies should be analyzed in order to
learn from their lessons and assess their rele-
vance to nanoproducts.

• Amending or developing new regulations and
statutes is unlikely in the short, and possibly
long-term; therefore, creative ways to ensure
that nanotechnology is used responsibly are
needed. Voluntary programs and industry stan-
dards and guidelines can provide a bridge for
ensuring health and environmental safety, but
they should not be considered a permanent fix,
as they will not likely foster public confidence.

• EPA needs additional resources to bolster its
abilities to provide oversight for nanoproducts.
The agency has multiple roles of funding

178



research, risk assessment, and product safety
review. Additional institutional capacity is
needed to keep abreast of research and devel-
opment in nanotechnology.

• FDA is challenged by limited statutory author-
ity for some nanoproducts (e.g. cosmetics), and
a lack of basic scientific information about
nanomaterials and appropriate scientific tools
to evaluate them.

• Nanomaterials might not be considered new
under TSCA, if the molecular structure or
formula is the same as chemicals already on
the list. This could lead to gaps in oversight of
health and environmental safety issues for
nanomaterials. Engineered nanomaterials
should be considered new regardless of whether
its molecular structure of formula is ‘‘new,’’
with the exception if their chemical and physical
properties are demonstrated to be the same.

• EPA should provide nanomaterial producers
with guidance on data that should be provided
with PMNs, such as basic information on
chemical characteristics, environmental fate
and transport, and toxicity.

Social context and public engagement

Several participants stressed that public engage-
ment in governance is needed and that there
should be feedback mechanisms for public
engagement early and often. The public should
have input on the types of research and commer-
cial products that are acceptable. Yet there are
significant challenges to public engagement,
including how to do it right and how to factor it
into regulatory decisions (e.g. most legal statutes
do not allow for this). Others noted that early
public engagement might not always be beneficial
to industry, or even society as a whole. Some argue
that this has been the case for embryonic stem cells
in the United States, where the technology has
been highly politicized and restricted. So, if the
public is engaged in decision making, society might
not get answers that are best for reaping the ben-
efits of the technology.
Public engagement in risk analysis was con-

sidered at the workshop. Technical risk assess-
ments give information on the magnitude and
types of risks, but they cannot determine what
‘‘acceptable’’ levels of risk are. Different publics

and cultures will view the same quantitative or
qualitative risk differently. Risk perception leads
to various interpretations, affected by whether
people understand the risk, can control it, and
choose to be exposed (Slovic, 1987). Also, if there
are greater rewards, people will likely accept
greater risks (e.g. in the use of nanoparticles that
target cancer cells).
Traditional risk assessment paradigms have

been focused on the need to be science driven, or
based on ‘‘sound science.’’ There has generally
been a linear progression in that the results of risk
assessments are handed to risk managers who
make decisions. Then, the social context comes
into play during the risk communication phase.
However, there is a current wave of thinking that
stakeholders and citizens should be more involved
in setting the questions asked by analysts and
helping to interpret them in their social context
(NRC, 1996). Currently, there are not good insti-
tutions for public engagement. Independent bodies
of experts whom people trust and with whom they
can openly communicate are needed.
Goals of public engagement in risk analysis and

governance can include either better regulation in
a utilitarian sense or simply choosing the right
thing to do from an ethical perspective. Although
public participation in setting questions and pro-
viding knowledge for risk analysis is important,
the public should not be forced to argue in the
context of scientific or technical risks. There are
multiple issues that concern people – the notion of
what is natural and what is not, corporate control
of technology and society, commercialization of
science, government secrecy and impacts on trust,
and how technology will affect their communities.
There should be opportunities for discussion of
these issues, so that they do not get confused with
the technical risks and benefits to human health
and the environment. Finally, there are good and
bad ways of doing public participation. If the
public is engaged, they should either have some
ability to influence the outcome or at least know
that many perspectives were considered in making
decisions.
Transparency and honesty in governance is

needed. Mistakes have been made with previous
technologies. For example, it is difficult to get
information on the regulation of biotechnology
products, in part due to confidential business
information (CBI). This problem might be
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magnified with nanoproducts, where the very
chemical nature could be CBI. Currently, it is
difficult to find out what is coming down the
pipeline in the nanotechnology industries due to
intellectual property rights and CBI. There is a
need to consider how to balance the benefits of
intellectual property protection with better trans-
parency in governance.
The future will be increasingly global. There are

great global challenges associated with food,
water, equity, the environment, and security.
Nanotechnologies can play important roles in
addressing these challenges. However, in the
absence of institutions that can focus on societal
contexts, it will be difficult to come to interna-
tional agreements on the appropriate use of the
technologies. Cultural differences will come into
play with respect to applications for extending life,
human enhancement, or privacy. Social and ethi-
cal issues not directly related to nanotechnologies
will likely become associated with them. The
emerging NBIC interface to enhance human per-
formance might fly in the face of what some people
believe is an acceptable limit to science and chal-
lenge the notion of what it means to be human.
Application of nanotechnologies such as these
might be feared or perceived negatively by the
public, and all applications might become tainted.
Ethical debates should distinguish among various
applications, and not only include utilitarian eth-
ics, but also intrinsic questions about playing
‘‘god,’’ rights to know and choose, and equitable
deployment of technology.
Below are several findings, conclusions, and

recommendations on the social context for nano-
technologies that arose from the workshop dis-
cussions:

• Conversations about nanotechnology should
not be confined to science and safety. There
are other important issues in nanotechnology
governance, such as the structure of industry,
equity of technology deployment, life-cycle of
products, consumer rights, appropriate limits of
technology, and power and control over the
technology.

• Although public engagement is important, the
oversight process should not be driven by fear,
as unnecessary heavy regulatory burdens could
have profound effects on industry.

• To increase transparency, basic information on

nature and toxicity of nanomaterials should be
in the public record before entering the market.

• Novel social and ethical issues will likely arise
from the far-future applications of nanotech-
nologies, especially at the nano-bio interface.
As a society, we need to begin to consider such
issues, while stretching our minds about what
possible applications will emerge.

• Better social institutions at local, national, and
international levels are needed for diplomacy,
people to relate to each other, and discussing
social, ethical and political issues surrounding
the nano-bio interface.

Communication and education

In studies presented at the workshop, the public
seems to want more information about nanotech-
nology. Participants discussed needs in communi-
cation and education, such as a ‘‘citizen school’’
about nanotechnology. Outreach could be done
through local libraries, YMCAs, science museums,
and community groups. There were suggestions to
get students involved in education and thinking
about social issues. Citizens generally want to
learn more and have the capacity to do so, but
experts and policy makers need to be willing to
engage with them, listen, and educate.
Right now, there is a lot of hype about the

promise of nanotechnology, and developers need
to be careful about what they promise that the
technology can do. Hype can ultimately lead to
adverse public reaction, and the public can gen-
erally see through it, especially if they are not
seeing the benefits directly. There is a need to be
cautious of overselling nanotechnology, and
independent voices for education and communi-
cation are needed. Communication about nano-
technology will impact how the public views
nanotechnology, and ultimately it will affect the
governance of it.

Research agenda

Research is an integral part of steering technolo-
gies. In the workshop discussions, many pointed
out that more funding is needed for research on
the implications, or impacts of nanomaterials.
There is also a need for applications research to be
tied to implications, and the two should be inte-
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grated in the federal research agenda. One specific
implications research need is long-term toxicity
tests on and testing protocols for nanoproducts.
Some participants suggested that a coalition of
industry, NGO, government and academe should
consult and jointly fund safety work.
Other research needs that were suggested

include more projects on big, problem-focused
nanotechnology and on societal implications:

• Implications research should be distinguished,
as much as possible, from applications research
and given considerably more attention and
funding.

• To solve great societal problems, structural
changes in research funding are needed. Fund-
ing organizations should shift some of their
focus and invest larger amounts in problem-
focused nanoscience, such as clean energy,
water sanitation, and disaster prevention.

• Funding for research on societal contexts for
nanotechnology and public engagement meth-
ods should be increased.

Concluding remarks

The workshop was successful in highlighting the
various oversight opportunities and challenges at
the nano-bio interface. In the author’s view, it
should be viewed as a step toward continuing
dialog and activity on this topic. Most people want
to see nanotechnologies succeed and lead to posi-
tive developments in society; however, it is
important to move forward responsibly, with
safety and equity in mind.
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April 16–19, 2007
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Belgium. Contact: http://www.imec.be/inc3/Welcome.html

June 7–9, 2007

5th International Workshop on Electrodeposited Nanostructures (EDNANO 2007), National Institute of
Research & Development for Technical Physics, Iasi, Romania. Contact:
http://www.szfki.hu/ednano/EDNANO5main.html

June 10–15, 2007

Nanocrystallization Session, Third International Conference on Recrystallization and Grain Growth (ReX
& GG III), Shilla Jeju Hotel, Jeju Island, Korea. Contact: http://www.rex-gg-2007.org

August 29–September 1, 2007

3rd International Symposium on Nanotechnology, Occupational and Environmental Health,

International Convention Center, National Taiwan University Hospital, Taipei, Taiwan.
Contact: http://www.cce.umn.edu/conferences/nanotechnology/

September 16–20, 2007

Engineering Conference International Meeting on Nanofluids: Fundamentals and Applications,

Copper Mountain, Colorado. Contact: http://www.engconfintl.org/7ax.html
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