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A
s we near the end of four years of
research funding through the 21st
Century Nanotechnology Research

and Development Act1 and Congress works

toward its reauthorization, there is a re-

newed and intensified focus on addressing

the Environmental Health and Safety (EHS)

concerns related to nanotechnologies by

both scientists and policymakers.2,3 Much

is at stake since nanomaterials offer signifi-

cant promise as solutions to long-standing

technological and environmental chal-

lenges (solar energy conversion, medicine,

catalysis, water, pollution, etc.) and the fed-

eral government and private industry have

invested billions of dollars in research and

development. Meanwhile, activist groups

have voiced concerns about nanotechnol-

ogy safety to the extent that some have

suggested banning nanomaterials. Contra-

dictory research findings have heightened

concerns about nanomaterial safety, and

definitive answers about nanomaterial

safety seem unlikely to be available for

some time to come.4 Despite recent invest-

ments in nanoEHS research, improved re-

search expertise and infrastructure, and

greater research activity in the field, there

is a growing concern that not enough is be-

ing done to protect the environment, the

public, and the federal investment in nano-

technology.5

To set the context for this Focus and to

elaborate the roles that nanomaterial scien-

tists can and should play in this research

arena, I describe an evolving approach (Fig-

ure 1) to nanoEHS research that incorpo-

rates three phases: (1) studies of nano-

material implications, (2) coordinated

applications and implications research, and

(3) a green nanoscience approach to mate-

rial and process design that eliminates haz-
ards throughout the material’s life cycle.
Each of these phases is overlapping, and
there are research activities already being
carried out in each phase. That said, the
bulk of research activities are currently tran-
sitioning from phase 1 to 2. Phase 2 and 3
activities are each just beginning, and there
are exciting research challenges and oppor-
tunities for nanomaterials scientists in both
of them. To provide the foundation for the
rest of this Focus, I first review the events
that have motivated research on nanoEHS
and provide new opportunities for nano-
materials scientists in this field.

During the past decade, there has been
rapid growth in nanotechnology research
and the establishment of companies and
products by the early adopters of this tech-
nology. This period has been nanotechnolo-
gy’s discovery phase, in which researchers
have rightly focused efforts on discovering
new properties, transformations of matter,
devices, and applications. The amounts of
material used in this phase are small; thus,
the primary concern is the safety of the re-
searcher or others who handle the material
directly, not society in general or the envi-
ronment. Discovery phase applications are
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ABSTRACT Nanotechnology continues to offer new materials and applications that will
benefit society, yet there is growing concern about the potential health and environmental
impacts of production and use of nanoscale products. Although hundreds of studies of
nanomaterial hazards have been reported, due (largely) to the complexity of the nanomaterials,
there is no consensus about the impact these hazards will have. This Focus describes the need
for a research agenda that addresses these nanomaterial complexities through coordinated
research on the applications and implications of new materials, wherein nanomaterials scientists
play a central role as we move from understanding to minimizing nanomaterial hazards. Greener
nanoscience is presented as an approach to determining and implementing the design rules for
safer nanomaterials and safer, more efficient processes.
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typically smaller scale or early stage re-
search/development where there is less
concern about potential process-related
hazards and/or production efficiency.
The efficiency of transformations and
the use of hazardous reagents are of less
concern because, when one needs only
a few milligrams of material to study,
the amounts of waste generated are not
overwhelming.

As nanotechnology emerges from
the discovery phaseOcharacterized by
continued investment, the emergence
of hundreds of consumer products,6 the
formation of companies, and attention
from the publicOthe real and/or per-
ceived negative impacts need to be ad-
dressed lest they become barriers to fu-
ture development of the field. Indeed,
the future of nanoscience and nano-
technology will be influenced by public
perception. These perceptions, in turn,
will be influenced by scientific reports
on nanomaterial safety and product
performance in the market. To ensure
the brightest future for nanoscience, it
is important to reduce uncertainty in
the minds of the public who support
this research through federal invest-
ment and by purchasing nano-based
consumer products.

As nanotechnology matures, ques-
tions are being posed about whether
the products or materials of nanotech-
nology will present hazards to human
health or the environment and whether
the production of these materials will
generate new hazards or wastestreams.
The point has been made that if the
promise of nanotechnology lies in the
new properties of nanoscale materials,
then it is likely that new size-dependent

hazards will also be found. Although
research investments under the 21st
Century Nanotechnology Research and
Development Act provided a focus on
and some initial funding to address
“ethical, legal, environmental and other
appropriate societal concerns”, very few
data on these hazards are available,
and some of what is available is
contradictory.

The need to develop a research
strategy to address nanoEHS concerns
is widely acknowledged, and recent
reports from the National Nanotech-
nology Initiative (NNI) Nanotechnology
Environmental and Health Implications
Working Group2 and the Environmental
Protection Agency3 highlight research
needs and ongoing research
related to understanding hazards and
risks of engineered nanomaterials.
These frameworks aim to build the
knowledge base needed for managing
the potential risks of nanomaterials and
thus focus on understanding how these
materials interact with humans and the
environment, routes of exposure, and
activities related to characterizing and
detecting these nanomaterials. In these
frameworks, the roles of nanoscientists
who design, synthesize, characterize,
and study new materials are embed-
ded within research priorities most
specifically defined in terms of instru-
mentation, metrology, and analytical
methods.2

As I will explain in this Focus, the
active participation of nanoscientists is
critical to successfully shaping and
carrying out the nanoEHS research strat-
egy. They have extensive experience
working with and understanding the

properties and transformations of these
complex materials, have a vested inter-
est in the future of the field, and, in col-
laboration with scientists from other
fields, have the ability to (re)design
materials with enhanced safety. As the
nanoEHS research strategy evolves, the
opportunities and responsibilities for
nanoscientists within these frameworks
should become much more prominent.

The Need for DataOImplications Research.
The desire to have data on nano-
material safety to guide decision-
making is not new. The need for these
data is now understood to be essential
for producers, formulators, consumers,
and regulators of consumer products to
make sound decisions about nano-
material safety. For example, the tradi-
tional risk framework that manages risk
by limiting exposure to hazardous ma-
terials is well-established, but it presup-
poses that we know the hazards and
that we understand and can control the
routes of exposure. At this stage in nan-
otechnology, we are not able to do this
because of the lack of data on the haz-
ards, fate and transport, exposure
routes, persistence, etc. of these
materials.

During the past five years, there has
been a slowly building emphasis on un-
derstanding the EHS implications of
the products of nanotechnology. Much
of this effort has been placed (rightly so)
on studying those materials that are
thought to be nearer commercializa-
tion, e.g., carbon nanotubes and semi-
conductor quantum dots. Despite these

As nanotechnology

emerges from the

discovery phase, the real

and/or perceived negative

impacts need to be

addressed lest they become

barriers to future

development of the field.

Figure 1. Evolution of the nanoEHS strategy. Early research activities focused on discov-
ery of new nanotechnology applications. As research on the environmental and health im-
plications developed, this was done in parallel with, but isolated from, the development
of new applications (phase 1 investigations). The vertical double-headed arrow indicates
the coordination of applications and implications research (phase 2 research). Phase 3 re-
search blends applications and implications in a proactive approach (green nanoscience)
that aims to develop and implement safer, greener approaches to nanomaterials design
and production.
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efforts, there is still considerable uncer-
tainty about these hazards. For ex-
ample, the Material Safety Data Sheets
for commercially available carbon nano-
tubes still contain information for com-
position, hazards, accidental release
measures, and personal protection that
were defined for graphite powder
rather than the nanoscale material.
Thus, despite a focus on nanoEHS in
the 21st Century Nanotechnology Re-
search and Development Act and now
hundreds of scientific studies on
nanoEHS, there still are not definitive
answers about the safety of these
materials.

The absence of data or seemingly
conflicting dataOfor example, research
articles and subsequent media reports
that contribute to uncertainty about the
hazards of carbon nanotubesOreduce
public confidence in product safety and
invigorate activist groups that aim to
prevent the use of nanomaterials in
products of commerce. Without rel-
evant data, innovators are forced to
rely on “reasonable worst case sce-
narios” in applying risk management
frameworks7 or they may not discover
product hazards until late in product de-
velopment. The lack of information on
material safety hinders innovation and
places companies at considerable risk of
failure. NanoEHS is now recognized as
a potential barrier to commercialization
of nanomaterials.8

Why do we not have answers? Why
are reports of hazards conflicting? The
short answer is that nanomaterials are
complex, and so are their interactions
with biological/environmental media.
The use of a wide range of biological as-
says, different methods of quantifying
dose, and the influence of aggregation
of nanomaterials in biological media
have been described, and these factors
certainly contribute to the varied results
on nanomaterial toxicology thus far.
However, even if these approaches be-
come standardized, nanomaterials are
complex due to their widely tunable
composition and structure. Organic, in-
organic, and hybrid materials can be
produced in various sizes, shapes, sur-
face areas, surface functionalities, and
compositions. Most nanomaterials can-
not be described as a uniform molecu-

lar species since they tend to have varia-
tions in composition and structure
leading to dispersions in size, shape,
surface area, and surface functionality.
To confound the situation further, the
methods of production are still imma-
ture for most materials, often resulting
in batch-to-batch variability in composi-
tion and purity. Impurities are espe-
cially problematic because they may be
hard to detect, can associate with the
surfaces of the nanomaterial, and may
be difficult to extract from the
nanomaterial.

The variability in sample composi-
tion would not be such a problem if
each sample could be easily character-
ized. Unfortunately, characterization
methods and strategies are still being
developed and may not detect impuri-
ties within a sample. For example, trans-
mission electron microscopy (TEM) is a
good method to determine the size and
shape of an inorganic nanoparticle, but
it is a poor method to detect or to quan-
tify small-molecule impurities. Even
well-defined, purified samples can
present problems that arise due to
sample degradation during storage
and/or use. The reactivity (i.e., surface
reactions, catalytic activity, or photolytic
activity) of nanomaterials resulting from
their size-dependent properties can
transform the material upon storage or
once in the biological system. For ex-
ample, the photochemical action of
semiconductor quantum dots can lead
to oxidation of stabilizing ligands,
thereby destabilizing the particles over
time.9

Coordinating Applications and Implications
Research. Interdisciplinary teams that
partner life, environmental, and nano-
materials scientists need to work to-
gether to define standard approaches
and share expertise to accelerate the
collection of definitive data on nano-
material hazards10 given the complex-
ity of nanomaterials (i) production and
purification, (ii) characterization, and (iii)
bio/eco studies described above. Thus
far, research on applications and impli-
cations of nanotechnology have been
carried out in isolation from each other,
and, in most cases, the experts in nano-
materials, nanoscale characterization,
and toxicology are working in isolation

as well. This situation, at best, slows
progress and, at worst, leads to errone-
ous reports that fuel public fear and mis-
trust. Thus, applications and implica-
tions research (including materials
design/synthesis, characterization, and
bio/eco impact studies) need to be co-
ordinated.10 Recent examples of emerg-
ing efforts to coordinate the facets of
this problem are the Nanotechnology
Characterization Laboratory (a collabo-
ration between the National Cancer
Institute, the National Institute of
Standards and Technology, and the
Food and Drug Administration)11 and
the newly launched NanoHealth
Enterprise.12

Within such a coordinated approach,
the challenge for nanomaterials scien-
tists in addressing this research problem
is to develop the means of producing
materials that are “well-defined”, and do
so reproducibly. “Well-defined” are
those samples wherein the size, shape,
surface chemistry, and purity can be
measured and controlled. Thus, devel-
oping new methods of synthesis that
provide a greater degree of control over
the composition, structure, and size dis-
persity is an important objective. Im-
proved syntheses that reduce the num-
ber of byproducts produced will also
simplify purification of the samples (vide
infra). Meeting this objective will likely
require an improved understanding of
the mechanisms of formation, transfor-
mation, and functionalization of nano-

Without relevant data,

innovators are forced to

rely on “reasonable worst

case scenarios” in applying

risk management

frameworks or they may

not discover product

hazards until late in

product development.
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materials.13 In addition to developing
enhanced methods of synthetic control,
improved methods of purification and
characterization will be needed to pro-
duce materials with known impurity
profiles and to provide characterization
data for comparison of different nano-
material samples, respectively.

Although impurities have been rec-
ognized to impact the toxicity, reactiv-
ity, and properties of nanoparticulate
materials, the detection, quantification,
and removal of impurities in nano-
material samples are seldom addressed.
Recently, it has been shown that the
presence of small-molecule impurities
(starting reagents, catalysts, or excess
ligand) can cloud the results of toxicity
testing14 or even impede chemical self-
assembly reactions.15 The fact that
materials prepared using different syn-
thetic methods (or even those prepared
by the same method, but in different
batches) have different impurity pro-
files leads to inconsistent results in tox-
icity or other biological testing, leading
to uncertainty about the relationship
between nanomaterial structure and
impact. In some cases, the impurities
themselves may be the agent respon-
sible for the biological response. In
other cases, the presence of “inactive”
impurities will dilute the dose and may

act synergistically with the nano-
material. In light of the seemingly contra-
dictory reports about nanomaterial
toxicity, detecting and quantifying the
varying types and levels of impurities
are important steps in reducing uncer-
tainty about the hazards of these
nanomaterials.

One of the reasons that impurities
may go undetected in nanomaterial
samples is that the methods for nano-
material characterization (TEM, optical
absorption spectroscopy, light scatter-
ing, etc.) are often insensitive to small-
molecule impurities. Thus, a nanopartic-
ulate sample that has the desired size,
shape and size distribution as deter-
mined by TEM may contain large quan-
tities of small-molecule impurities
(ligands, catalysts, or other reagents).
As an example, a number of studies
have now documented the large range
of impurities present in different
batches of “as-prepared” carbon
nanotubes.16–20 One of the keys to de-
tecting the presence of impurities in
new nanomaterial samples is to em-
ploy a suite of analytical techniques to
each sample (e.g., a combination that
assesses composition, core size and
shape, surface functionality, and purity)
and to utilize techniques that easily de-
tect small-molecule impurities. NMR,
TGA, and chromatographic techniques
such as HPLC or GPC are particularly
helpful in this regard. Quantifying the
levels of impurities is also challenging
because the nanomaterial stability may
not allow the use of chromatographic
methods, size dispersity may preclude
the use of elemental analysis, and some
of the best methods for identifying the
presence of small molecule impurities
(NMR, TGA) do not have low detection
limits.

When impurities are present in
samples, they need to be removed
and/or quantified. Challenges are faced
in both of these areas. Traditional meth-
ods for obtaining pure nanoparticles
are cumbersome because they often in-
volve series of precipitations, extensive
solvent washes, fractional crystalliza-
tions, or sequences of washes and cen-
trifugations. These methods are time-
consuming, wasteful, and often
ineffective. Until improved methods

can be developed, the best strategy for

addressing this challenge is to focus on

reducing impurities until they can no

longer be detected by the most sensi-

tive technique.

Compared to some of the more tra-

ditional purification methods, new puri-

fication strategies are being developed

that are more effective and less waste-

ful. For example, purification of Au

nanoparticles may be carried out via

dialysis or diafiltration, procedures that

efficiently remove any remaining excess

salts and unreacted materials. In dia-

filtration, materials are placed in the dia-

filtration unit and, as they circulate

through the unit, the nanoparticles are

retained and impurities are removed.21

Compared to the traditional purification

methods described above that use 15 L

of solvent/g of nanoparticle and typi-

cally take 3 days to perform, the dia-

filtration method requires no organic

solvent and only 15 min. The process

of diafiltration as a purification method

can effectively reduce solvent consump-

tion and provide cleaner, well-defined

building blocks.

Unfortunately, many nanomaterials

are reactive and may be transformed or

degraded during handling or storage.

This is another issue that can lead to

uncertainty regarding the impacts of

nanomaterials. Thus, in the context of

nanoEHS, nanomaterials scientists will

need to investigate and document un-

der what conditions these transforma-

tions occur and to communicate proper

handling procedures to those involved

in testing their materials. They should

also be involved in evaluating the mate-

rials at intervals to see if the composi-

tion or purity has changed.

A final challenge for materials chem-

ists and nanomaterial characterization

experts is determining the fate of nano-

materials that are exposed to complex

media such as those inherent under bio-

logical and environmental testing con-

ditions. This is particularly challenging

because of the difficulty of finding and

tracking the material, since it is essen-

tially the proverbial “needle in a hay-

stack” problem, and the difficulty in

characterizing the transformed material

in situ. New analytical and tracking

Interdisciplinary teams

that partner life,

environmental, and

nanomaterials scientists

need to work together to

define standard

approaches and share

expertise to accelerate the

collection of definitive data

on nanomaterial hazards

given their complexity.
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methods are needed to assess the trans-

formations of these materials.

Greener Nanoscience. As important as

the coordinated approach to nanoEHS

described above is to bolstering the re-

liability of data on nanomaterial haz-

ards, it is only a beginning, and it has

certain limitations. The approach neces-

sarily focuses on determining the haz-

ards of a narrow subset of nano-

materials that is closest to

commercialization. Although these ma-

terials warrant immediate attention, the

information received from these stud-

ies will not provide broad enough corre-

lations between nanomaterial structure

and material hazard to design alterna-

tives to those materials found to have

an unacceptable level of hazard. A

broader focus is needed to determine

the design rules so that (re)design for

product safety does not stall innovation

and commercialization. These design

rules are also needed to guide the de-

sign of new classes of nanomaterials to

be safer from the outset. Finally, the fo-

cus on materials implications testing

does not address hazards and other im-

pacts throughout the materials life

cycle, notably the production phase. To

address these shortcomings, a research

approach is needed that (i) begins to

develop safer alternative materials that

can be used if a nanomaterial is found

to be toxic or bioaccumulative in com-

mercial or near-commercial phase, (ii)

identifies the design rules for new nano-

material classes that have desirable

properties and a high degree of safety,

and (iii) reduces the hazards and in-

creases the efficiency of nanomaterials

production. Green nanoscience is such an

approach that aims to create and apply

design rules proactively for greener

nanomaterials and to develop efficient

synthetic strategies to produce nano-

materials reproducibly with defined

composition, structure, and purity.

Green nanoscience13,22,23 applies

the well-known 12 principles of green

chemistry24 to the design, production,

and use of nanomaterials. Green nano-

science, like green chemistry, strives to

reduce or eliminate hazards to human

health and the environment through

product design and process optimiza-

tion. The application of the 12 prin-

ciples of green chemistry to nano-

science has recently been described, as

reproduced in Figure 2.13 In order to re-

duce those principles to practice, we

need to develop the knowledge base

and tools (synthetic methods, mecha-

nistic understanding, characterization

tools and strategies, bio/eco testing

procedures) so that we can act quickly

to find replacements for materials that

are not safe enough, to design novel

materials, and to produce well-defined

materials reliably and efficiently. To

complement these strategies, we will

also need analysis tools that aid in the

decision-making processes required to

weigh the merits of competing

technologies.

Green nanoscience/technology can

provide three additional benefits. It can

spur innovation through the explora-

tion of new materials and properties,

enable commercialization by reducing

uncertainty about material safety and

providing more efficient manufacturing

approaches, and protect our investment

in nanotechnology from the threats of

public/consumer fears about the uncer-

tain risks of the technology.

Toward Greener Nanomaterial Design Rules.

The nanomaterials of concern are those

that are freely dispersed or those that

may become dislodged from a bulk ma-

terial during the use of a material that

contains embedded nanostructures. Al-

Green nanoscience, like

green chemistry, strives to

reduce or eliminate

hazards to human health

and the environment

through product design

and process optimization.

Figure 2. Translating the 12 green chemistry principles for application in the practice of green nanoscience. The principles are listed, in
abbreviated form, along with the general approaches to designing greener nanomaterials and nanomaterial production methods and
specific examples of how these approaches are being implemented in green nanoscience. Within the figure, PX, where X � 1–12, indi-
cates the applicable green chemistry principle. Reprinted with permission from ref 13. Copyright 2007 American Chemical Society.
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though hundreds of studies of nano-

material hazards have been reported in

the literature, it remains unclear which

attributes of nanomaterials contribute

to specific hazards.4 As mentioned in

the previous section, coordinated appli-

cations and implications research

should reveal the impacts of the se-

lected materials employed in those

studies. To complement the studies of

those commercial or near-commercial

materials, hypothesis-driven studies and

assessment of series of nanoparticles

with systematically varied structural fea-

tures (see Figure 3) are needed to pro-

vide data sets that may reveal the de-

sign rules for safer nanomaterials. Again,

this challenge requires a coordinated,

interdisciplinary effort to define the ma-

terial and to measure and interpret the

interactions of the material with the bio-

logical or environmental medium. Stud-

ies in our laboratories and others are un-

derway to identify the structural

features that are important and to de-

velop predictive approaches that are

desperately needed for materials

design.

In the absence of definitive answers

about nanomaterial safety, what steps

can be taken to minimize the chances of

designing hazardous materials? Given

the many choices available in design-

ing new nanomaterials, which building

blocks should we use? Until we have

more guiding information, two ap-

proaches would seem prudent. First,

avoid compositions containing toxic el-

ements. Although some such elements

are commonly used within embedded

structures, free nanomaterials may be

easily dispersed and, due to higher sur-

face area, have greater propensity to

leach those elements than an embed-

ded bulk material. Thus, avoiding the

use of elements in which the ions or

small molecules pose recognized haz-

ards to human health or the environ-

ment seems a reasonable rule of thumb

until more data on possible exposures,

fate, and transport are available. Sec-

ond, consider the hazards of molecular

and micrometer-scale materials of the

targeted composition and avoid com-

positions bracketed by smaller and

larger materials with known

hazardsO“dimensional bracketing”. If

both the molecular and micrometer-

scale forms pose hazards, the nano-

material bracketed by these two is likely

to possess hazardous properties as well

because, although nanoscale materials

have properties different from the bulk,
they also share functions and properties
with the analogues that have slightly
smaller and larger dimensions. Of
course, the lack of hazards for either
bracketing material does not guarantee
a safe nanomaterial. In all cases, design
of safer materials will benefit from more
systematic data regarding the way in
which structure influences biological or
environmental impacts.

Next-Generation Nanomaterials Production
Methods. Related to the design of greener
nanomaterials is the development of
higher performance and greener
production methods. In support of the
efforts to develop the design rules,
improved syntheses that provide conve-
nient access to well-defined materials
with reproducible purity profiles are im-
portant. In terms of greener produc-
tion, one would like to avoid use of haz-
ardous materials and minimize the
production of hazardous byproduct. Ef-
ficiency is also important to minimizing
impact and enhancing manufacturabil-
ity, e.g., by increasing throughput, im-
proving material efficiency, gaining pre-
cise product control, and reducing
waste.

Although a few nanomaterials may
be considered commodity materials
(i.e., ZnO and TiO2), these are not typi-
cally highly refined nanomaterials in
that their surface chemistry, degree of
aggregation, and size dispersity are not
controlled. On the other hand, nano-
particles with properties that depend
strongly on each of their structural fea-
tures (composition, size, shape, surface
coating, etc.) might be referred to as fine
nanomaterials. The current methods of
nanoparticle production for fine nano-
materials are typically based upon the
initial “discovery” routes. They often
involve higher reactive and/or toxic
reagents and have poor efficiencies
(E-factors of 1,000 –10,000). The hazards
and inefficiencies of these routes pose
significant risks during production and
severely limit production throughput.
For these reasons, the synthesis/produc-
tion of nanoscale materials and devices
(nanomanufacturing) is an area where
green chemistry principles can and
should be readily applied to guide pro-
cess improvement and innovation.

Figure 3. Approach to developing the “design rules” for greener nanomaterials. Structur-
ally and compositionally well-defined nanomaterials are chosen for study to test hypoth-
eses about the influence of nanostructure on biological impact. Thorough characteriz-
ation and tests of purity are needed to ensure that impacts can be related to structural
features. Biological testing is carried out to determine impacts and the mechanisms of
action for specific endpoints. New hypotheses are generated that contribute to material
(re)design. Subsequent iterations of this process lead to improved understanding of the
structure/activity relationships and to “design rules” for greener nanomaterials.
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The principles of green chemistry
apply well to the production of nano-
materials (see Figure 2). A number of
examples are known that illustrate the
implementation of those principles and
show how greener approaches often
enhance the manufacturability of the
material by reducing costs and improv-
ing throughput. For example, we substi-
tuted sodium borohydride and toluene
for diborane and benzene, respectively,
in the production of phosphine-
stabilized gold nanoparticles.25 The
changes to this synthesis eliminate half
the steps in the synthesis, allow it to be
carried out in air without the need for
the specialized apparatus and rigorous
inert atmosphere conditions required in
the previous synthesis, permit the pro-
duction of significantly more material
(�1 g/day vs �100 mg/day), and allow
it to be easily scaled to larger batches,
while substantially reducing the cost to
prepare the material.25

For many reactions, a significant ob-
stacle will be scaling production levels
while retaining the nanomaterial qual-
ity that can be attained at the discovery
scale. As the scale increases, inhomo-
geneities in reagent concentration and
temperature can lead to loss of product
control. For example, in the case of
gold nanoparticle production, the reac-
tion rate is often faster than mixing can
occur. In these situations, improved
product control may be obtained by uti-
lizing continuous-flow microreactors
for synthesis wherein rapid mixing and
tight control over the process condi-
tions can lead to improved product defi-
nition and quality. For other classes of
syntheses, these types of reactors have
been previously shown to ease scaling
of reactions to larger scales, improve
production efficiency, and reduce
waste.26,27

Another example of a greener ap-
proach in nanomaterial production is
the rapid, effective, and efficient purifi-
cation of water-soluble nanoparticles by
diafiltration, a continuous-flow nano-
porous membrane separation tech-
nique (Figure 4).21 Compared to con-
ventional purification methods (such as
extensive solvent washing, fractional
crystallization, dialysis, extractions, cen-
trifugation, and chromatography), diafil-

tration is an efficient method for remov-

ing small-molecule impurities from

nanoparticles. Diafiltration is easily scal-

able to large volumes, so purification of

kilogram quantities can be easily ac-

complished. The traditional methods

for obtaining pure nanoparticles are

also time-consuming (up to 3 days per

sample) and wasteful (consuming as

much as 15 L of organic solvent per

gram of nanoparticles).

The few examples provided here

from our research only begin to illus-

trate the application of the green chem-

istry principles to the practice of nano-

science and nanotechnology. The

challenges of greener nanomaterial de-

sign and greener production of these

materials represent a substantial oppor-

tunity for new research that can ad-

dress nanoEHS concerns while produc-

ing new materials and products with

superior performance and economics.

SUMMARY
As nanomaterials researchers, we

have considerable opportunity to con-

tribute to the efforts to help define and

to reduce uncertainty about materials

hazards, to reduce barriers to commer-

cialization and facilitate societal benefit,

and to advance the field’s ability to de-

sign, produce, purify, characterize, and

understand nanomaterials. Specifically,

we can develop new synthesis, purifica-

tion, and characterization methods, co-

ordinate these efforts with relevant and

related efforts with colleagues in the

life, environmental, and analytical sci-

ences, and communicate these efforts

to the public to further their under-

standing of ways in which nanotechnol-

ogy, and our approach to it, can ben-

efit society and the environment.
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