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Introduction

Nanoscale science, engineering, and technology, collectively referred to as nanotechnology, is the ability to work at
the molecular level, atom by atom, to create large structures with fundamentally new molecular organization.
Nanotechnology is a crosscutting area involving disciplines such as chemistry, physics, biology, and engineering,
with truly revolutionary transformation potential for an entire host of products and processes, including those that
enhance environmenta quality and sustainability through pollution prevention, treatment, and remediation.

The U.S. Environmenta Protection Agency’s (EPA) Office of Research and Development (ORD), Nationa Center
for Environmental Research (NCER), as part of its Science to Achieve Results (STAR) program, supports research
leading to applications in nanotechnology. EPA is interested in advances in nanotechnology that can improve the
protection of human health and the environment, including significant improvements in cost or performance of our
capabilities to assess and solve environmental problems. EPA isaso interested in predicting and understanding both
the positive and negative environmental effects of this new technological revolution and the changesiit will bring to
our society.

EPA's objective in the nanotechnology research areais to support innovative research that could help us define and
understand significant emerging environmental problems. We seek novel approaches that can lead to significant
breakthroughs providing enhanced environmental benefits.

The results from the EPA-sponsored nanotechnol ogy research outlined within this document have the potential to be
used to monitor and remediate environmenta problems, curb emissions from a wide range of sources, and develop
new “green” processing technologies that minimize the generation of undesirable by-product effluents. In addition,
the results offer fundamentally new ways to manufacture new chemicals and pharmaceutical products; measure,
control, and remediate contaminants in various media; and contribute to dematerialization resulting in less environ-
mental impact from the extraction, transport, manufacture, use, and disposal of materials.

This Progress Review Workshop brings together EPA’s extramura scientists as well as scientists and policymakers
from government, academic, and non-government organizations to address both the environmental applications and
implications of the emerging area of nanotechnology. The research described in thisreport has not been subjected to
the Agency’s required peer review and policy review, and does not necessarily reflect the views of the Agency.
Therefore, no official endorsement should be inferred. Any opinions, findings, conclusions, or recommendations
expressed in this report are those of the investigators who participated in the research or others participating in the
Progress Review Workshop, and not necessarily those of EPA or the other federa agencies supporting the research.

For more information on EPA’s nanotechnology research, please contact either Barbara Karn, Ph.D.,at
202-564-6824 (karn.barbara@epa.gov); or Nora Savage, Ph.D., at 202-564-8228 (savage.nora@epa.gov).

The Office of Research and Development’s National Center for Environmental Research v
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U.S.EPA National Center for Environmental Research
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August 28-29, 2002
Arlington,VA

Executive Summary

Overview

The EPA Nanotechnology Grantees Workshop brought together researchers from academia, industry, and gov-
ernment to discuss ongoing research on nanotechnol ogy and the environment. The 58 Workshop participants listened
to presentationsby EPA grantees; the Director of the Center for Biological and Environmental Nanotechnology at Rice
University; the Chair of the Whitehouse Subcommittee on Nanoscale Science, Engineering and Technology; the
Director of the Woodrow Wilson Foresight and Governance Project; and EPA scientists. Participants had an oppor-
tunity to interact with presenters during a poster session. In addition, the group enjoyed adinner presentation by Dr.
Debra Rolison of the Naval Research Laboratory. This report briefly summarizes the presentations.

WELCOME AND INTRODUCTION
BarbaraKarn, U.S. EPA

Dr. Karn welcomed participants to the workshop. She described EPA's research mission and the role of the
Nationa Center for Environmental Research (NCER) in supporting extramural research, including the Science to
Achieve Results (STAR) program. The STAR program has issued two Requests for Applications targeted toward
nanotechnol ogy—thefirst in FY 2001 that supported 16 grantees and the second in FY 2002 that received more than
130 applications. Moreinformation on STAR grantsis available on the NCER Web Site at http://www.epa.gov/ncer.

Dr. Karn outlined the goals of the workshop. First, the meeting was designed to develop a community of scien-
tists and engineers who maintain an understanding and appreciation for potential environmental implications and
applications while doing their research in nanotechnology. Second, the meeting was intended to serve as a stimulus
for increased research and knowledge of environmental aspects of nanotechnology.

PLENARY SESSIONS

Each day began with a plenary session in which experts discussed broader issues in nanotechnology research
and devel opment.

Plenary Session Day |

Environmental I mplicationsof Nanotechnology: Progressin Developing Fundamental Scienceasa Basisfor Assessment
Vicki Coalvin, Director, Center for Biological and Environmental Nanotechnology, Rice University
Mark Wiesner, Center for Biological and Environmental Nanotechnology, Rice University

Dr. Wiesner opened with a cautionary note based on the current lack of information about the environmental
and health effects of nanotechnology. The Center for Biological and Environmental Nanotechnology (the
Center) risk assessment research on nanotechnology focuses on exposure because little is known about
nanotechnology’s health effects, impacts from nanoreagents, and impacts associated with colloidal materials.
The Center also is conducting research on fate and transport, including transport in porous media, adsorption
and desorption of known environmental contaminants on nanoparticles, and biodegradation of fullerenes.

The Office of Research and Development’s National Center for Environmental Research 1
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Dr. Colvin discussed the potential consequences of nanomaterials on public health. She noted that concern over
the effects of inorganic particles on health has existed since theindustria revolution, with arecent focus on asbestos.
The two current areas of concern are the effects of ultrafine particles on lungs and wear debris from surgical
implants. Research on nanoparticles includes exploring potential exposure routes: inhalation was the primary expo-
sure route for classic particles, but nanoparticles do not aerosolize as readily so this route might be less likely.
Ingestionisapossibleroute asis dermal exposure; however, thereislittleinformation on dermal contact asapossible
route. Research is underway to explore the effects of material derived from wear damage of implants, because there
is concern that it could lead to autoimmune disease. Another concern is bioaccumulation of nanoparticles.

One of the potential positive implications of nanoparticles for the medical field isthe ability of these particlesto
pass through cell walls. Dr. Colvin closed by noting that researchers need to collaborate on arealistic public message
about nanotechnology, because some of the groups that oppose genetic engineering are beginning to oppose
nanotechnology research. The message should emphasize that the nanotechnology research community is respon-
sible and proactive in exploring effects and potential risks, that nanoparticles are not atogether different from other
particles, and that many of the benefits have already been established.

Environmental Technologies at the Nanoscale
Tina Masciangioli, AAAS Fellow at the U.S. EPA
Wei-Xian Zhang, Lehigh University

Dr. Masciangioli described the large environmental challenges in the 21st Century and the promising role of
nanotechnology in improved detecting and sensing techniques; removal of the finest contaminants from air, water,
and soil; and the discovery of new “green” industrial processes that reduce waste products. She stated that
nanotechnology could contribute to pollution prevention by making manufacturing processes environmentally be-
nign, by creating benign materials or manufactured products to replace toxic substances, or by reducing the use of
raw materias. This could enable production of smaller and lighter products with fewer by-products. Nanoscale
technologies can be used to detect biological pathogens, organics, heavy metals, and other contaminants in the
environment. |n some cases, they can both senseand treat waste. Dr. Masciangioli pointed out that thismultifunctionality
is one of the promising features of nanotechnology (or nanotechnology products).

Dr. Zhang discussed a few of the many questions about nanotechnology. An example includes what will be the
impact of the dark color (absorptivity) of nanoparticles on water quality, photosynthesis, air quality, and global
warming? Most current EPA research addresses larger particles—will there be aneed for new technological research
on smaller particles? What will be the applications of fast reaction rates and high contaminant sorption? Dr. Zhang
listed three gaps that are important for nanotechnology research: (1) gaps in knowledge, because nanoscale science
and engineering ishighly interdisciplinary; (2) gapsin tools, because conventional environmental laboratoriesare not
equipped for nanoscale work; and (3) gaps in education, because new courses, |aboratories, and programs will be
needed to educate the next generation. He concluded by stating that new approaches are needed that offer capabilities
to prevent, treat, or remediate highly toxic or persistent pollutants and result in more effective monitoring of pollutants
or their impactsin ways not currently possible. Nanoscience, engineering, and technology hold great potential for the
continued improvement of technologies for environmental protection.

Plenary Session Day ||

EPA Futures Program
Pasky Pascual, U.S. EPA

EPA has established a “Futures Program” to help the Agency anticipate future environmental issues rather than
simply react to them. The program has three major components. (1) scanning for wesk signals, consisting of literature
searchesfor “leads,” and review of theseitemsfor novelty, scope, severity, visibility, timing, and probability; (2) scoping
strong signals, which involves tapping expert knowledge and discussing issues with senior Agency managers so that
crises can be avoided in the future; and (3) developing better forecasting tools, such as the ecological indicators
developed in collaboration with the State of Pennsylvania. Nanotechnology isincluded in the EPA Futures Program.

2 The Office of Research and Development’s National Center for Environmental Research
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Background and Challenges of Nanotechnology for the United States
Mike Roco, National Science Foundation

Dr. Roco opened by stressing the broad societal goals of nanotechnology, and the expanding areas of
relevance to energy conversion, nanobiosystems, molecular system architecture, realistic multiphenomena
modeling, agriculture and food systems, and environmental issues. Dr. Roco described the National
Nanotechnology Initiative (NNI), which encourages innovative, interdisciplinary research. Several areas of
nanotechnology are moving from fundamental discovery into technological innovation: advanced materials,
electronics, chemicalsincluding catalysts, and pharmaceuticals. Concerning the environmental implications,
it is important to present to the public a balanced view between advantages of a sustainable devel opment
using nanotechnology and the unexpected consequences. The positive outcomes of nanotechnology far
outweigh the possible negatives. Nanotechnology has major implications for the environment—it is a means
for attaining sustainable development; it reduces waste through “exact manufacturing”; it addresses current
health and environmental issues as well as unintended consequences; it can be used to remove existing pollut-
ants; and it can provide more detailed monitoring capabilities over larger areas. The NNI is comprised of 16
governmental agenciesand departments and was responsible for $604 million in Federal research programsin FY 2002.
He noted that Japan is the largest investor in nanotechnology in the world, and Asiais the fastest growing region. The
NNI's priorities for FY 2003 are; (1) tools for manufacturing; (2) detection/protection for biological, chemicd, radio-
logical, and explosive hazards; and (3) instrumentation and metrology. More information and reports from the NNI are
available on the Internet at http://Awww.nano.gov.

Getting Ahead of the Learning Curve
David Reeski, Woodrow Wilson Center

The Woodrow Wilson Center has a cooperative agreement with EPA to identify “game changers’—things that
could change theway EPA might operate. A major challengeis how institutions and organizations learn and how they
will react to nanotechnology. In a conventional learning curve, as experience increases, performance is expected to
increase. Thereare severa typesof environmental learning curves: (1) “learning too late”—thisis how organizations
learned before EPA was established, making environmental errors/problems and then cleaning up the mess;
(2) “learning through mandate”—since 1970, organizations responded to mandates; (3) “learning by doing”—begin-
ning in 1990, many companiesinternalized agoal of having less environmental impact, often to avoid mandates; and
(4) “learning before doing”—starting in 1995, companies have been able to make virtua prototypes and to identify
environmenta issues before production begins. Learning about the environmental implications of nanotechnology
could go from one extreme of an absence of learning with all of the unintended consequencesto the other extreme of
fast, anticipatory learning in which the environmental aspects are co-optimized as part of nanotechnology develop-
ment. He quoted a K odak manager, “bad newsisgood aslong asit’searly.” With new technol ogies coming to market
so quickly, EPA should beginworking with research scientistsin industry, not just the environmental health and safety
people who are now the major contacts. There also will be a need for new types of communications and new tools.

DINNER SPEAKER

Societal |mplications of Nanohiotechnology
Debra Rolison, Naval Research Laboratory

Dr. Rolison explored the broader scientific and societal context of integrating biomolecular function with nanoscale
objects—nanobiotechnol ogy. She explained that nanobiotechnol ogy isavision on anearby horizon—theinitia pros-
pects of which are being imagined, designed, and created right now. Dr. Rolison emphasized that even at this early
juncture, we should contemplate what societal impacts might arise from atechnology based on objects, devices, and
processes that blend biomolecular function with nanoscopic fabrication and manipulation. She urged scientists,
governmental program managers, policymakers, educators, industrialists—and citizens—to be involved in this un-
dertaking, because technology is rarely implemented without changing society in foreseen and disturbingly unfore-
seen ways.

The Office of Research and Development’s National Center for Environmental Research 3
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PRESENTATIONS BY EPA STAR GRANTEES

STAR Grantees presented projectsin four areas. sensors, treatment, remediation, and other areas of application.
Some grantees were just beginning their projects; others had preliminary results.

Session 1. Sensors
Moderators. Nora Savage (Day 1) and Y’ Vonne Jones-Brown (Day 2)

Ultrasensitive Pathogen Quantification in Drinking Water Using Highly Piezoelectric PMN-PT Microcantilevers
Wan Y. Shih, Drexel University

The goa of this project is to develop highly piezoelectric microcantilever arrays for in situ, rapid, Smultaneous
multiple pathogen quantification to replace current filtration culture and fluorescence-based methods. This new method
would enhance the capability to respond to terrorist threats and ensure the safety of water supplies. The project has
discovered that piezodectric cantilevers less than 0.7 mm long are 20 times more sensitive than the Quartz Crysta
Microbdance (QCM). Rapid, real-time, in Situ detection of Escherichia coli via attachment and release using piezoelec-
tric cantilevers was demonstrated. Microfabrication of piezoelectric PZT/Mo microcantilevers and development of Sr-
doped lead titanate films that can be hest treated at 450 °C for better piezoe ectric microcantilever fabrication aso was
discussed.

Chemosensorsfor Marine Toxins
Robert E. Gawley, University of Miami/University of Arkansas

The goa of this project is to design and prepare nanoscale biomimetic receptor/sensors for the detection of
marine toxins (domoic acid, brevetoxin, ciguatoxin, cylindrospermopsin, and tetrodotoxin) based on research and
proof of principle conducted on saxitoxin. The project plan isto use combinatorial chemistry and incorporate a host
compound into a dendrimer. At present, mouse bioassay is the most common detection method for aquatic toxins.
The nanoscale sensors would be inexpensive and more rapid than current technology. Coumarin was found to be
both selective and sengitive as a fluorophore for saxitoxin. The project is proceeding to use these results to test
additional toxinswith similar properties, including agood model of aprotein binding site.

Nanostructured Porous Silicon and Luminescent Polysiloles as Chemical Sensors for Carcinogenic Chromium(VI)
and Arsenic (V)
William Trogler, University of California, San Diego

Thegoal of thisproject isto devel op new sel ective solid-state sensorsfor carcinogenic and toxic chromium(V1)
and arsenic(V) in water, based on redox quenching of the luminescence from nanostructured porous silicon
and polysiloles. Dr. Trogler applied principles derived from the investigation of sensorsfor explosives (TNT).
Results were presented concerning the use of polysilole nanoaggregates and aminosilole nanoaggregates as
well asincorporation of the nanoaggregates in a nanotextured microcavity between two porous silicon Bragg
stacks.

A Nanocontact Sensor for Heavy Metal | on Detection
Nonjian Tao, Arizona State Univer sity

The goal of this project is to develop a high-performance, low-cost sensor for initial onsite screening of
surface and groundwater to detect heavy metal ion pollution. The sensor consists of an array of nanoel ectrode
pairson asilicon chip, separated by an atomic-scal e gap. Electrochemical deposition of even afew metal ions
can bridge the gap and form a nanocontact, triggering a quantum jump in electrical conductance. The project
has successfully fabricated the nanoel ectrodes, and a method for mass production is in progress. Additional
research is underway to develop a higher precision measurement method for the conductance.

4 The Office of Research and Development’s National Center for Environmental Research
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Real-Time Chemical Composition Measurements of Fine and Ultrafine Airborne Particles
Murray V. Johnston, University of Delaware

As concern over hedlth effects of ultrafine particles increases, new methods are needed to determine the composi-
tion of these particles in air. The goa of this project is to develop a new technology that will determine chemica
composition of airborne particles down to aout 5 nm in diameter. Two problems that must be overcome are inefficient
sampling of particles and inefficient analysis of those particles that have been sampled. The project has discovered that
individual nanoparticles can be efficiently detected only if quantitatively converted to atomicions.

Session 2; Treatment
Moderator: Y’Vonne Jones-Brown

Nanoscale Biopolymers With Tunable Properties for | mproved Decontamination and Recycling of Heavy Metals
Wilfred Chen, University of California, Riverside

Thegoal of thisproject isto develop high-affinity, nanoscale biopolymerswith tunable propertiesfor the selective
remova of heavy metals such as cadmium, mercury, and arsenic. Conventional technologies often are inadegquate to
reduce concentrations in wastewater to acceptable regulatory levels. The project found that biopolymers with amino
acid His, or His , tagscan serve asasimple metal binding domain; both T, and metal binding capacity can beregulated
easily, and biopolymers can be recycled. Metalloregulatory protein for mercury (MerR) can serve as a specific
mercury-binding domain.

Transtion Metal Carbides as an Environmental Nanocatalyst
S. Ismat Shah, University of Delaware

Current catalytic converters will not be able to meet future emissions reduction targets without increasing the
amount of Pt-group precious meta sto levelsat which the converters might become prohibitively expensive. Thegoal
of thisresearch project isto investigate synthesis, characterization, and application of nanoparticles of transition metal
carbides and oxycarbides as replacements for the Pt-group metals. The project has found that tungsten carbide
(WC_) is a possible replacement for the Pt-group metals in automobile catalytic converters. WC, | nanoparticles
were produced by reactive magnetron sputtering and were characterized for their chemistry and structure.

Simultaneous Environmental Monitoring and Purification Through Smart Particles
Wolfgang M. Sigmund, University of Florida

Thegod of this project isto investigate whether nano-engineered smart particles based on amodular building concept
enable s multaneous monitoring and purification of water and air. The smart particles undergo visible changein color when
apollutant is present and are being devel oped to utilize magnetic and photocatal ytic nanoparticlesfor treatment.

Session 3 Other Areas of Application
Moderator: Nora Savage

Plasmon Sensitized TiO, Nanoparticles as a Novel Photocatalyst for Solar Applications
George Chumanov, Clemson University

The goal of this project is to develop a novel hybrid photocatalyst that consists of silver or gold nanoparticles
encapsulated in atitanium dioxide (TiO,) shell. TiO, isenvironmentally friendly, relatively inexpensive, and a poten-
tialy efficient photocatalyst; however, wide technological use of this photocatalyst islargely hindered by the fact that
ultraviolet light, which does not constitute a significant fraction of the solar spectrum, is required for its activation.
Silver and gold are very efficient for capturing energy from the visible portion of the spectrum. In theinitia research
phase, aTiO, shell on silver nanoparticles has been synthesized.

The Office of Research and Development’s National Center for Environmental Research 5
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Measuring and Modeling Nanoparticle Forces
Darrell Velegol, Pennsylvania State University

A significant limitation of nanotechnology isthe ability to produce bulk quantities of dispersed particles. Thegoa
of this project isto determine whether solvation or depletion forces can be manipulated to produce dispersed suspen-
sions of “bare” nanoparticles (i.e., without adsorbed additives). Specificaly, the research explores two questions:
(1) What are the magnitudes of the van der Waals, solvation, and depletion forces for nanoparticle systems? and
(2) What variables can we control to alter these forces? Comparing van der Waals and solvation forces, it has been
found that solvation forces are comparable to van der Waals forces and might be used to stabilize particles.

Development of Nanocrystalline Zeolite Materials as Environmental Catalysts: From Environmentally Benign
Synthesis to Emission Abatement
Sarah C. Larsen, University of lowa

Zeolites are widely used in separations and catalysis, but the crystal size formed during conventional synthesis
ranges from 1,000 to 10,000 nm. For some applications, it would be advantageous to use zeolite crystalsin therange
of 10 to 100 nm. The goals of this project are to: (1) synthesize and characterize nanometer-sized zeolites and
nanostructures (films, fibers); and (2) determine the effectiveness of utilizing nanometer-sized zeolites as environ-
mental catalysts for use in NO, emission abatement, photocatalytic decomposition of organic contaminants, and
environmentally benign sel ective oxidation reactions with cation-exchanged zeolites.

I on-Induced Nucleation of Atmospheric Aerosols
Peter H. McMurry, University of Minnesota

The goals of this project areto: (1) determine whether or not ion-induced nucleation leads to the formation of
significant numbers of particlesin the atmosphere; and (2) explore the physics and chemistry of ion-induced nucle-
ation in the atmosphere. This is important in the identification of the effects of nucleation on climate and human
health. The project will involve atmospheric measurements to identify the composition of positive and negative ions
during nucleation events and the determination of ion mobility distributions. Preliminary results show that daytime
and night-time compositions are very different.

Session 4: Remediation
Moderator: Nora Savage

Dendritic Nanoscale Chelating Agents—Binding of Cu(l1) lonsto PANAM Dendrimersin Aqueous Solutions
Mamadou S. Diallo, Howard Univer sity

Thegoasof thisproject areto: (1) explorethefundamental science of metal ion uptake by dendrimersin aqueous
solutions; (2) assess the extent to which this fundamental knowledge can be used to develop high capacity and
reusable chelating agentsfor industrial and environmental separations; and (3) devel op FeS dendrimer nanocomposites
with enhanced reactivity, selectivity, and longevity for reductive detoxification of organic and inorganic pollutantsin
aqueous sol utions and subsurface formations. To date, the study has discovered that in aqueous solutions, dendrimers
such as Poly(amidoamine) (PANAM) can serve as nanoscale containers or high capacity chelating agents for transi-
tion meta ions such as Cu(ll); the extent of Cu(ll) binding depends on metal ion dendrimer loading, dendrimer
generation and surface chemistry, and solution pH and ionic strength; and the combination of the extended x-ray
absorption fine structure (EXAFS) and Cu(l1) uptake. Preliminary data suggest two primary mechanisms of binding.

Membrane-Based Nanostructured Metalsfor Reductive Degradation of Hazardous Organics at Room Temperature
Dibakar Bhattacharyya, University of Kentucky

Thegoal of thisproject isthe devel opment and fundamental understanding of reductive dechlorination of selected
classes of hazardous organics by immobilized nanosized meta particlesin ordered membrane domains. Preliminary
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results of chloride formation from trichloroethylene (TCE) dechlorination showed significantly better performance
resultsfrom iron nanoparticlesin Poly-L-glutamic acid (PLGA) functionalized membranes as compared to using free
iron microparticles.

Bioengineered Nanoparticles for Environmental Remediation: The Photocatalytic Reduction of Cr(VI)
Daniel Srongin, Temple University

The goal of this project is to develop new nano-sized materials based on ferritin that may serve as catalystsin
photochemical degradation processes of common contaminants. This project has found that ferritin catalyzes Cr(VI)
reduction to Cr(l11) using visible light. Electron transfer appears to occur both through contact with the inorganic
core and through the protein shell. Ferritin shows excellent stability as a photocatalyst as compared to protein free
particles, because photocorrosion isinhibited by the protein.

SMALL BUSINESS PERSPECTIVES—SBIR GRANTEES

Carbon Nanofiber-Based Solutions
Jayesh Doshi, eSpin Technologies, Inc.

eSpin Technologies manufactures nanofibers that are 100 times smaller than human hair and miles long. The
company can produce 10,000 yards of fabric materia every day from any materia the client wantsto use. Thefibers
can be manufactured into mats that can filter very small particles (less than 3 microns) in water, air, oil, car exhaust,
and other media. They aso can be made into insulation, cosmetic, and many other products. The company istesting
the use of carbon nanofiber for beverage filtration. It has found that nanofibers are fragile, so they pose unique
manufacturing and shipping problems, but they offer superior filtration and adsorbancy features.

Nanotube Composites for Clean Coatings
Ted Sun, Intematix

Plastic composites are replacing steel in manufacturing, and the composites need to be coated for protective or
decorative purposes. Current technol ogiesinvolve spraying and applying an €l ectrostatic coating over sprayed primer.
Carbon nanotube (CNT) filled conductive composites offer a primerless electrostatic coating process, which would
save more than 250 million pounds of spray-painted fascia material and corresponding volatile organic compounds
(VOCs) in the automobile industry alone. This project addressestwo issuesin CNT composite application: cost and
bonding.

NanoparticleAnchored Plasticizers
Andrew Myers, TDA Research, Inc.

Plasticized plastics can lose plasticizers to air, water, solvents, and saliva. If the plasticizer could be immobilized
inthe polymer, it would benefit the environment and human health. The goal of this project isto develop amethod for
binding plasticizing compounds to nanoparticles. The results have shown that the nanoparticle-bound plasticizers
soften polyvinyl chloride (PVC), do not escape, retain pliability over longer periods of time, lower or eliminate
migration of phthalates, are easy to process, and are inexpensive.
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Section 1. Sensors

Sensors - Novel sensing technologies or devices for pollutant and microbial detection.

Protection of human health and ecosystems requires rapid, precise sensors capable of detecting pollutants at the
molecular level. Maor improvement in process control, compliance monitoring, and environmental decisionmaking
could be achieved if more accurate, |less costly, more sensitive techniques were available.

Examples of research in sensors include the development of nanosensors for efficient and rapid in situ biochemical
detection of pollutants and specific pathogens in the environment; sensors capable of continuous measurement over
large areas, including those connected to nanochips for real-time continuous monitoring; and sensorsthat utilize lab-
on-a-chip technology. Research aso may involve sensors that can be used in monitoring or process control to detect
or minimize pollutants or their impact on the environment.
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Nanosensors for Detection of Aquatic Toxins

Robert E. Gawley
University of Miami, Coral Gables, FL

Abstract

This project will design and prepare nanoscale sensors
for the detection of marine toxins domoic acid, brevetoxin,
ciguatoxin, cylindrogpermopsin, and tetrodotoxin. Most of
thesemarinetoxinshbind specificaly to protein receptor sites
with a high afinity (Kd typicaly in the nM range). The
protein receptor Sites for severd of these toxins have been
characterized, and include two characterigtic features. One
isanarray of amino acid Sde chainsthat complement struc-
tural features of the toxin, which facilitates and strengthens
binding of thetoxininto thereceptor Ste. A secondfegtureis
a solvent-excluded pocket in which the amino acid sde
chains are arrayed. This preorganized festure of toxin re-
ceptor steswill be mimicked by design of synthetic recep-
tors a the nanoscale (nanosensors). To optimize the seng-
tivity and the sdlectivity of the nanosensor, combinatoria
synthesis techniques will be used to optimize binding in li-
brariesof peptidic host moleculesimmohilized on solid sup-
port (polystyrene beads). Unlike side chain arrays in the
native (protein) receptors, the combinatorid synthesistech-
niqueswill not belimited to L-amino acids, or evento natu-
ral amino acids. Inthisway, short peptide sequenceswill be
produced that wrap around toxinsand bind them by provid-
ing an array of sde chainssimilar to the native receptor. To
mimic the solvent-excluded pocket of protein receptor Sites,
thecombinatorialy designed peptidewill beincorporated at
the core of adendritic polymer, il on asolid support.

The marriage of combinatorial design and dendrimer
synthesis on solid support will provide large libraries (up

to 100,000 members) of polypeptide hosts inside den-
dritic polymers, with each individua host molecule at-
tached uniquely to a polystyrene bead. This is a novel
approach in nanosensor design. To our knowledge, thisis
thefirst timecombinatorially designed peptidic hostshave
beenincorporated into adendrimer. Qualitativeevaluaion
of toxin binding can be done smply with a fluorescence
microscope. Quantitativeanalysiswill bedonewith aspe-
cific host after it has been synthesized in bulk.

At present, environmental monitoring for aguatic tox-
insis most commonly done by mouse bioassay. Alterna-
tivemethods, such asliquid chromatography coupled with
mass spectroscopy (LC-MS), are extraordinarily expen-
sveand not suitablefor high-throughput analysis. Tomove
away from mouse bioassay, an inexpensve, fast method
is needed. It is anticipated that this project will identify
nanoscale sensors attached to polystyrene beads that can
detect toxinsusing only ahand-held UV lamp and amag-
nifying glass.

The science behind the design of toxin sensorswill leed
to further developments as well. These synthetic receptors
aso could be used to immobilize the toxins. Although be-
yond the scope of the present work, the same design fea
tures used for mimicking toxin receptor Stes aso can be
used to mimic enzyme receptor stes. Thus, by using mod-
dsof enzymeective stes, itisanticipated that thismethod-
ology could be used to mimic enzyme reactionsto produce
solid phase catalydts.
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Nanosensors for Detection of Aquatic Toxins

Robert E. Gawley
University of Miami, Coral Gables, FL

Environmental Benefits

Thisproject addressesthe STAR-K L initiative, “ Ex-
ploratory Research on Nanotechnology,” by working
at the molecular level to create large structures with
fundamentally new molecular organization. Among the
possiblefuture applications of thistechnol ogy, but be-
yond the scope of the present project, could be appli-
cations such as molecular synthesis of new catalysts
for industrial processes, and reactive surface coat-
ings that destroy or immabilize toxic compounds.

The specific pollutants (toxins) for which chemo-
sensors are being developed are: tetrodotoxin,
cylindro-spermopsin, domoic acid, brevetoxin, and
ciguatoxin. There are alarmingly increased quantities
of these toxins in parts of the environment as never
seen before. As an example, recent issues (May 27,
2001) of the Orlando Sentinel and the Miami Her-

aldinclude articles entitled “Poisonsfromalgaelurk in
the water we drink.” In the spring of 2002, another se-
ries of stories detailed poisonings by saxitoxin that en-
tered the human food chain via pufferfish caught near
Cape Canaverd, Florida. Thisis the first occurrence of
saxitoxin poisoning in the Atlantic south of New En-
gland.

These stories dso went to other newspapers via the
Associated Press (AP) wire service. They refer to the
recently detected presence of toxins never seen before
in Florida—even aligators have succumbed to recent
aga blooms. Why are these blooms occurring? Were
the agae aways present but now are blooming in larger
quantities because of some stimulus? Thisis unknown.
As a result, fast, cheap ways to detect the toxins are
needed.
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Real-Time Chemical Composition Measurements of Fine
and Ultrafine Airborne Particles

Murray V. Johnston
University of Delaware, Newark, DE

Abstract

For more than a decade, mass spectrometry has been
used to determinethe chemica composition of individua
airborne particlesin real time. It has been coupled with
various size measurement or size selection methods to
provide correlated size-composition information of am-
bient aerosols. Most of these methods work well for
particles down to approximately 500 nm in diameter; a
few methods work well down to approximately 50 nm
in diameter. Currently, none are acceptable for particles
smaller than approximately 30 nm in diameter.

Over the last few years, our emphasis has been on
the analysis of particles between approximately 30 and
500 nm in diameter. Correlated size-composition infor-
mation is obtained by sampling the aerosol with a size-
sdlectiveinlet and ablating individual particleson-the-fly

with a pulsed laser. This approach has been used to ob-
tain size-resolved mass spectra of several hundred thou-
sand ambient particles at multiple urban sampling sites.
Extending these measurements to particles down to
approximatley 5 nm in diameter requires the develop-
ment of new technology. Two specific problems must
be overcome: (1) efficient sampling of particlesintothe
mass spectrometer, and (2) efficient analysis of those
particles that have been sampled.

In this presentation, the current state-of-the-art in
fine particle analysiswill be discussed along with ambi-
ent particle datafrom severa urban sampling sitesin the
United States. New instruments that are capable of ex-
tending these measurements to ultrafine particles also
will be described.
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Real-Time Chemical Composition Measurements of Fine
and Ultrafine Airborne Particles

Murray V. Johnston
University of Delaware, Newark, DE

Environmental Benefits

The technology developed in this research project
will permit the chemical composition of airborne
nanoparticles (down to about 5 nm in diameter) to be
determined. Knowledge of the chemical composition
will provide a better understanding of the sources of
these particles and how to control their formation in a
manner that reduces their impact on human health.

It is now well established that long-term exposure
to fine particulate matter is a significant risk factor for
cardiopulmonary and lung cancer mortaity in humans.?
In urban air, fine particulates typically exhibit a maxi-
mum in both number and mass in the 100 to 300 nm
diameter range. Most of these particles are produced
directly from combustion sources. However, a signifi-
cant fraction of particles in this size range also may
arise from growth and/or coagulation of much smaller
particles. Indeed, particle formation events have been
identified in a variety of locations around the world,
including urban locations such asAtlanta.? These events
are characterized by sudden bursts of ultrafine particles
10 nm diameter and smaller, usualy early in the day,
followed by growth to larger sizes. The mechanism of
particle formation is difficult to assess without chemi-
cal composition measurements during these events.

Technology aready existsfor chemicd analysisof fine
particles® Our group has characterized particlesin thissize

range at the Atlanta, Houston, Baltimore, and Pittsburgh
supersites. An example of the information that can be
gained from these measurements is shown in Figure 1.
The spectrum shows a signature indicative of iron. Par-
ticles containing iron at this particular site are normaly
observed when thewind isblowing from the south-south-
west and most likely correspond to emission from aspe-
cific source. Other particle compositions correspond to
other emission sources. Thus, size- and time-resolved
measurements of particle composition potentially alow
the ambient aerosol to be apportioned into the various
sources of particle emission.

Unfortunately, these methods cannot characterize
particles smaller than about 30 nm in diameter. The
technology to be developed in this work addresses the
two fundamental limitationsassociated with nanoparticle
analysis. First, an improved size-selective sampling
method will be devel oped for particles down to about 5
nm in diameter. Second, an improved particle analysis
method will be devel oped that allowsthe elemental com-
position of these particles to be determined.

The technology developed in this project will fill
an important gap in particle analysis, alowing par-
ticles within the entire range of sizes finally to be
handled so that the ambient aerosol can be fully char-
acterized.

1 PopeCA, Burnett RT, Thun MJ, Calle EE, Krewski D, Ito K, Thurston GD. Lung cancer, cardiopulmonary
mortality, and long-term exposureto fine particulate air pollution. JAmMed Assoc 2002;287:1132-1141.

2 Woo KS, Chen DR, Pui DYH, McMurry PH. Measurement of Atlantaaerosol sizedistributions: observations of
ultrafine particle events. Aerosol Sci Technol 2001;34:75-87.

3 Johnston MV. Sampling and analysis of individual particles by aerosol mass spectrometry. J Mass Spectrometry

2000;35:585-595.
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Figure 1. Characteristics of aclass of ambient particles containing iron: size, date, time of day, and wind
direction.
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Ultrasensitive Pathogen Quantification in Drinking Water Using
Highly Piezoelectric PMN-PT Microcantilevers

Wan Y. Shih, W.-H. Shih, R. Mutharasan, and Y. Lee
Drexel University, Philadelphia, PA

Abstract

Thegod of the proposed research isto develop highly
piezoelectric microcantilever arrays for in Situ rapid, si-
multaneous multiple pathogen quantification using el ectri-
ca meansin source water with unprecedented sensitivity
(10* g). The proposed piezod ectric microcantilevers—
smaller than 10 micrometersin length with antibodies spe-
cific to the target pathogens immobilized at the cantilever
tip—will measure the presence of pathogens with
femtogram (asmall fraction of acell’smass) sengtivity in
source water. Binding of target pathogens is detected by
monitoring the resonance frequency shift. Thisrepresents
the ability to detect a single cell. The use of the highly
piezoel ectric microcantilever for smultaneous quantifica-
tion of mode pathogens, Escherichia coli 0157, Crypto-
sporidium parvum, and Helicobacter pylori will be dem-
onstrated.

To achievethe proposed piezoe ectric microcantilever
sensor arrays, paralel efforts will be conducted in the
following major task areas: (1) microfabrication of min-
iaturized piezoelectric cantilevers for femtogram mass
detection sengitivity, (2) demonstration of pathogen quan-
tification in source water by selective antigen-antibody
binding, and (3) characterization of the robustness of
various cantilever designs for optimal performance.

On the sdlectivity front, initia results on antibody-
antigen binding and antibody-gold surface binding will
be presented using piezoelectric lead zirconate titanate
(PZT)/stainlesssted cantileversof minimeter length with
a stainless sted tip. The unique design of such cantile-
versallows picogram detection capabilities, and permits

the quantification of both binding of antibody with or
without linkers to the gold-coated cantilever tip surface
and that of E. coli to the immobilized antibody by di-
rectly minitoring the cantilever’s resonance frequency
shift. The resonance frequency shift transient of anti-
body-coated cantilever can be used to characterize the
amount of pathogens present in the water. This will al-
low characterization of antibody immobilization and E.
coli detection in low to moderate concentrations.

On the miniaturization front, the most critical stepin
the microfabrication of piezoelectric microcantileversis
the development of highly piezoelectric thin layers that
havealow sintering temperaturethat are compatiblewith
the standard silicon microfabrication processes. Devel-
opment of piezoelectric thin layers will result in stron-
tium-doped lead titanate (PST) thin layers that can be
sintered at 450 °C.

As a result of the proposed study, it is anticipated
that ultrasengtive, rapid, specific, multiple pathogen quan-
tification of drinking water will be achieved using arrays
of highly piezoelectric PST unimorph microcantilevers
of lessthan 10 micrometer in length with better than 10%°
o/Hz sengitivity, coupled with antibodies specific to the
target pathogens immobilized at the cantilever tip. Be-
cause the proposed piezoelectric cantilever sensors use
electrical signal for actuation and detection, the sensor
and all necessary electronics can be organized in acom-
pact form that is easily usable in such broad ranging
applicationsasenvironmental monitoring and genomics-
inspired proteomics.
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Ulrasensitive Pathogen Quantification in Drinking Water Using
Highly Piezoelectric PMN-PT Microcantilevers

Wan Y. Shih, W.-H. Shih, R. Mutharasan, and Y. Lee
Drexel University, Philadelphia, PA

Environmental Benefits

Current devel opment of pathogen detection in water
relies on filtration culture methods, and fluorescence-
based methods (e.g., fluorescence probes methods and
DNA microarray methods). These techniques, however,
are not effective for in situ, rapid, quantitative measure-
ments. With filtration culture methods, sample water is
passed through afilter that is pretreated for visualization
of the target pathogen. Growth of colonies on the filter
indicates the presence of the target pathogen in the test
water. Both the fluorescently |abeled probe methods and
the DNA microarray methods rely on detection using
fluorescence spectroscopy, which is not quantitative.

There is a need for rapid, quantitative, and specific
pathogen detection to ensure the safety of natural and
manmade water supplies, including source, treated, dis-
tributed, and recreationa waters. The proposed technol-
ogy uses arrays of ahighly piezoelectric (e.g., strontium-
doped lead titanate) microcantilever smaller than 10
micrometers in length coupled to antibody proteins im-
mobilized at the cantilever tip for in Situ rapid, simulte-
neous multiple pathogen quantification in source weter,

with the ability to detect pathogens using el ectrica means
with femtogram sensitivity (10% g).

Binding of target pathogensis detected by monitoring
the resonance frequency shift. The cantilever alows an
unprecedented senditivity, better than 10%° g/Hz. Thisrep-
resents the ability to detect asingle cell. The current pro-
posed work will demonstrate the use of the highly piezo-
electricmicrocantilever for smultaneousdetection of model
pathogens, Cryptosporidiumparvum, Helicobacter pylori,
and Escherichia coli O157.

Because the proposed piezoe ectric cantilever sensors
use an electrical signal for actuation and detection, the
sensor and all necessary electronics can be organized ina
compact form and easily usable in such broad ranging
applicationsasenvironmental monitoring.

In addition to the proposad pathogen quantification in
water, the proposed array piezod ectric microcantilever sen-
sor technology dso offersthe potentid for awide spectrum
of toxin monitoring, ranging from smal molecular-weight
gaseous gpeciesto bacteriain low concentrationsboth in air
andinliquid because of the ultrahigh detection sengtivity.
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A Nanocontact Sensor for Heavy Metal lon Detection

Nongjian Tao
Arizona Sate University, Tempe, AZ

Abstract

As materials and devices shrink to the nanometer
scale, various quantum phenomena become important.
Thismay lead to novel applications, including those that
are important to environmental analysis and protection.
This project exploits the phenomena of conductance
quantization and quantum tunneling to fabricate nano-
electrodesfor in Situ detection of metal ion pollution. The
goad isto develop ahigh-performance and low-cost sen-
sor for initial onsite screening testsof surfaceand ground-
water to provide early warning and prevention of heavy
metd ion pollution. The existing analytical techniques
usually require preconcentration of samplesto detect trace
metd ions, which can be time-consuming and prone to
cross-contamination. Moreover, many of the sensitive
techniques, such as inductively coupled plasma-mass
spectrometry, are not suitable for onsite monitoring. In
contrast, the nanocontact sensor has the potential for
detecting even afew metal ionswithout preconcentration
andisparticularly suitablefor onsitedetection of ultratrace
levelsof heavy meta ions, including radioactivee ements.

The sensor consists of an array of nanoelectrode pairs
onasilicon chip. Thenanoel ectrodesin each pair are sepa-

rated with an atomic scale gap, whichisachieved with the
hel p of quantum tunneling phenomenon. Electrochemical
deposition of even afew metal ionsinto thegap can bridge
the gap and form a nanocontact between the nanoelec-
trodes, thus triggering a quantum jump in the eectrica
conductance. The sensor can achieve high specificity by
combining severa different measurements, such asredox
potentials, point-contact spectroscopy, and el ectrochemi-
cal potentia-modulated conductance changes.

It is anticipated that this project will lead to a proto-
type nanocontact sensor for detecting heavy metal ion
pollution in water. In addition to the unprecedented sen-
sitivity, the sensor will be miniaturized and cost effec-
tive, which should be particularly suitable for an initial
onsite screening test of polluted samples, thusleading to
early warning and prevention of heavy metal ion pollu-
tion. The cgpability to measureand control € ectrochemica
deposition/stripping of asingle or afew metal ions, to be
fully developed in this project, may provide opportuni-
tiesfor abetter understanding of electroanalytical chem-
istry of metal ions and lead to new environmentally be-
nign fabrication methods for nanoelectronics.
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A Nanocontact Sensor for Heavy Metal lon Detection

Nongjian Tao
Arizona Sate University, Tempe, AZ

Environmental Benefits

Thethreat of heavy meta pollutionisaseriousenviron-
mental concern because of thetoxicity of such metalsona
broad range of living organisms, including humans, and the
consequence of heavy metd snot being biodegradable. Due
to the difficulty in the remediation of Sites contaminated
with heavy metds, thereis an urgent demand for anin situ
sensor capable of detecting heavy metd ions before the
concentration reaches a dangerous level. To date, heavy
metasin the environment are usualy measured with spec-
troscopic techniques, including atomic absorption and in-
ductively coupled plasma-mass spectroscopy (ICP-MS).
Thesetechniquesarewe | established but requirethat samples
be collected and trangported to the laboratory for anadyss,
because the instrumentation is bulky, expensive, and re-
quiressignificant maintenanceand operator expertise. Sample
preservationsand pretreatments, generdly required by these
techniques, may cause sample contamination. In situ mea:
surements, performedinthenatura environment, arehighly
desirable because they provide an early detection of trace
metal contaminantswhileminimizing errors, labor, and cost
associated with collection, transport, and storage of samples
for subsequent laboratory andysis.

Supported by the U.S. Environmental Protection
Agency’sNanotechnol ogy Exploratory Research Program,
this project includes the development of a nanocontact
sensor for in situ detection of heavy metal ion pollutionin
water. It has aready revealed that the sensor can be ex-
tremely sensitive with the potential capability of detecting
afew meta ions. High specificity will be based on differ-
ent redox potentialsof metal ions, aprinciplethat hasbeen
successfully used in anodic stripping technique. In addi-
tion, point-contact spectroscopy and electrochemica po-
tential-induced conductance change will be used to fur-
ther improvethespecificity. The sensor will beminiaturized
and automated, making it conducive to onsite field appli-
cations. The sensor head used in preliminary experiments
isa0.5in.x 0.5inglicon chip, onwhich 15 pairsof nano-
electrodes are fabricated. Because the sensor isfabricated
with conventional microelectronic fabricationfacilitiesand
relatively smpleeectrochemical techniques, it also should
be cost effective. It is anticipated that the sensor will be
particularly suitablefor initial onsite screening testsof pol-
luted samples, thus leading to early warning and preven-
tion of heavy metal ion pollution.
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Nanostructured Porous Silicon and Luminescent Polysiloles as
Chemical Sensors for Carcinogenic Chromium(VI) and Arsenic(V)

William C. Trogler and Michael J. Sailor
University of California, San Diego, CA

Abstract

The goal of this research project is to develop new
sdlective solid-state sensors for carcinogenic and toxic
chromium(V1) and arsenic(V) in water based on redox
guenching of the luminescence from nanostructured
poroussilicon and polysiloles.

Nanostructured porous silicon, as well as polysilole
nanowire coatings, will be chemically modified to en-
hance binding of the chromate and arsenate anions.
Chemica modification to vary the redox potential of the
polysilole excited state also will be used as a way to
impart chemical selectivity. Both sensor approacheswill
be combined by encapsulating the polysilole in a nano-
textured microcavity between two Bragg stacks con-
structed from porous silicon. Such optical devices have
been shown to provide significant detection sengitivity
enhancements. The nanoporous material will readily ad-
mit small inorganic analytes, such as chromate and ar-
senate, and exclude biomolecules that might confound

the measurements. Sensors based on silicon wafer and
polymer technologies are readily adaptable to fabrica-
tion. Thefluorescence quenching detection modality also
is manufacturable. The essentia electronics requires a
blueor UV LED astheexcitation sourceand aninexpen-
sive photodiode detector.

Potential applications of such real time solid-state
sensors include remote sensing and industrial process
control. The focus on chromium(VI) and arsenic(V)
detection isdictated by the redox quenching mechanism
that is being used, as well as by the importance of
chromium(VI) and arsenic(V) as regulated chemicals
under the Safe Drinking Water Act. The results address
the needsidentified in the solicitation as nanotechnol ogy
is applied to the development of solid-state sensors that
can be used to monitor pollutants in water that are cur-
rently of great concern to the U.S. Environmental Pro-
tection Agency's regulatory mission.
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Nanostructured Porous Silicon and Luminescent Polysiloles as
Chemical Sensors for Carcinogenic Chromium(VI) and Arsenic(V)

William C. Trogler
University of California, San Diego, CA

Environmental Benefits

The chief god of this research project is to develop
new sdlective solid state sensorsfor carcinogenic and toxic
chromium(V1) and arsenic(V) based on redox quenching
of the luminescence from nano-structured porous silicon
and polysiloles. Nano-structured porous silicon aswell as
polysilole nanowire coatings will be chemically modified
to enhance the binding of the chromate and arsenate an-
ions. Chemica modification to vary theredox potentia of
the polysilole excited state also will be used as away to
impart chemical selectivity. Both approacheswill be com-
bined by encapsulating the polysilole in a nanotex-tured
microcavity between two Bragg stacks constructed from
porous silicon. Such optical devices have been shown to
providesignificant detection sengtivity enhancements. The
nanoporous materia will readily admit small inorganic
analytes, such as chromate and arsenate, and exclude
biomolecules that might confound the measurements.
Sensors based on silicon wafer and polymer technologies
aso arereadily adaptable to fabrication. The fluorescence
quenching detection modality alsoismanufacturable. The
essentia eectronics require a blue or ultraviolet LED as
the excitation source and an inexpensive photodiode de-
tector. Potential applications of such real-time detection
devicesincluderemote sensing and industrial processcon-
trol. The focus on chromium(V1) and arsenic(V) detec-
tionisdictated by the redox quenching mechanismthat is
being used, aswell asby theimportance of chromium(V1)
and arsenic(V) as regulated chemicals under the Safe
Drinking Water Act.

Chromium(V1) detectors will be devel oped that can
sense the analyte at concentrations at least as low asthe
0.1 ppmactionlevel mandated by the Safe Drinking Water
Act with at least a 10 percent accuracy. For arsenic(V),
thetarget rangeis 10-50 ppb at the samelevel of analyti-
cal accuracy. The deployment of remote sensors for

natural waters and for industrial wastewater that could
be used to signd dertsin rea time would become pos-
sible. An electronic sensor method would prove more
beneficia than the grab-sampling procedure currently
used for detecting these problematic water contaminants.
A second goal of the project isthe development of poly-
mer coated “litmus paper” for quditative detection of
chromium(V1) and arsenic(V). Given the low expense
of polymer-coated paper, this could prove to be a useful
adjunct to current qualitative methods.

Those that benefit from remote sensing applications
would include research scientists trying to understand
the variations in chromium and arsenic pollutants in
natural waters, municipal source water monitoring, as
well asfederal regulatory monitoring. Becauseelectronic
sensors can be engineered either wired or wireless, the
range of possible applicationsis truly immense. Indus-
tries involved in metal working and electroplating also
would benefit from the ability to monitor waste streams
for continuous compliance (in rea time) with pollution
regulations. Electronic sensors also could be employed
to monitor mine runoff for the presence of toxic soluble
chromium and arsenic that could enter ground or natural
water systems. Chromium is widely used as a corrosion
inhibitor in closed water boilers and chillers. Electronic
sensorscould beused to monitor leaksinto nearby ground-
water as well asinto heat exchange systems.

Thesimple*“litmuspaper” application of thethinfilm
polymer indicators could prove useful for field studies
and monitoring. Such test stripsalso would find applica-
tioninscienceeducation (both K-12 and university level)
for informing the public about metalsin water supplies.
Qualitative test strips would be most economically fea-
siblefor monitoring water suppliesfor compliance at the
tap, which is the ultimate measure of safety.
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Section 2. Treatment

Treatment - Technologies to effectively treat environmental pollutants.

Cost-effective trestment poses a challenge for the EPA and others in the development of effective risk management
strategies. Pollutantsthat are highly toxic, persistent, and difficult to treat, present particular challenges. EPA supports
research that addresses new treatment approaches that are more effective in reducing contaminant levels and more
cost effective than currently available techniques. For example, nanotechnology research that results in improved
treatment options might include removal of thefinest contaminants from water (under 300 nm) and air (under 50 nm)
and “smart” materials or reactive surface coatings that destroy or immobilize toxic compounds.
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Nanoscale Biopolymers With Tunable Properties for Improved
Decontamination and Recycling of Heavy Metals

Wilfred Chen, Ashok Mulchandani, and Mark Matsumoto
University of California, Riverside, CA

Abstract

Nanoscd ematerid shavebeen gainingincreasinginter-
est in the area of environmenta remediation because of
their unique physical, chemica and biologica properties.
One emerging area of research has been the development
of novel materials with increased affinity, capacity, and se-
lectivity for heavy metds because conventiond technolo-
giesare ofteninadequateto reduce concentrationsin waste-
water to acceptableregulatory sandards. Geneticand protein
engineering have emerged as the latest tools for the con-
gruction of nanoscale materidsthat can be controlled pre-
cisdy a the molecular level. With the advent of recombi-
nant DNA techniques, itisnow possibleto creste” artificid”
protein polymers with fundamentally new molecular orga
nization. The most significant feeture of these nanoscade
biopolymers is that they are specificaly pre-programmed
within asynthetic gene template and can be controlled pre-
cisdy in terms of szes, compositions and functions a the
molecular level. Inthismanner, it is possibleto specificaly
design prote n-based nano-biomeaterid swith both meta -bind-
ing and tunable properties that can be used to sdlectively
remove heavy metds from dilute solutions in one single
process. The overal objective of thisresearchisto develop
high-affinity, nanoscae biopolymers with tunable proper-
tiesfor the sdlective remova of heavy metals such as cad-
mium, mercury, and arsenic.

The elastin domain, which has been shown to un-
dergo a reversible phase transition upon temperature
changes, will be used to generate fusion biopolymerswith
variousmetal-hinding domains. Several metal-binding do-
mains such as Gly-His-His-Pro-His-Gly, MerR (arepres-
sor for the mercury resistance operon), and ArsR (are-
pressor for the arsenic resistance operon) will be used to
provide high affinity and sdective remova of mercury

and arsenic. Synthetic genes encoding for the tunable
biopolymers will be specifically tailored for the desired
properties. By tuning the process pH and temperature,
reversible network formation between the individual
biopolymerswill enablethe recovery of sequestered met-
als by precipitation. The use of these metd-binding do-
mains has significant advantages over existing chemical
chelators, including higher specificity and affinity. The
potentia lower limit for heavy metal removal could beon
the order of 10°M, or approximately 8 parts per trillion,
depending on the metal-binding domain employed.

The ability of these biopolymersto self assemble as
aggregates and their metal binding capability will beelu-
cidated. Experimentswill be conducted to determinethe
selectivity and metal uptake capacity of the tunable
biopolymers. The potentia of the biopolymers for re-
peated metal remova will be investigated by subjecting
to severa cycles of binding and stripping. The perfor-
mance of the tunable biopolymers for heavy meta re-
moval will be compared to the commercialy available
ion exchange sorbents such as Duolite GT-73, Amberlite
IRC-718, Dowex SBR-1, and Amberlite IRA 900X.

The proposed tunabl e biopolymersextend ideasfrom
nature toward entirely new objectives. Molecular-level
protein-protein recognition is tailored specificaly into
tunable metal-binding biopolymers. These biopolymers
can be easily and continuously applied with other exist-
ing technologiesfor bulk heavy metal removal. Thisop-
eration is environmentally friendly because no toxic
chemicadl is required for synthesis of the biopolymers
and regeneration can be achieved easily. This strategy, if
successful, will provide alow-cost and environmenta ly
benign technology for heavy meta removal.
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Nanoscale Biopolymers With Tunable Properties for Improved
Decontamination and Recycling of Heavy Metals

Wilfred Chen
University of California, Riverside, CA

Environmental Benefits

A variety of metalsrequiring removal and concentra-
tion exist in many contaminated sites and in ground or
process waters. Increasingly restrictive Federd regula-
tion of allowable levels of heavy metal discharge into
harbors and coastal water and the need for rapid cleanup
of contaminated sites has prompted the devel opment of
novel approaches and technologies for heavy meta re-
mova . Although existing technologies are adequate to
remove the bulk of the heavy metal contamination, they
fail to meet thelow concentration limitsrequired by regu-
latory standards. It becomes clear that a robust, polish-
ing process is required to effectively remove and re-
cover hazardous metals in dilute waste streams. The
tunablebiopolymersproposed hereare extensionsof ideas
from nature with entirely new objectives.

Molecular-level protein-protein recognitionistailored
specificaly into tunable meta -binding nanosca e biopoly-
mers. The biosynthetic approach is environmentally
friendly; provides precise and independent control of the

length, composition, and charge density of theinteracting
end blocks and metal-binding domains; and dlowsfor the
flexibility in designing tunable biopolymers that can un-
dergo transition from water-soluble to aggregate forms
under a wide-range of conditions. Such precise control
satisfies the needs of different process conditions. If the
metal-binding proteins associated with As and Hg resis-
tance are used, the expected lower limit for As and Hg
removal using tunable biopolymers could be on the order
of 109, or approximately 8 parts per trillion. Because of
their unique propertiesand sdlectivity, it isanticipated that
thenew biopolymerswill resultin awiderangeof applica
tionsfor heavy meta removal/recovery. Comparedto con-
ventional chemica chelators or chelating polymers, the
proposed biopolymersareenvironmentally friendly because
no toxic chemical is required for their synthesis, and re-
generation can be achieved easily. This strategy, if suc-
cessful, will provide alow-cost and environmentaly be-
nign technology for heavy metal removal.
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Synthesis, Characterization and Catalytic Studies of Transition
Metal Carbide Nanoparticles as Environmental Nanocatalysts

S. Ismat Shah and J.G Chen
University of Delaware, Newark, DE

Abstract

Thefuturetargetsfor thereductionsof emission gases
from automobile exhaust are very demanding. For ex-
ample, the 2004 UltraLow Emission Vehicle(ULEV) Act
requiresthat thelevel of NO_must be reduced to 0.05 g/
mile (i.e., one-quarter of the currently alowed value).
The current catalytic converter technology is incapable
of achieving such goals without increasing the amount
of Pt-group precious metas to levels at which the con-
vertersmight become prohibitively expensive. Thisproject
will investigate the synthesis, characterization, and ap-
plication of nanoparticlesof transition meta carbidesand
oxycarbides as replacement for Pt-group metals (Ru,
Rh, Ir, Pd, and Pt). The choice of materias is based on
recent results that show strong similarities in the cata-
Iytic properties between transition metal carbides and
the more expensive Pt-group metals. In addition to of-
fering a very high surface/volume ratio, nanoparticles
offer theflexibility of tailoring the structureand catalytic
properties on the nanometer scale.

Inthefirst phase of the research, nanostructured WC,_
thin films were prepared by reactive sputtering of a pure

tungsten target in an argon-methane discharge. A DC
magnetron gun was used. Nanostructured thin filmswere
deposited on glass, quartz, silicon and sapphire substrates
a temperatures up to 400°C. The carbon content in the
film wasvaried by changing the partid pressure of meth-
ane. The carbon content in the films was analyzed using
Energy Dispersive X-ray Analysis (EDAX). Theeffect of
temperatureonthegrainsizeasowasstudied using Trans-
mission Electron Microscope (TEM). The TEM results
showed that the average grain Size is approximately 1.5-
2.0 nm and that the grain sizeis constant for temperatures
up to 600 °C. In reactive sputtering, compound formation
occurs above a critical concentration of the reactive gas
in the sputtering gas mixture leading to, among other ef-
fects, a sharp reduction in the deposition rate. The target
poisoning behavior was studied by measuring the target
current. The critical methane concentration a which the
metal-poison mode transition occurs was measured to be
around 38 percent of CH, inAr. Preliminary resuitsonthe
catalytic properties of nanostructured WC,_aso will be
presented.
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Synthesis Characterization and Catalytic Studies of Transition
Metal Carbides Nanoparticles as Environmental Nanocatalysts

S. lsmat Shah and J.G. Chen
University of Delaware, Newark, DE

Environmental Benefits

One of the major environmental pollution sourcesis
automobile exhaust, which causes smog and acid rain.
Since 1975, the automobile manufacturers have taken a
variety of stepsto reduce the level of harmful emission
gases, including NO,, CO, and unburned hydrocarbons
(HC). At present, the emission levels of these gases can
be reduced by catalytic reactions in the catalytic con-
verter viathe following chemical reactions:

CO+0,->CQ, COOxidation
HC+0O,->CO,+H,0 HCOxidation
NO, + HC->N, +H,0+CO, NO, Reductionby HC
NO, + CO->N, + CQ, NO, Reductionby CO

Inthesereactions, the harmful pollutantsare converted
into relatively harmless molecules such as CO,, Nz, and
H,O. These reactions occur inside the automobile cata-
Iytic converters in the presence of catdysts, which con-
sist of mixturesof platinum-group metalssuch asrhodium
(Rh), platinum (Pt), and paladium (Pd). Dueto their lim-
ited natural abundance in the Earth’s crust, the platinum-
group metals are among the most expensive elements.
For example, the current price for atroy ounce of Rh is
approximately $2,500, which is about three times more
expensive than gold. For cogt-effectiveness reasons, the
Pt-group metasin the catalytic converter are always kept
at aminimum amount, but sufficient enough to reduce the
emission levelsthat meet the government regulations.

Recently, the U.S. Environmenta Protection Agency
(EPA) andtheCdliforniaAir Resource Board (CARB) have
defined specific future targets for the reduction of emis-
sion gases of NO,, CO, and HC. For example, the target
emisson levels for the 1997-2003 Ultra Low Emission
Vehicle (ULEV) are0.04, 1.7, and 0.2 g/mile of HC, CO,
and NO,, respectively. A more stringent target, set by the
2004 ULEV2Act, requiresthat thelevel of NO, befurther
reduced to 0.05 g/mile. The current catalytic converter
technology is able to reach the 1997-2003 targets. How-
ever, it isinsufficient to achieve a further decrease, by a
factor of four, in the level of NO, by the year 2004. Al-
though an obvious solution is to increase the concentra:
tions of the Pt-group metasin the cataytic converter, the

cost effectiveness eventualy would becomeamajor issue
for automobile manufacturers and catalyst vendors.

Our current research attempts to explore the possibil-
ity of using dternative catalytic materids, transition metal
carbides and oxycarbides (defined as oxygen-modified
carbides), to replace Pt-group metds for the reduction of
NO,. The carbides and oxycarbides of Groups 4-6 early
trangtion metals are characterized by many unique and
intriguing catalytic properties. Since the landmark paper
by Levy and Boudart regarding the Pt-like properties of
tungsten carbides, thecatdytic propertiesof transition meta
carbides (TMC) and oxycarbides (TMOC) have been the
subject of many investigations in the fields of catalysis
and surface science. This catalysis literature has estab-
lished that the catdytic properties of TMC and TMOC
often show strong similarities to those of the more expen-
sive Pt-group metals (Ru, Rh, Ir, Pd, and Pt). In recent
years, severa surface science groups have performed
fundamenta investigations of the cataytic properties of
TMC and TMOC. For example, our research group has
performed extensive studies aimed at directly comparing
the chemica reactivity of carbide surfaces with that of
Pt-group metals. Theresultsprovided conclusiveevidence
that the decomposition of a variety of hydrocarbon mol-
ecules on TMC occurs via resction mechanisms that are
characterigtic of Pt, Rh, and Pd. Furthermore, compara-
tive studies of the decomposition of NO on the bulk sur-
faces of Mo and W carbides and oxycarbides have been
performed recently. The preliminary results clearly dem-
ongrate that carbides and oxycarbides of Mo and W are
very efficient in the conversion of thetoxic NO pollutants
into theharmless N, molecules, with catalytic activity and
selectivity being smilar or better than those of the expen-
sive Pt-group metals. Nanoparticles of TMC and TMOC
offer means of obtaining the phase and crystal surface
required for efficient NO reduction.

If successful, the replacement of Pt-group metas by
TMC or TMOC nanoparticles would offer enormous eco-
nomic incentives for the effective reduction of NO,. More
importantly, it might offer one of the moreredlistic waysto
achieve the NO, emission level, 0.05 g/mile, without the
use of prohibitively high priced Pt-group metd catalysts.

38 The Office of Research and Development’s National Center for Environmental Research



Nanotechnology and the Environment: Applications and Implications STAR Progress Review Workshop

Simultaneous Environmental Monitoring and Purification
Through Smart Particles

Wolfgang M. Sigmund, Chang-Yu Wu, and David Mazyck
University of Florida, Gainesville, FL

Abstract

Thisproject involvesamultidisciplinary synthesis of
technologies to design and fabricate smart particles that
can purify and monitor the environment. This multi-
disciplinary synthesis of technologies includes self-
organized structural control and smart materials with a
focus on environmental purification and monitoring to
cresteintelligent surfacesand structuresthat not only sense
and interact with their environment, but also can funda-
mentally ater their own behavior and deectivate them-
selves as preprogrammed or as desired. The hypothesis
tobetestedis. Will nano-engineered smart particlesbased
onamodular building concept enable simultaneous moni-
toring and purification of the water and air environment?

The project’s approach isto: (1) define and synthe-
size smart particlesthat purify and monitor by indicating
through asimplevisible change such ascolor or size; (2)
make particleseasily separable by auto-floccul ation and/

or by magnetic removal; (3) synthesize ferromagnetic
particles with high specific surface areathat increase the
specific surface area by at least two orders of magnitude
compared to current magnetic photocatalysts; and
(4) strongly reduce the mass of photocatalyst required
for treatment and further improve pollutants mass trans-
fer and exposure to UV-light through magneticaly agi-
tated fluidization.

The expected results of the project include: (1) atomic
and molecular control of material building blocksand re-
quired engineering tool sto providethe meansto assemble
and utilize these tailored building blocks for assembling
novel smart particles for environmenta applications as
purifiers and sensors, which are environmentally benign;
and (2) reduction of the amount of photocatayst and an
increase in the specific surface area of magnetic photo-
catalyst composites by two orders of magnitude.
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Simultaneous Environmental Monitoring and Purification
Through Smart Particles

Wolfgang M. Sigmund, Chang-Yu Wu, and David Mazyck
University of Florida, Gainesville, FL

Environmental Benefits

In addition to providing a better understanding of
atomic and molecular control of material building blocks,
this research project provides numerous environmen-
tal benefits. For example, future commercialization
would provide efficient water and air purification sys-
tems capabl e of removing pollutantsto below ppm lev-
els, and provide notification when the pollutants are
removed or when the active sites are no longer avail-
able.

The smart nanomaterials developed in this study are
significantly smaller as compared to the current particles
of a few hundred micrometers. Their greater surface
areaof two orders of magnitudewill provide destruction
of pollutantsin fractions of the time it takes the current
particles. The magnetically agitated design can signifi-
cantly improve the contact of the particles with pollut-
ants, resulting in the reduction of reactor size. The small
sizewould beided for purification onboard the Interna
tional Space Station (ISS), in homes, or onboard air-
planes or ocean vessels where space is a concern. The
sensing capability will result in efficient and optimized
usage of energy, with minimum extraction of natura

resources, and will prove to be beneficia to systems
where energy sources are limited.

Themixed smart particles (photocata ytic active par-
ticles plus sensing particles) will offer a novel way of
sensing and monitoring the environment. The modular
concept involving a sensing module and a photocata-
lytic module being united in one smart particle also will
open novel opportunities for sensing and monitoring. If
themodular concept (either in smart mixturesor in smart
particles) is successful, therewill be ahuge new field of
applications. The modular concept would alow an ex-
change of sensing units as needed. Sensing modulesare
exchangeable and thus can be very specific in design
towardsamol ecule/organism (bacterialvirug/protein) or
any other matter ranging in size from 5 nm to 300 nm.

In addition and perhaps most importantly, the de-
struction of pollutantsis environmentally benign, focus-
ing on solving the problem rather than transferring one
pollution form for another. For example, in groundwater
remediation, several implemented technologies transfer
awater pollution problem into an air pollution problem
(e.g., activated carbon adsorption and regeneration).
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Section 3. Remediation

Remediation - Technologies to effectively remediate environmental pollutants.

Cost-effective remediation techniques aso pose a major chalenge for the EPA in the development of adequate
remedial techniquesthat protect the public and safeguard the environment. EPA supports research that addresses new
remediation approaches that are more effective in removing contamination in a more cost-effective manner than
currently available techniques. Substances of significant concern in remediation of soils, sediment, and groundwater,
both because of their cancer and non-cancer hazards, include heavy metals (e.g., mercury, lead, cadmium) and
organic compounds (e.g., benzene, chlorinated solvents, creosote, toluene). Reducing releases to the air and water,
providing safe drinking water, and reducing quantities and exposure to hazardous wastes also are areas of interest.
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Membrane-Based Nanostructured Metals for Reductive
Degradation of Hazardous Organics at Room Temperature

Dibakar Bhattacharyya®, Leonidas G. Bachas', and Sephen M. C. Ritchie?
University of Kentucky, Lexington, KY; 2University of Alabama, Tuscaloosa, AL

Abstract

The overdl objective of this project is the develop-
ment and fundamenta understanding of reductive dechlo-
rination of selected classes of hazardous organics by im-
mobilized nanosized metd particles(singleand bimetalic
systems) in ordered membrane domains. This integrated
research will examine nanoparticle synthesis in a mem-
brane domain, the role of metd surface area and surface
sites, the potentia role of ordered nanometal domainsin
membranes, membrane partitioning, and reaction kinetics
with the main emphasis on obtaining highly enhanced
dechlorination rates and selectivity from dilute aqueous
solutions. The overall hypothesis to be tested is that
nanosized (< 50 nm) zero-valent meta domains can be
created in an ordered membrane matrix by the use of
nove, polypeptide-based biomoleculeswith helix-cail form-
ing ability or by di-block copolymers. The specific objec-
tives are hypothesis based and will lead to greater insight
into hazardousorgani csdechl orination by providingahighly
flexible membrane platform containing nanosized metals.
Some of the main hypotheses to be tested include: use of
polyfunctional metal binding ligands (such as polyamino
acids[PAA]) will lead to high loadings of nanosi zed reac-
tive metalsin ordered membrane domains, PAA’s proven
helix-forming ability will lead to ordered zero-vaent meta
entrapment for potential dechlorination sdectivity; dissolved
metals (a consequence of dechlorination reactions) can
be recaptured in these membranes and thus reused; use of
block copolymers will lead to the development of very
smal size and mono-disperse nanoparticles; and mem-
brane partitioning of chlorinated organicswill lead to high
reaction rates and selectivity.

Theapproachfor thisproject isto examineimmobilized
nanosiructured metals for dechlorination of hazardous or-
ganics. The uniqueness of the project isthet, in contrast to
literature reported data, membrane partitioning and in situ
synthesis of nanoparticles in a membrane phase will pro-

vide highly enhanced dechlorination rates (200 to 1,000-
fold) and sdlectivity. This project will establish the role of
selected nanoscale particles (Fe, Zn, Pd, selected bimetalic
systems) in membrane platforms, rate of dehaogenation
reactions, and sdectivity for theformation of particular rate-
controlling intermediates, and determine the effects of
nanoparticle surface arealchemistry and membrane parti-
tioning. Significant effortswill beplaced onthedegradation
of TCE to its intermediates, as well as the degradation of
selected chlorinated arométics. The specific organic degra:
dationstudiesindilutesolutionswill indlude: TCE andinter-
mediatessuch ascis-and trans-DCE (with Feand Zn), mono-
/dichlorophenal (bimetalic systems), and 1,2 dichloro- and
1,24 trichlorobenzenes (M° - Pd nanoparticles). Because
the reductive dechlorination results (in metd particle dis-
persed solution phase) of some of these compounds are
available, direct quantitative comparisons of these mem-
brane-based nanometa systems would be possible.

The development of the proposed membrane-based
nanostructured metas synthesis for reductive dechlorina-
tion of varioushazardousorganicswill provideanove tech-
nique for the rgpid and sdlective degradation of hazardous
organics a room temperature. The development of this
technology will have a sgnificant impact on the role of
nanostructured materiasin the environmental field for cur-
rent and future needs. The fundamentaly new technique
for creating environmentally applicable nanoparticlesinan
ordered fashion by immohilization in a membrane matrix
provides a versdtile platform to address diverse needs in
bothindustria manufacturing and remediation. Kineticmod-
eling and corrdations with molecular descriptors should
establish an excdlent foundation for fundamental under-
standing of nanotechnology-based reaction systems. The
additiond benefits of this work will lead to reduction of
materials usage and miniaturization of dechlorination reac-
tor systems by more efficient use of metals and selectivity.
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Membrane-Based Nanostructured Metals for Reductive
Degradation of Hazardous Organics at Room Temperature

Dibakar Bhattacharyya
University of Kentucky, Lexington, KY

Environmental Benefits

Many chlorinated organics aretoxic, even at low con-
centrations, and exert a cumulative, deleterious effect on
receiving streams. Chlorinated aromatics and aiphatics
represent a class of commercialy important, but particu-
larly toxic, chemicals that enter the environment from
manufacturing operations and user applications. Reduc-
tivedechlorination of organicsby variousbulk metals(par-
ticularly Fe) in aqueous phase has been well documented.
This research project involving nanostructured metals
immobilized in membrane phase is expected to have Sg-
nificant positive impact on pollution remediation through
compact and flexible dechlorination technology develop-
ment with high reaction rates at room temperature, Sg-
nificant reduction of metals usage, waste minimization
through possiblerecovery of nonchlorinated products(i.e.,
ethylene from TCE), and improvement in water quality.
The use of nontoxic, polypeptide-based membrane as-
semblies to creste nano-sized metd domains has signifi-
cant environmental importance.

Although nanoparticles possess several advantages
(i.e., high surface areaand surface energy), sustainability
requires particle immobilization to avoid particle loss,
agglomeration, and broad size distribution. The funda-
mentally new technique—creating environmentally ap-
plicable nanoparticlesin an ordered fashion by immobili-

zation in amembrane matrix—provides aversatile plat-
form to address diverse needs in both industrial manu-
facturing and remediation. The benefits of thiswork will
lead to areduction of material s usage and miniaturization
of dechlorination reactor systemsthrough more efficient
use of metalsand selectivity. Selective sorption of model
organics and their intermediates should minimize com-
peting reactions with natural hydrophilic solution com-
ponents (e.g., nitrate reaction with zero-vaent metals).
Another benefit includes simultaneous organic dechlori-
nation and recapture of reacted metals (as aconsequence
of dechlorination) by polypeptide acid groupsin acom-
posite material. Thus, higher value metals providing en-
hanced selectivity could be incorporated, thereby mak-
ing the process environmental ly sustainable.
Thedischarge and leaching (from contaminated soil)
of chlorinated organic pollutants to various surface and
groundwater isan areaof considerable concernin terms
of degradation of water quality. Chlorinated organicsand
many pesticides/herbicides aretoxic to aquatic life, even
at low concentrations, and exert a cumulative, deleteri-
ous effect on receiving streams. Thus, research dealing
with highly improved reductive dechl orination techniques
should lead to substantial improvement in environmental

quality.
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Dendritic Nanoscale Chelating Agents: Synthesis, Characterization,
Molecular Modeling and Environmental Applications

Mamadou S. Diallo*®, Lajos Balogh?, William A. Goddard 112, and James H. Johnson, Jr.

Howard University, Washington, DC; ?The University of Michigan, Ann Arbor, MI; *California | nstitute of
Technology, Pasadena, CA

Abstract

Dendrimers are monodisperse and highly branched
nanostructures with controlled composition and archi-
tecture. Poly(amidoamine) (PAMAM) dendrimers pos-
sess functional nitrogen and amide groups arranged in
regular “branched upon branched” patterns. This high
density of nitrogen ligands enclosed within a nanoscale
container makesPAMAM dendrimersparticularly attrac-
tive as high capacity chelating agents for toxic metal
ions [Cu(I1)], electron transfer mediators [Fe(l1)], re-
dox active metd clusters[FeS], and metal clusters with
catalytic properties [Pt (I1)]. PAMAM dendrimers also
can befunctionaized with surface groupsthat make them
soluble in appropriate media or bind onto appropriate
surfaces. This project explores the fundamental science
of metal ion uptake by PAMAM dendrimers in agueous
solutions and assesses the extent to which this funda-
mental knowledge can be used to develop: (1) high ca
pacity and reusable chelating agents for industrial and
environmental separations, and (2) FeSladen nanoparticles
with enhanced reactivity, selectivity, and longevity for
reductive detoxification of perchloroethylene (PCE) in
aqueous solutions and subsurface formations.

To achievethese objectives, anintegrated project will
be used that combines: (1) materials synthesisand char-
acterization; (2) bench-scale measurements of metal ion
[Cu(ll), Fe(ll), Co(11), Ni(ll), Cd(11), and Ag(1)] uptake
by PAMAM dendrimersin aqueous solutions; (3) x-ray
absorption spectroscopic (XAS) investigations of metal
ion-PAMAM dendrimer complexesin agueoussolutions;
(4) bench-scale measurements and spectroscopic inves-
tigations of the reduction of PCE by water soluble FeS-
PAMAM dendrimer nanocomposites and solid particles
coated with FeS-PAMAM dendrimer nanocomposites,
and (5) molecular modeling of (&) metal ion uptake by
PAMAM dendrimersin aqueous solutions and (b) PCE
reductive dechlorination by FeS clusters.

The successful completion of this research is ex-
pected to result in: (1) more effective functional materi-
als for recovering precious metal ions [e.g., Ag(l)] and
toxic metal ions [e.g., Cu(l1)] from industrial wastewa:
ter solutions by low cost membrane-based processes
[e.g., ultrafiltration]; and (2) more effective reactive me-
diafor reductive detoxification of PCE in agueous solu-
tions and subsurface formations.
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Dendritic Nanoscale Chelating Agents: Synthesis, Characterization,
Molecular Modeling and Environmental Applications

Mamadou S. Diallo*®, Lajos Balogh?, William A. Goddard 113, and James H. Johnson, Jr.

Howard University, Washington DC; 2University of Michigan, Ann Arbor, MI;
California I ngtitute of Technology, Pasadena, CA

Environmental Benefits

Dendrimers are monodisperse and highly branched
nanostructures with controlled composition and archi-
tecture. Poly(amidoamine) (PAMAM) dendrimers pos-
sess functional nitrogen and amide groups arranged in
regular “branched upon branched” patterns as a func-
tion of generation level (see Figure 1).

Thishighdensity of nitrogen ligandsenclosed withina
nanoscale container makes PAMAM dendrimers particu-
larly attractive as high capacity chelating agents for toxic
metal ions [Cu(ll)], eectron transfer mediators [Fe(I1)],
redox active metal clusters[FeS], and meta clusterswith
catalytic properties [Pt (I1)]. PAMAM dendrimers also
can be functionaized with surface groups that make them
solublein appropriate mediaor bind onto appropriate sur-
faces. This project explores the fundamental science of
metal ion uptakeby PAMAM dendrimersin agueous solu-
tions and assesses the extent to which this fundamental
knowledge can be used to develop: (1) high capacity and
reusable chelating agentsfor industrial and environmental
separations; and (2) redox active Fe laden nanoparticles
for environmenta detoxification.

Although macrocylesandtheir “ openchain” analogues
(unidentate and polydentate ligands) have been shownto
form stable complexeswith avariety of metal ions, their
limited binding capacity (i.e., 1.1 complexesin most cases)
isamajor impediment to their utilization ashigh capacity
chelating agents for industrial and environmental sep-
arations. Their relatively low molecular weightsalso pre-
clude their effective recovery from solutions by low-
cost membrane-based techniques (e.g., ultrafiltration).
During Phase | of this project, dendrimers are being
evaluated as high capacity chelating agentsfor transition

metal ions in aqueous solutions. Our research shows
that, in aqueous solutions, PAMAM dendrimerscan serve
as high capacity chelating agents for avariety of trans-
tion meta ions, including Cu(ll), Fe(ll), and Ag(l).

A variety of organic and inorganic pollutants are not
easily degraded to less toxic compounds in oxic envi-
ronments. These include chlorinated akenes (e.g., per-
chloroethylene [PCE]), poly(nitroaromatics) (e.g., 2, 4,
6-trinitrotoluene[ TNT]), and Cr(V1). Most of these com-
pounds may, however, undergo rapid reductive trans-
formationstolesstoxic productsin anoxic environments.
Reactive media such as Fe(0) and FeSthat promote such
transformationsunder reducing conditionsare being used
increasingly as functional materials to develop in situ
permeabl e reactive barriers (PRB) and packed bed reac-
tors for remediation of groundwater and surface water.
Dendritic nanoscale chelating agents provide unprec-
edented opportunitiesfor synthesizing high surfeceareametd-
laden nanoparticles by reactive encgpsulation (sse Figure 2).

Phase Il of this project will synthesize and character-
izewater-soluble and solid supported FeSladen dendrimer
nanocomposites (DNCs) with tunableredox activity. The
ability of these nanoparticles to reduce PCE in agueous
solutionswill be evaluated. The successful completion of
this research is expected to result in: (1) more effective
functional materials for recovering or removing precious
metal ions[e.g., Ag (1)] or toxic metd ions[e.g., Cu (I1)]
from industrial wastewater solutions by low-cost, mem-
brane-based processes (e.g., ultr&filtration); and (2) more
effective reactive media for reductive detoxification of
chlorinated compounds (e.g., PCE) in aqueous solutions
and subsurface formations.
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Figure 1. Structures of PAMAM dendrimers with ethylene diamine core and terminal NH, groups.
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Figure 2. Synthesis of dendrimer nanocomposites by reactive encapsulation.
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Photochemical Reactivity of Ferritin for Cr(VI) Reduction

Daniel R. Srongin?, Ivan Kimt, Hazel-Ann Hosein!, Trevor Douglas’,
and Martin A. A. Schoonen?®

Temple University, Philadelphia; 2Montana Sate University, Bozeman, MT;
3Sate University of New York-Sony Brook, Sony Brook, NY

Abstract

Ferritin, which is an iron storage protein, was used
to catalyze the photo-reduction of agueous Cr(V1) spe-
ciesto Cr(I11). Ferritinisa 24 subunit protein of roughly
spherical shape with outer and inner diameters of ap-
proximately 12 and 8 nm, respectively. The native min-
eral coreof ferritinistheferric oxyhydroxideferrihydrite
[Fe(O)OH]. Fe(O)OH particles, which ranged from 5 to
7.5 nmin diameter, were used in the experiments. Under
the experimental conditions, the ferritin protein without
the Fe(O)OH core (i.e., apoferritin) was inactive toward

Cr(V1) reduction, suggesting that the Fe(O)OH provided
the active catalytic Stes in the redox chemistry. Experi-
ments using photon band-pass filters suggested that the
reaction occurred out of a photo induced e ectron-hole
pair and the optica band gap for the Fe(O)OH semicon-
ductor was determined to bein therange of 2.5t0 3.5¢€V.
Comparison of ferritin and protein-free Fe(O)OH minera
nanoparticlesindicated that ferritin provided a photocata-
lyst with significantly morestability to aggregation and the
loss of catalytic activity.
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Photochemical Reactivity of Ferritin for Cr(VI) Reduction

Daniel R. Strongin
Department of Chemistry, Temple University, Philadelphia, PA

Environmental Benefits

This research project is a multidisciplinary effort to
develop a firm understanding of the properties of nano-
sized meta oxide compounds within the protein shell (or
cage) of the iron storage protein, ferritin (spherical with a
120 D diameter) (see Figure 1). These systems are unex-
plored in terms of their potentia use in remediation pro-
cesses or asamethod for synthesis of nanoscale particles
of metal compounds. The entire system, consisting of the
inorganic core material and protein shell, provides oppor-
tunities to develop new cataysts for beneficial environ-
mental chemistry by manipulating the composition and
size of the core material, as well as chemically func-
tionalizing the surrounding protein shell.

The proposed bioengineering approach will investi-
gate the reactivity of avariety of metal oxides, such as
Fe(O)OH, Co(O)OH, and Mn(O)OH with variable nano-
dimensions that may have great potential benefits to
chemical and photochemical remediation schemes (see
Figure 1). Both the thermal chemistry and photochemis-
try of the particles toward the degradation of aromatics
and chlorocarbons, as well as the particles redox chem-
istry, will be probed. These materialsare ubiquitous com-
ponents of soils, aguatic systems, and related environ-
ments, and have found uses in remediation strategies,
but not at the nanoscale. Furthermore, results demon-
strate the ability to reducethe metal oxide coreof ferritin
to yield nano-sized zero valent metal particles. Hence,
our bioengineering approach yields a synthetic route to
well-defined nano-metal particles for environmental
chemistry. At least one prior impediment to fully investi-
gating and ultimately testing the utility of nano-struc-
tures has been the difficulty that their preparation and
stabilization presents. Our bioengineering approach ad-
dresses and hel ps circumvent these difficultiesin an en-
vironmentally benign and biodegradable system. Thelow
band gap energy of most Fe(l1l) bearing iron oxides
allows them to harness a significant amount of the solar
spectrum to carry out photochemical processes. Because
of their attractive semiconductor propertiesand low cost,
iron oxides have been investigated as photocatalysts for

thedegradetion of environmenta toxins(e.g., chlorocarbons
and metas). Their potentid use, however, is limited; they
undergo photoreduction (i.e., conversion of Fe(l1l) to
Fe(I1)), resultinginthe deterioration of thecataytic particle.
This research encapsul ates the nano-catalyst in apro-
tein cagethat stabilizestheiron oxide againgt photoreduc-
tion. Because ferritin is engineered by nature to convert
Fe(ll) to Fe(lll, it is hypothesized that any Fe(ll) pro-
duced by photoreduction will be rapidly converted back
to Fe(I11) in the presence of O,. This stabilization by the
protein shell will be a sgnificant advantage over, for ex-
ample, a freestanding iron oxide particle photocatalyst.
Although the protein cage stabilizes the core, its presence
still alowstheiron oxide coreto drive important environ-
mental chemistry. Our laboratory has demonstrated, for
example, that photoexcited ferritin mediates the rapid re-
duction of toxic Cr(V1) to the immobile Cr(l11) species.
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Figure 1. A schematic of the synthetic routes to
different nanoparticles. A variety of other
oxides can be assembled within the
protein cage of ferritin (cross-sectiona
view shown).
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Nanoscale Bimetallic Particles for In Situ Remediation

Wei-xian Zhang
Lehigh University, Bethlehem, PA

Abstract

Nanoscale bimetallic (Fe/Pd, 99.9% Fe) particlesare
among the vanguard of anew generation of remediation
technologies that could provide cost-effective remedia
solutionsto someof themost difficult sites. Nanoparticles
feature large surface areas and extremely high surface
reectivity. Equally important, they provideenormousflex-
ibility forinsitu remedia applications. The primary goal
of thisresearch isto continue the research and devel op-
ment of the nanoscale bimetallic particle technology for
insitu remediation.

Severa key technical issues of the nanoscale bime-
tallic particle technology will be investigated—the most
important being the optimization and scaleup of the syn-
thesis processes. A system will be built with the capacity
to synthesize 500 to 1,000 grams of nanoparticles per
day. Themajor experimental tasksinclude: (1) synthesis
of various nanoscale particles (Fe/Pd, Fe/Ag, Fe/Ni, Fe/
Co, Fe/Cu, etc.); (2) feasibility studies (batch and col-
umn) of treatment of perchlorate (CIO,’) and chromium
(Cr(VI)) with various nanoparticles; (3) batch and col-
umn studies of treatment of mixed wastes, including
organic solvents and heavy metals; and (4) modeling

and column studies of injection, transport, and reactions
of nanoparticles in porous media.

The complete reduction of agueous perchlorate to
chloride by nanoscaeiron particles over awide concen-
tration range (1-200 mg/L) has been observed. The re-
action istemperature sensitive as evidenced by progres-
sively increasing rate constant values of 0.013, 0.10,
and 1.52 mg perchlorate per g iron per hour, respec-
tively, at temperatures of 25 °C, 40 °C, and 75 °C. The
large activation energy of 79.02 £ 7.75 kJ/mole partially
explains the stability of perchlorate in water. Iron
nanoparticlesmay represent afeasibleremediation ater-
native for perchlorate-contaminated groundwaters, an
environmental concern of growingimportance. Inamore
general sense, the results illustrate the profound impact
of particle size in surface mediated reactions.

The results of this research will provide insight and
information that are essential for: (1) cost-effective pro-
duction of the nanoparticlesin large quantity; (2) poten-
tia gpplicationsof thenanoparticlesfor insituremediation;
and (3) education of studentsin environmental nanotech-
nologies.

50 The Office of Research and Development’s National Center for Environmental Research



Nanotechnology and the Environment: Applications and Implications STAR Progress Review Workshop

Nanoscale Bimetallic Particles for In Situ Remediation

Wei-xian Zhang
Lehigh University, Bethlehem, PA

Environmental Benefits

Nanoscale bimetallic (Fe/Pd, 99.9% Fe) particlesare
among the vanguard of anew generation of remediation
technologies that could provide cost-effective remedia
solutionsto someof themost difficult sites. Nanoparticles
feature large surface areas and extremely high surface
reectivity. Equally important, they provideenormousflex-
ibility forinsitu remedia applications. The primary goa
of thisresearch isto continue the research and devel op-
ment of the nanoscale bimetallic particle technology for
insitu remediation.

Severa key technical issues of the nanoscale bi-
metallic particle technology will be investigated, the
most important being the optimization and scaleup
of the synthesis processes. A system will be built with
the capacity to synthesize 500-1,000 grams of
nanoparticlesper day. Major experimental tasksinclude:
(1) synthesis of various nanoscale particles (Fe/Pd, Fe/
Ag, Fe/Ni, Fe/Co, Fe/Cu etc); (2) feasibility studies
(batch and column) of treatment of perchlorate (CIO,)
and chromium (Cr[VI]) with various nanoparticles,
(3) batch and column studies of treatment of mixed
wastes, including organic solvents and heavy met-
als; and (4) modeling and column studies of injec-
tion, transport, and reactions of nanoparticlesin po-
rous media.

The complete reduction of agueous perchlorate to
chloride by nanoscale iron particles over awide concen-
tration range (1-200 mg/L) has been observed. The reac-
tionistemperature sensitive asevidenced by progressively
increasing rate constant values of 0.013, 0.10, and 1.52
mg perchlorate per g iron per hour, respectively, a tem-
peratures of 25 °C, 40 °C, and 75 °C. Thelarge activation
energy of 79.02 £ 7.75 kJmole partidly explainsthe sta-

bility of perchlorate in water. Iron nanoparticles may rep-
resent a feasible remediation dternative for perchlorate-
contaminated groundwaters, an environmental concern
of growing importance. In a more genera sense, the re-
aultsillustrate the profound impact of particle szein sur-
face-mediated reactions.

It is apparent that nanotechnol ogy—the science and
art of manipulating matter at the atomic and molecular
level—hasthe potential to substantially enhanceenviron-
mental quality and sustainability through pollution pre-
vention, trestment, and remediation. Potential benefits
include improved detection and sensing techniques, re-
moval of the finest contaminants from air, water, and
soil, and the discovery of new “green” industria pro-
cesses that reduce waste products.

Thisresearch assessesthe environmental implications
of nanotechnology with emphasis on research and devel-
opment of new nanotechnologies for treatment and
remediation. Theresultsof thisresearchwill providevau-
able information that is essentid for: (1) codt-effective
production of the nanoparticles in large quantity;
(2) applications of the nanoparticles for in situ remedia-
tion; and (3) education of studentsin environmental nano-
technologies.

It isexpected that results obtained from this research
will provideinsightsinto the potential environmental fate
and transport of environmental nanoparticles. Itislargely
unknown how nanostructured materials and other re-
lated nanotechnologies might affect human health and
interact with the environment. Theeventual proliferation
and use of nanotechnology could cause unintended con-
sequences such as the creation of new classes of toxins
or related environmental hazards.
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Section 4. Other Areas

Other Areas - Technologies to devel op new processes and better understand existing ones.

Nanotechnology has the potentia to be used to develop new “green” processing technologies that minimize or
eliminate the use of toxic materials and the generation of undesirable by-products and effluents. Research may
involve nanotechnology related to improved industrial processes and starting materia requirements, devel opment of
new chemical and industrial procedures, and materials to replace current hazardous constituents and processes,
resulting in reductions in energy, materials, and waste generation. This research could focus on the chemical,
electronic, or other sectors of the economy.

Potential examples of types of nanotechnology research that may lead to reduction or elimination of pollutants of
concern include atomic-level synthesis of new and improved catalysts for industrial processes; adding information
into molecules (analogous to DNA) that build new molecules; self-assembling molecules as the foundation for new
chemicals and materials; and building molecules “just in time” in microscale reactors.

EPA asoisinterested in furthering the scientific understanding of the microphysical phenomenaof aerosol particles.
This will provide better data for models used in atmospheric and stratospheric particle concentration predictions.
Such understanding will lead to protection of human health in terms of providing mechanisms for minimizing respi-
ratory health effects, as well as providing protection from stratospheric ozone depletion that results from particle
deposition on cloud condensation nuclel (CCN).
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Plasmon Sensitized TiO, Nanoparticles as a Novel
Photocatalyst for Solar Applications

George Chumanov
Clemson University, Clemson, SC

Abstract

Efficient conversion of sunlight into electrica and/or
chemica energy is of great technologica importance for
modern society and future generations. One possibility
for utilization of solar energy is based on the ability of
small semiconductor particlestofunction asphotocatalysts
promoting various oxidation and reduction reactions un-
der sunlight. Titanium dioxide (TiO,) isthe most promis-
ing material for such applicationsbecauseitisan efficient,
environmentally friendly, and relatively inexpensive pho-
tocatalyst. However, widetechnol ogical usageof thispho-
tocatalyst islargely hindered because ultraviol et light does
not congtitute a significant fraction of the solar spectrum
that is required for its activation. Any improvement of
photocatalytic efficiency of TiO, by shifting its optical
responsefrom UV to thevisible spectrd rangewill havea
profoundly positive effect. The main objective of the pro-
posed research is to synthesize and test a novel photo-
catayst that consists of smal silver or gold nanoparticles
coveredwithathin TiO, shell. Silver and gold nanoparticles
are very efficient systems for the interaction with visble
light due to the excitation of plasmon resonances. It is
expected that, due to the coupling of plasmon resonances
in the core with the eectron-hole pair generation in the
shell, these hybrid Ag/Au TiO, nanoparticles will exhibit
photocatalytic activity inthevisiblespectral range, thereby
moreefficiently utilizing solar energy.

Coating of silver and gold nanoparticles of different
sizes with TiO, layers of various thickness will be ac-

complished by sol-gel chemical reactions. High tempera-
ture calcination and hydrothermal treatment will be used
to convert amorphous TiO, layersinto the anatase form.
Other hybrid nanoparticlesincludeopen TiO, shell around
metal cores, hollow TiO, nanoparticles, and Ag/AU@TiO,
particles with small RuO, and Pt clusters attached to
their surface. All particles will be characterized by UV-
Visabsorption, luminescence and Raman scattering spec-
troscopy, electron and scanning tunneling microscopy,
and x-ray diffraction. The photocataytic activity of hy-
brid nanoparticleswill be assessed in model experiments
using photoreduction of methylviologen and photocate-
lytic degradation of 4-chlorophenal.

Ag/AU@TIO, particles represent anew system with
unknown chemical and physical properties.These
nanoparticleswill exhibit enhanced photocatal ytic activ-
ity as compared to TiO, conventional catalyst. This new
materia will have positiveimpact on the devel opment of
new solar based technol ogiesincluding (photo)remediation
of environmental pollutants, photovoltaic cells, photo-
chemical splitting of water, and artificia photosynthesis.
The synthetic approaches devel oped for the preparation
of A/Au@TiO, hybrid nanoparticles particles can be
extended to include other metals and semiconductors.
The proposed research will answer thefundamental ques-
tion about the possihility of utilization of energy storedin
the form of plasmon resonances in metal nanoparticles
to carry different chemical reactions.
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Plasmon Sensitized TiO, Nanoparticles as a Novel
Photocatalyst for Solar Applications

George Chumanov
Clemson University, Clemson, SC

Environmental Benefits

Efficient conversion of sunlight into electrica and/or
chemica energy is of great technologica importance for
modern society and future generations. Intensive research
in thisfield in recent decades resulted in the fundamental
understanding of principles that govern photochemical
reactions. This knowledge provides a strong foundation
for the development of an artificial photosynthetic system
of practicd significance. One atractive possibility is to
usethe photoinduced heterogeneouse ectron transfer from
small semiconductor particlesto drive different oxidation
and reduction reactions. Titanium dioxide (TiO,) is con-
sidered the most technologicaly promising materia for
these gpplicationsbecauseitisan environmentaly friendly,
relatively inexpensive, and potentially efficient photocata-
lyst. However, the photocatalytic activity of TiO, requires
the sengitization with ultraviolet radiation that comprises
only asmal portion of the solar spectrum; thereby limiting
the solar efficiency of this materia.

The main objective of this proposed research is to
develop anovel hybrid photocatalyst that consists of sil-
ver or gold nanoparticles encapsulated into TiO, shell
(Ag/AU@TIO,). Silver and gold nanoparticles are very
efficient systems for capturing energy from the visible
portion of the spectrum due to the excitation of plasmon
resonances. Thus, thehybrid Ag/Au@TiO, nanoparticles
will utilize solar energy for photochemical reactionsmore
efficiently than bare TiO,.

It is expected that the development of thisnovel photo-
caadys will have apositive impact on the advancement of
new, solar-based, environmentaly friendly technol ogies. For
example: (1) The hybrid photocatalysts will be used for
photochemica destruction of the environmenta pollutants,
polychlorinated phenols. Photooxidation of these pollutants
using bare TiO, particleswas successfully accomplishedin
the field under solar illumination. However, low solar effi-
ciency of these photocatdysts limits its wide practica ap-
plication. (2) Based on AG/AU@TiO, nanoparticles, more
procedureswill bedevel oped for photoremediation of awide
range of organic and inorganic pollutants such as in the

remova of heavy metas in purification of water by sun-
induced photoreduction processes. (3) This hybrid photo-
catayst can be used for producing oxygen and hydrogen
from water using solar energy. It isdifficult to overempha
szetheimportance of hydrogen-powered technologiesfor
the future. A vivid example is hydrogen-powered cars, an
area of Research & Development, in which governments
and the private sector around the world put a great dedl of
effort and resources. (4) AQAU@TIO, hybrid nanoparticles
have a potentid for the photovoltaic devices capable of di-
rect converson of solar energy into ectricity. Devices us-
ing TiO, nanopartidessentized with organic chromophores
dready have proven to be very efficient for photovoltaics.
However, their lifetime and durability is limited by
photobleaching of organic moleculesunder prolonged solar
irradiation. This problem is expected to be eradicated for
AJ/AU@TIO, nanoparticles in which the inorganic metal
core functions as a light-capturing chromophoric species.
(O AgAU@TIO, nanoparticlesrepresent new systemswith
unknown chemica and physica properties. Further explo-
ration of these materids may result in novel gpplication
in other areas such as photonics and microelectronics.
(6) The synthetic gpproaches devel oped for the preparation
of AQAU@TIO, hybrid nanoparticles can be extended to
include other metals and semiconductors. Other hybrid/
semiconductor nanoparticles dso may find gpplicationsin
variousenvironmentaly friendly, photochemica , solar tech-
nologies. The development of AQ/AU@TIO, nanoparticles
sgnifiesanew fiddinmaterid sciencewith wide possihili-
ties for practica developments. (7) Findly, this proposed
study addresses the fundamenta question abouit utilization
of opticd energy stored in the form of plasmon resonance
for carrying various chemicd reections.

In summary, the potentid impact of this research re-
latesto the advancement of currently existing technologies
and the development of new solar technologies, including
photoremediation of environmental pollutants, direct con-
version of solar energy into eectricity in photovoltaic de-
vices, and splitting water to oxygen and hydrogen.
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Development of Nanocrystalline Zeolite Materials
as Environmental Catalysts: From Environmentally
Benign Synthesis to Emission Abatement

Sarah C. Larsen and Vicki H. Grassian
University of lowa, | owa City, | A

Abstract

This proposa describes the devel opment of nanom-
eter-sized zeolites and zeolite nanostructures as environ-
mental catalysts. Zeolites, which are widely used in ap-
plicationsin separationsand catalysis, arealuminosilicate
molecular sieves with pores of molecular dimensions.
The crystd size of zeolites formed during conventiona
synthesis range in size from 1,000 to 10,000 nm. How-
ever, for some applications it would be advantageous to
employ much smaller nanometer-sized zeolite crystals,
in the range of 10 to 100 nm. Specific advantagesto be
gained by using zeolite nanostructures include facile ad-
sorption and desorption, the ability to form dense films
to facilitate separations applications, and optical trans-
parency. The proposed project has two hypotheses:
(2) the properties of zeolites with respect to reactant and
product diffusionand light scattering can be significantly
improved by using nanometer-sized zeolites and
nanostructures (fibers or thin films); (2) these zeolite
nanostructureswill be superior materialsfor applications
in heterogeneous environmentd catalyss.

To test the hypotheses, a two-pronged approach
based on the synthesis and application of nanozeolitesas
environmental catalysts, isenvisioned. The objectivesof

the proposed project are to: (1) synthesize and charac-
terize nanometer-sized zeolites (X, Y, ZSM-5, Beta) and
nanostructures (films, fibers); (2) determine the effec-
tiveness of nanometer-sized zeolites for applicationsin
environmentd catalysis, such asenvironmentally benign
selective oxidation reactions in cation-exchanged zeo-
lites, NO, emission abatement, and photocatalytic de-
composition of organic contaminants; and (3) investi-
gate intrazeolite reactions using in situ spectroscopic
methods, such as FTIR and solid state NMR spectros-
copy.

The development of nanozeolites for applicationsin
heterogeneous catalysis potentially can lead to solutions
of several important environmental problems. These
problems span from new methodol ogiesin environmen-
tally benign synthesis to new methodologiesin environ-
mental remediation. The results of these studies (e.g.,
therel ationship between the properties of the nanozeolites
and catalytic activity) are not limited to the reactions
studied here. The results should extend to other types of
catalytic reactions and should be important in other ap-
plications of environmental catalysis and environmen-
tally benign synthesis.
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Development of Nanocrystalline Zeolite Materials
as Environmental Catalysts: From Environmentally
Benign Synthesis to Emission Abatement

Sarah C. Larsen and Vicki H. Grassian
University of lowa, |owa City, | A

Environmental Benefits

Environmentd catayssinvolvesthe use of catayststo
solve environmenta problems, in areas such as emission
abatement and environmentaly benign synthesis. Many new
cadysts and catdytic processes have been developed to
meet the chalenges posed by environmental concerns. Re-
cently, zeolites have emerged asimportant materid sfor ap-
plicationsin environmenta cataysis. Zeolitesare dumino-
slicatemolecular Seveswith poresof molecular dimensons.
Zeolites can be synthesi zed with awide range of pore Szes
andtopologiesand are used in gpplicationssuch ascatayss
and chemica separations. Thecrystd sizeof zeolitesformed
during conventiona synthesis range from 1,000 to 10,000
nm. However, for some gpplications it would be advanta-
geousto employ much smdler nanometer-sized zeolitecrys
tals ranging from 10 to 100 nm. Specific advantagesto be
gained by using zeolite nanogtructures include facile ad-
sorption and desorption, the ability to form dense films to
facilitate separations applications and opticd transparency.
Severd goplications of nanometer-Szed zeolites to environ-
mentd catalyssare described in the paragraphs that follow.

The partid oxidation of hydrocarbonsissignificant to
the chemica industry because the products are used to
convert petroleum hydrocarbon feedstocks into chemi-
cas important in the polymer and petrochemica indus-
tries. Liquid phase air oxidations generdly are preferred
by thechemical industry because of the mild reaction con-
ditions. The conversons of the oxidation processes are
typicdly very low to maintain high selectivity. Thisisnec-
essary for the desired partid oxidation productsto be fur-
ther oxidized easily under typical reaction conditions. A
magjor motivation for the development of new oxidation
routes is the desire to achieve high sdlectivities a high
conversions. These factors, combined with the emphasis
on cleaner and safer processes, provide the context for
the proposed studies.

Thisapproach of thisproject to the partia oxidation of
hydrocarbons is to eliminate the use of organic solvents
through the use of gas phase reactants and products. A
clean, inexpensive oxidant, molecular oxygen is used in
these reactions. Thus, these reactions have the potential
to be green processes that use no solvents and minimal

energy with cataysts (i.e., zeolites) that have been usedin
industry for many years.

Light scattering by the zedlite isamgjor obgtacleto its
use as environmentaly benign photooxidation catadysts. In
previous photooxidation work, it was found that the yield
of photooxidation reactionsin zeolites strongly dependson
the thickness of the zeolite layer. The efficient use of light
energy in zeolites requires that light is able to propagate
through a long path of zeolite materia. However, zeolite
crystalites strongly scatter visible light due to their small
dimension. Thus, only athin photoreactive zoneisobtained
regardiess of the zeolite bed thickness. This project uses
coated opticd fibers, zeolite fibers, and hollow fibers to
increase the photoactive region of the zeolite sample.

The emission of NO, and N,O from stationary and
automotive sources, such as power plants and lean-
burn engines, is a magor environmental pollution issue.
NO, leads to the production of ground-level ozone and
acid rain, and N,O is a greenhouse gas. The cataytic re-
duction of nitrogen oxidesto N, is an important environ-
mental chalenge for scientists and engineers. Recently,
the selective cataytic reduction of NO, and N,O by hy-
drocarbons (SCR-HC) over transition-metal exchanged
zeolites, particularly in the presence of oxygen, has at-
tracted much interest for emission abatement gpplications
in stationary sources such as natural gas fueled power
plants. SCR-HC of NO, and N, O show promisefor gppli-
cations to lean-burn gasoline and diesel engines where
noble-metal three-way cataysts are not effective at re-
ducing NO, in the presence of excess oxygen. Another
aspect of these trangition meta-exchanged zeolites that
has been reported in the literature is the photocatalytic
activity for the direct decomposition of NO, and N,O and
the SCR-HC of NO,. The use of zeolite nanostructures
would provide some advantagessimilar to those discussed
for the oxidation reactions such as more efficient light
absorption, reactant diffusion, and increased surface area.
Coating transparent objects, such aswindows, with trans-
parent zeolite thin films may be an important application
for these materias. The zeolite thin film would then be
activated for NO, decomposition by sunlight.
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Thelast system to be investigated involves the photo-
cataytic oxidation (PCO) of volatile organic compounds
(VOCs). Photocatalysts, such as TiO,, can be used to
degrade a wide range of organic compounds found in
polluted water and air. Much of the research in the last
decade has focused on agueous solution photocataysis
for the decontamination and purification of water. How-
ever, gas phase heterogeneous photocatalysis can be an
effectiveway to remove undesirable organic contaminants
from air. TiO, photocatalysts are active at ambient tem-

peratures and pressuresin the presence of UV irradiation
and oxygen. Potentid applications include purifying en-
closed atmospheres such as those found in spacecrafts,
offices, industrial plants, and homes. Themgjor pollutants
in these applications are oxygenates and aromtics. TiO,
photo-cata ystshave been shownto oxidizetol uene, trichlo-
roethylene(TCE), methanol/ethanal, and anumber of other
organic compounds. The use of nanometer-sized zeolite
TiO, composites and nanometer-sized TiO, will beevalu-
ated for applicationsin environmental remediation.
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lon-Induced Nucleation of Atmospheric Aerosols

Peter H. McMurry*and Fred Eisel€?

'University of Minnesota, Minneapolis, MN; *Georgia Tech Research Corporation,
Atlanta, GA

Abstract

This project will study the role of ion-induced nucle-
ation as a mechanism for producing new nano-sized par-
ticlesintheamosphere. Thehypothesesarethat: (1) nucle-
ation processesin different locationsare driven by different
gas phase species and can be homogeneous and/or ion-
induced depending on time and locale; and (2) ion-induced
nucleation eventscan bedueto thegrowth of either positive
or negdive ions, and different gas phase species are re-
sponsible for bursts of intermediate and large positive and
negativeions. Theultimategod isto devel op experimentaly
verified models for the formation of ultrafine aamospheric
particles by nucleation.

This study will include both laboratory and field re-
search and will involve the measurement of ion mobility
spectra (nomina ion sizes 0.4 to 15 nm) and ion compo-
sition. lon composition will be measured by tandem mass
spectrometry, and will include measurementsof both posi-

tiveand negativeion compaosition during nucl eation events,
which hasnot previoudy been done. A microphysica model
to interpret the data will be developed. This model will
attempt to reconcile observed time-dependent trends in
ionmobility distributionsand aerosol chargedistributions.

Recent epidemiological research has suggested that,
on ameass basis, ultrafine particles can be more harmful
to human health than larger particles. Furthermore,
ultrafine particles formed by nucleation can grow into
cloud condensation nuclei that can impact on the earth’'s
radiation balance. This project complements other on-
going research in our laboratories that is focused on the
homogeneous nucleation by reactions of neutral mol-
ecules in the atmosphere. The results of this study will
be useful to modelers, who require experimentally veri-
fiedmodelsof microphysical processesto eva uate aerosol
climatic effects, human exposure, €tc.
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lon-Induced Nucleation of Atmospheric Aerosols

Peter H. McMurry
University of Minnesota, Minneapolis, MN

Environmental Benefits

It is necessary to understand nucleation to establish
the relationship between anthropogenic and biogenic
emissions and atmospheric aerosol effects, including
their effectson human health and global climate. Nucle-
ation, for example, can produce high concentrations of
very small particles, and recent toxicology research has
shown that a a given mass concentration, particles in
the 20 nm diameter range have a much greater impact
on the lung function of laboratory test animals than ap-
proximately 200 nm particles. Nucleated particles also
can grow into cloud condensation nuclei (CCN), and
can thereby affect precipitation patternsand albedo. Un-
derstanding such microphysical phenomenais essential
to develop valid modelsfor predicting atmospheric aero-
sol size distributions and the effects of aerosols on the
environment.

This research project focuses on measurements
pertinent to ion-induced nuclestion. Whether or not ion-
induced nucleation actually occurswill bedetermined, and
if 30, what species participate. Measurements of ion com-
position by mass spectrometry will provide the required
information on participating species, and measurements
of ion mobility spectrain the 0.5 to 5 nm diameter range
will provide quantitative information on rates at which
particles are formed by ion-induced nucleation.

With separate funding, the formation of new particles
by homogeneousnuclegtion (i.e., by thespontaneousnucle-
ationof low-vapor pressureneutral molecules) isbeing stud-
ied. Such homogeneous nucleation processes do not in-
volvethe participation of ions. Thework from thesestudies
will becombined to determinetherdativerolesof homoge-
neousandion-induced nucleationin different environments.
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Green Engineering of Dispersed Nanoparticles: Measuring
and Modeling Nanoparticle Forces

Darrell Velegol and Kristen Fichthorn
Pennsylvania State University, University Park, PA

Abstract

Nanotechnology will be critical to advancesin elec-
tronics, materials, medicine, and the environment. This
is due to their remarkable electronic, optical, magnetic,
and mechanica properties. However, asignificant limi-
tation of nanotechnology is the ability to produce bulk
quantities of dispersed particles. One possihility for dis-
persing nanoparticles, which have a high ares/lmass ra-
tio, is to use adsorbed polymer, oligomer, or surfactant
molecules, however, disposal of the enormous quantity
of additives would involve huge environmental and fi-
nancial stresses. The expected engineering breakthrough
of the proposed research isto identify whether solvation
or depletion forces can be manipulated to produce dis-
persed suspensions of “bare’ nanoparticles (i.e., with-
out adsorbed additives).

This research project will address two centra ques-
tions. (1) What are the magnitudes of the van der Waals,
solvation, and depletion forces for nanoparticle systems?,
and (2) What variablescanwecontrol to dter theseforces?

To obtain measurements that can answer these questions,
the experimental technique of “particleforce light scatter-
ing” isbeing developed. Thisis an experimental method
for measuring sub-piconewton nanoparticle forces. This
devel opment requires solutionsto the el ectrokinetic equa:
tionsand the devel opment of a Rayleigh scattering device
to measure aggregate breakup. The oral presentation will
emphasize: (1) how the e ectrokinetic theory has been ex-
tended to account for triplets, which will be used in the
forthcoming scattering experiments; and (2) the results
from the force measurements.

Theinterpretation of the measurementsis being con-
ducted using molecular dynamics(MD) simulations. MD
simulations are used to characterize the interaction be-
tween two model nanoparticles (Lennard-Jones Au sol-
ids) immersed in solvent (Lennard-Jones spheres, n-al-
kanes, and water). Initia resultscompare solvationforces
to van der Waals forces, showing that solvation forces
might indeed be used to stabilize particles.
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Green Engineering of Dispersed Nanoparticles: Measuring and
Modeling Nanoparticle Forces

Darrell Velegol
Pennsylvania State University, University Park, PA

Environmental Benefits

Nanotechnology will be critical to advancesin elec-
tronics, materials, medicine, and the environment. This
isinlargepart dueto their remarkableelectronic, optical,
magnetic, and mechanica properties. However, a Sg-
nificant limitation of nanotechnology istheability to pro-
duce bulk quantities of dispersed particles. One possibil-
ity for dispersing nanoparticles (which have ahigh area/
mass ratio) isto use adsorbed polymer, oligomer, or sur-
factant molecules, however, disposa of the enormous
quantity of additiveswould involve huge environmental
and financia stresses. The expected engineering bresk-
through of the proposed research is to identify whether
solvation or depletion forces can be manipulated to pro-
duce dispersed suspensions of “bare’ nanoparticles (i.e.,
without adsorbed additives).

The central scientific questions to be answered are:
What are the magnitudes of the van der Waals, solva
tion, and depletion forces for nanoparticle systems, and
what variables can we control to alter these forces? The
research will involve two primary components: (1) de-
velopment and use of “particle force light scattering”
(PFLS), an experimental method for measuring sub-

piconewton nanoparticle forces, and (2) use of molecu-
lar dynamics (MD) simulationsto predict theindividual
forces. Synergy isessentia tothisresearch: PFLSisthe
first technique capable of measuring the nanoparticle
forces, and M D enablestheinterpretation of exactly how
theforces are acting. Measured forces will be compared
with bulk stability and rheology measurements.

The expected engineering outcome of this research
is determining whether bare nanoparticles can be stabi-
lized by appropriately engineered solvation or depletion
force systems. A positive result will avert a huge waste
stream of additives that would otherwise be necessary
to stabilize nanoparticle systems. To achieve this out-
come, the following scientific objectives must be met:
(1) MD modeing will bedoneto delinestethe magnitude
of van der Waals, solvation, and depletion forces for
nanoparticles systems; the modeling will demonstrate
the pertinent variablesthat control theseforces. (2) PFLS
will be developed, and measurements of nanoparticle
forces between silica, titania, and barium titanate par-
ticlesin water will be performed. Results from the MD
modeling will be tested.
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Section 5. SBIR

BIR - Nanomaterials and Clean Technology.

EPA isinterested in research that applies the principles of nanotechnology to the areas of environmental monitoring and
pollution control with commercialization possibilities. Nanotechnol ogy isemerging asafield critical for enabling essentia
breakthroughsthat may havetremendouspotentia for affecting severa environmenta areas. Moreover, nanotechnologies
developed in the next severd years may well form the foundation of significant commercia platforms.

EPA’s SBIR interests include development of: nanoporous filters for removal of gaseous pollutants and particul ates
from contaminated air streams; nanofiltration membranes for organic solvent recovery; nanoparticulate catalysts for
utilization in VOC treatment devices; microelectromechanical (MEMS) systems for usein environmental analytica
and monitoring devices; nanolaminated pigments and coating free of hazardous metal contaminants; technology for
solvent-free production of nanosized high performance ceramic powders, and technology for the synthesis, assem-
bly, and processing of nanostructured materials and devices for environmental applications.
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Development of High Surface Area Material and Filter Media

Jayesh Doshi
eSpin Technologies, Inc., Chattanooga, TN

Abstract

The 21st Century has begun with the promise of
nanotechnol ogy, which isexpected to harnessnovel prop-
erties of materials and unique features of phenomena at
the nanometer scale. Thisislikely to lead to significant
breakthroughsthat will have major implicationsfor envi-
ronmental protection. Nanotechnologiesdevelopedinthe
coming years will form the foundation of significant
commercia platforms. This project focuses on provid-
ing afeasibility demonstration of producing nonwoven
webs of eectrospun nanofibers at a commercial scale
for specific environmental applications. The applications
targeted are those that require the use of webs such as
high surface area material or filtration media. These ap-
plications are well suited to address the problems of
adsorbing gaseous pollutants (where high surface area
of nanowebs is very attractive) or filtering particles
smaller than 3 microns from effluent gases or liquids
economically (where superior efficiency of nanowebs
in capturing submicron particles is very attractive). Al-
ternatively, such filterswill increase the particle-loading
capecity of the filters, or reduce the pressure drop for a
variety of filtration end uses.

Initialy, the nanofibers will be electrospun from a
solution of polyacrylonitrilein dimethylformamideinthe

form of a nonwoven mat. This mat will be further pro-
cessed to convert it into activated carbon fiber NanoFilter
media The web architecture will be tailored to achieve
thedesiredfilter performance and gasadsorption by vary-
ing fiber diameter, fiber orientation, fiber-packing frac-
tion within the nanoweb, activation level, and nanoweb
thickness.

This project will be carried out by eSpin Technolo-
gies—a small, high-technology startup company based
in Chattanooga, TN, that specializes in providing cus-
tom-made el ectrospun nanofibers—in collaborationwith
academic centers and major corporations. Together, this
group possesses the skills and facilities needed to suc-
cessfully conduct the work under this project.

At the end of the Phase | and Phase | efforts, eSpin
will have successfully devel oped nanofiber-based high
surface area NanoFilters made from activated carbon
for the remova of gaseous pollutants. With the active
collaboration of eSpin’s partners, these products will be
commerciaized in the United States and in the interna-
tional marketplace. Apart from providing technology lead-
ership to U.S. companies, the proposed effort also will
helpfulfill themission of theU.S. Environmental Protec-
tion Agency to improve the quality of air and water.
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Development of High Surface Area Material and Filter Media

Jayesh Doshi
eSpin Technologies, Inc., Chattanooga, TN

Environmental Benefits

eSpin’s nanofibers can be considered an “infra-
structural” technology spawning many potential indus-
tries and applications; therefore, the total health and
environmental benefit of the technology can be hard to
predict. However, some estimates can be offered based
on potential impacts of the technology in one example
application—air filtration.

\olatile organic compound (V OC) contamination and
general indoor air pollution are agrowing concern dueto
adverse effects on health and worker productivity, re-
sulting in a need for an effective means of VOC emis-
sion reduction and control to address phenomena such
as “sick building syndrome.” U.S. Environmental Pro-
tection Agency (EPA) studies of human exposure to air
pollutants indicate that indoor air levels of many pollut-
ants may be two to five times, and occasionally more
than 100 times, higher than outdoor levels.t According
to the EPA and other sources such as the National En-
ergy Management Institute, Indoor Air Quality (IAQ)
problems are on the rise and are causing hillions of dol-
larsinlost productivity and health care costs; this makes
| AQ oneof themost important environmental and health
concerns facing Americans today. Therefore, there is a
present and growing need for an effective meansof VOC
emission reduction and control. Government and end-
user guidelines are becoming more strict asthe costs for
noncompliance continue to grow (e.g., health, produc-
tivity, insurance, lawsuits, etc.), and governmental em-
phasison reducing peopl €' sexposure to indoor air pollu-
tionisrapidly mounting.

Fortunately, thereisan opportunity for activated car-
bon nanofiber technology to be incorporated into air fil-
tration equipment for enhanced VOC control. Indoor air
quality concerns continue to drive the air filter and air
cleaner markets. According to an EPA 1AQ fact shest,
improving thequality of indoor air environmentsislikely
to boost empl oyee moraleand worker productivity, mak-
ing |AQ controls an important component of operation,
maintenance, and energy conservation strategies.? Cost-
effectivetechnol ogiesare particularly needed for air clean-
ers with improved ability to remove carbon monoxide
and selected VOCs from indoor air systems, for which
conventional technology isinadequate.

Beyond theimmediateair filtration applications, there
also are many similar application possibilities in other
complementary industry sectorswhere pollutionand VOC
control are important. For example, most military bases
pose a threat to the environment where fuels, cleaning
solvents, and degreasers have seeped into the ground
due to past disposal practices, spills, or leaking storage
tanks. Municipal wastewater treatment plant effluents
pose serious hazards to populated communities. Leak-
age from landfills is another concern. eSpin’s technol-
ogy can have dramatic positive environmental impactsif
itisadopted and utilized effectively in solving these press-
ing problems.

Under EPA (SBIR) funding, eSpinhasproduced avery
high surface area activated carbon nanofiber with many
significant advantages. (1) Activated carbon nanofiber is
effective in absorbing toxic organic compounds from air.
(2) The technology has demonstrated its ability to cap-
ture particles in water filtration that are smaller than 3
microns. This implies a new benchmark in water filtra-
tion. Activated carbon nanofiber aso has shown high af-
finity for chlorinated compounds in water. (3) The inte-
gration of eSpin’s nanofibersinto filter products creates
impressiveimprovementsinfilter performance—beit par-
ticle capture levels, pressure drop, or filter longevity.
(4) The cost/benefit ratio of activated carbon nanofiber
versus conventional media is economically favorable.
(5) An appropriately optimized integrated filtration system
would offer many benefits and can be designed to occupy
asmdler overdl footprint wheningtaled. The compact de-
sgnandlong sarvicelife of thefilter modules should make
them idedl for many traditiona and new applications.

Activated carbon nanofiber membranes can provide
afiltration system applicable for micro to ultrafine par-
ticles in the 100-angstrom range. Such systems can be
used to remove carbon black, tobacco smoke, virus,
bacteria, pigments, and pyrogens from air and liquid
without contributing particle (broken fiber) or out-gas-
sing contamination.

Additionally, providing asmall improvement in pro-
cess yields and product performance over a wide range
of separation tasks will have alarge financial impact. A
platform technology is needed that can be routinely
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tailored to function under a wide range of conditions,
that isrobust, cost effective, reliable, and easily dissemi-
nated. eSpin Technologies has the potentia of fulfilling
all of these needs. The current high-value markets for
such filter media are ultraclean manufacturing rooms,
barriers for use in biotechnology, and medical/pharma-
ceutical_systems. Over the long term, new demands will
likely come from micro- and nano-machine markets

where separations will be needed to isolate and purify
these machinesin bulk quantities. The lower value, high-
volumemarketsincludefood, agriculture, paints, pigments,
coatings, chemicals, petroleum, automotive, aerospace,
environment, and water treatment. Ultimately, thiswill set
new performance standardsfor thefiltration process, with
obvious implications for a broad range of applications—
civil, industria, and governmental.

1 U.S. EPA, Office of Air and Radiation. Targeting indoor air pollution. U.S. EPA’s Approach and Progress.

http://www.epa.gov/iag/pubs/targetng.html.

2 EPA Web Site, http://www.epa.gov/iag/pubs/ventilat.html.
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Nanocomposite Anchored Plasticizers

AndrewMyers
TDA Research, Inc., Wheat Ridge, CO

Abstract

Plasticizers are small, often volatile molecules that
are added to hard, stiff plastics to make them softer and
moreflexible. Becausethey arenot directly bound to the
polymer chain, they can migrate to the surface and es-
capefrom the plasticized material. Many plasticizersare
toxic and they create a hedlth risk when they leach out.
Thisisaparticular problemfor polyvinyl chloride (PVC),
which often is used in toys for infants. Plasticizer loss
alsoleadsto brittleand unusable materials. A system that
immobilized the plasticizing agent within apolymer with-
out compromising other necessary physical properties
would find aready market.

Permanence characterizes the tendency of a plasti-
cizer to remain in a polymer. The proposed research
effort will develop anew plasticizer system that is char-
acterized by high permanence and longer product life-
times, and eliminates the potential for hazardous dermal
and/or ingestive exposurefrom plasticized polymers. The
initial effort will target PV C, the highest-volume plasti-
cized commodity plastic, but methodsdevel oped by TDA
Research, Inc. (TDA) will be easily transferable to other
commodity plastics.

TDA proposes to increase the permanence of plasti-
cizers by attaching the plasticizer to the surface of a
nanoparticle. The anchored plasticizer still affects the
glassy-to-rubbery transition of the host materid, yet the
permanence of the plasticizer is substantially increased.
An added benefit is that the plasticizer-functionalized
nanoparticle also improves the barrier properties of the
host material and may improve other mechanical and
physical properties as well. Phase | research will pre-
pare, incorporate, and test a new plasticizer system for
PVC. Phase Il efforts will optimize the modified PVC
and prepare the material for commerciaization through
collaborations with TDA’sindustria partners.

Plasticizers increase the flexibility and softness of a
material, are incorporated into many modern high-vol-
ume plastics, and are one of the largest segments of the
plasticsadditivesmarket. Plastic modifiers, including plas-
ticizersand impact modifiers, were a$9 billion business
in 1997. If successful, the nanoparticle-anchored plasti-
cizerscould have an extremely large commercial impact
and enable the production of safer, longer lived plastic
materials.

70 The Office of Research and Development’s National Center for Environmental Research



Nanotechnology and the Environment: Applications and Implications STAR Progress Review Workshop

Nanoparticle Anchored Plasticizers

AndrewMyers
TDA Research, Inc., Wheat Ridge, CO

Environmental Benefits

Plasticizersare small, often volatile molecules added
to hard, stiff plastics to make them softer and more flex-
ible. Plasticizers are not directly bound to the polymer
chainand can belost by volatilizationto air, migration to
asolid, or extraction into water or organic solvents. This
leaves abrittle, cracked polymer and shortens the useful
performance lifetimes of plasticized materials. From an
environmental, health, and safety standpoint, the loss of
plasticizers to the surrounding medium—whether it is
air, weter, or soil in theenvironment or salivain themouth
of an infant —is an undesired event.

To protect children’s hedlth, the U.S. Environmental
Protection Agency has proposed aplanto systematically
test the toxicity of anumber of high-production-volume
(HPV) chemicals. The initia focus is on 50 chemicals
that pose risks of exposure to children. Included in this
list are phthal ate esters, which are used to plasticize PV C.
Lossof plagticizersisparticularly aproblem for PVC, as
itisthemost highly plasticized commodity polymer. Plas-
tic modifiers, including plasticizers and impact modifi-
ers, were a$9 hillion businessin 1997. Plasticizers rep-
resent thelargest volume additivefor PV C, and widespread
use has digtributed PV C and phthalate esters around the
globe. As such, it is one of the most likely plastic addi-
tives to be extracted into the environment. PVC is used
in toys for infants, geomembranes, and medica prod-
ucts (e.g., tubing and solution bags).

The efforts of environmental groups have made the
public very aware of the presence and potentid threat of
phthalate esters. The evidence of the carcinogenic nature of
phthaates in rodents and the lack of an understanding of
thelong-term effects of phthalatesin the human body have

focused atention on products made from plagticized PVC.
Although recent studies have indicated the safe nature of
severa common plasticizers—the Internationa Agency for
Research on Cancer (IARC), part of the World Hedlth Or-
ganization (WHO), hasreclassified di(2-ethylhexyl) phtha:
late (DEHP) as “not classfigble as to carcinogenicity to
humans’—public concern remains high. Some pacifiers
and chewabletoysare now being marketed with the phrase
“PVC Freg’ to dlay parentd concerns over the possible
ingestion of pladticizers.

A systemthat immobilized the plasticizing agent within
a polymer without compromising other necessary physi-
ca propertieswould reduce environmental and health con-
tamination, improve consumer acceptance of PVC, and
createlonger lived plasticized materials. Onesolutionisto
anchor the plasticizing moiety to the surface of a nano-
particle. If properly designed, the plagticizing nanoparticles
would show good compatibility with the host polymer
without thelossin physical propertiesobserved with larger
particlefillers. The* anchored” plagticizersasowould dis-
play high permanence—they would remain in the poly-
mer for longer time periods, perhapsindefinitely. Inasuc-
cessful Phase | project (Phase Il awarded June 2002),
TDA Research demonstrated that plasticizing groupscould
be anchored to the surface of a nanoparticle, that these
nanoparticles were compatible with PVC, and that they
had a plasticizing affect on the bulk polymer. TDA's
nanoparticles are based on a safe, nontoxic mineral-based
core. Theseinorganic nanoparticlesarethen surface modi-
fied to contain plasticizing and possibly compatibilizing
groups. All of these materials can be selected from non-
toxic products.
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Combinatorial Screening of High-Efficiency Catalysts
for Large-Scale Production of Pyrolytic
Carbon Nanotubes

Xiao-Dong Xiang
I ntematix Corporation, Moraga, CA

Abstract

Plastic composite materials are increasingly used in
manufacturing industries (e.g., in automobile compo-
nents). They need to be coated for protective and deco-
rative purposes. It hasbeenfound that € ectrostatic painting
offers approximately four times higher paint transfer ef-
ficiency than regular spray painting. This will result in
significant reduction of paint usage and volatile organic
compound (VOC) emission in the automobile manufac-
turing process. For this process to work, a conductive
plastic with appropriate fillers is required. Of the con-
ductive fillers available, carbon nanotube has proven to
be the only viable filler to make strong and conductive
plastic parts; however, its prohibitively high cost has
deterred broad commercia applications. In this project,
Intematix Corporation will addressthis critical issue us-

ing the pyrolytic production of nanotubes. The key to
reaching the target cost of $100/kg using the pyrolytic
method isthe highly efficient catalyst. Existing catalysts
are not efficient in reaching the target cost.

Intematix Corporation will leverage its unique exper-
tisein high-throughput screening technologiesto develop
efficient catalyst compositionsthat will deliver high-qual-
ity nanotubes at the lowest possible cost in Phase I. This
will pave the way for broad applications of carbon nano-
tubes asfillersin conductive plastic parts manufacturing.
Preliminary resultsindicatethat the high-throughput screen-
ing technologies are dramaticaly faster and more effec-
tivein large-scae screening and identification of promis-
ing catalyst leads than the conventional research and
development approach.
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Combinatorial Screening of High-Efficiency Catalysts
for Large-Scale Production of Pyrolytic
Carbon Nanotubes

Xiao-Dong Xiang
I ntematix Corporation, Moraga, CA

Environmental Benefits

Plastic composite materials are increasingly used in
manufacturing industries. Compared to stel, they have
the advantages of lighter weight, easier to mold or pro-
Cess, better corrosion resistance, and potentially low cost.
Recently, thereistremendousinterest in applying plastic
compositesto automohbilebody panels, mirror shells, door
handles, bumper fascias, and other auto parts. The pro-
jected demands for the plastic composite GTX (anylon
and PPO mixture) from the automobile manufacturer
alone will exceed 30 million poundsin the year 2004.

The surface of plastic composite parts for automo-
biles needs to be finished with either a hard coating for
scratch and ultraviolet (UV) resistance, and /or color paints
for decorative purposes. Currently, 100 percent of the
plastic parts are either painted with a sprayer, or electro-
statically coated over aspray-painted conductive primer.
Electrostatic painting offers about four times the paint
transfer efficiency over regular spray painting. Thismeans
asignificant reduction of paint usageand volatileorganic
compounds (VOC) emission in the automobile manu-
facturing process.! Electrically conductive plastics will
convert the current industrial spray coating process into
amuch cleaner and efficient primerl ess el ectrostatic coat-
ing process. Therefore, a conductive plastic composite
with adequate mechanical propertiesis highly desirable
for a primerless and environmentaly friendly electro-
static coating process. Itisestimated that such aprimerless
electrostatic coating process will save more than 250
million pounds of spray-painted fasciamateria and cor-
responding VOC emission used in automobilesaone. A
study conducted by United Technologies Automotive
(UTA) inBerne, Indiana, indicatesthat if the current pro-
cess to produce mirrors for automobiles was converted
to electrostatic coating on conductive plastics, the Berne
plant alone would cut the VOC emission by 84 tons per
year. Thiswill drop their current EPA ceiling to 50 per-
cent.!

Because the intrinsically conductive polymers cur-
rently availabledo not yet have adequate mechanica prop-
erties (e.g., impact resistance) and environmental stabil-
ity (e.g., UV resistance), nonconductive plastics with

external conductive filler materias currently are chosen
to produce conductive plastics. The commonly used
conductive fillers are carbon blacks, stainless stedl fi-
bers, carbon fibers, and recently, carbon nanotube. Car-
bon nanotubes are conductive, strong nanometer diam-
eter graphitic tubes with an extremely large aspect ratio.
Because of the large aspect ratio and tendency to be-
come entangled into athree-dimensiona network in the
molten plastic, thefibrils are exceptionally efficient asa
conductive additive. It takes less than about 2 percent of
fibrils, by weight, to attainthelevel of conductivity needed
for electrogtatic painting, about 10°ohm-cm. For thesame
conductivity, about 15 percent carbon powder or car-
bon fiber, or 7-8 percent stainless stedl fibers would be
required.t

DarrinKeiser, Environmenta Manager at UTA'sBerne
plant, stated that “It was clear that conductive plastics
would eliminate the need for a conductive primer and
might give us other benefits as well. The problem was
that conductive compounds based on the traditional con-
ductivefillers, typicaly carbon powder and stainless steel
fibers, have their limitations.” Keiser notes that the 15
percent loadings typical of carbon black degrade the
mechanical properties of the base plastic, especially im-
pact and processability. In addition, stainless stedl fibers,
though used at lower loadings (5-7%), tend to increase
tool wear, affect surface qudlity, reduce processahility,
and are expensive. UTA demonstrated that for the 2 per-
cent carbon nanotube loaded conductive plastic parts,
the paint durability was equal to or better than thefinish
on the current mirrors. Most importantly, there was no
significant difference in mechanical properties between
the nanotube loaded conductive and nonconductive parts.
Theonly problem for application of the environmenta ly
friendly carbon nanotubeloaded conductive plastic com-
posite, or the nanocomposite, he acknowledged, is the
high cost of carbon nanotubes.! Therefore, the critical
hurdle to proliferate the wide industrial application of
cleaner coating technology with carbon nanotube filled
conductive plasticsis to dramatically reduce the cost of
carbon nanotube. The existing price of high quality and
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purity (>90%) CNT is between $100-1,000/gm, pro-
duced mostly for academic and research and devel op-
ment purposes. Theindustry would need tonnage quan-
tities of CNT and about 2 to 3 orders of magnitude
lowered price for commercial scale applications.? For
example, a market study from Ferro Corporation (a
Intematix’s commercial partner) suggests that elimina-
tion of the priming step for automobile coating would
be commercially feasible if nanotube composites are
priced near $5/1b at 3 percent CNT loading, which will
trandate to atarget CNT price in the order of $100/1b.

After screening al of the existing methods of syn-
thesizing CNT, we have identified the catalytic conver-
sion of hydrocarbons with a pyrolytic chemical vapor

deposition reactor asthe only possible approach to reach
the $100/1b target. Furthermore, the key to reach the
cost target of approximately $100/Ib with this catalytic
synthesis approach is to develop highly efficient cata-
lysts and a scaled up “continuous’ CNT production
processto dramatically increase theyield and lower the
cost of CNT. In Phase | of this EPA SBIR project,
Intematix has discovered the most efficient CNT cata-
lyst ever known with our established combinatorial
synthesis and high throughput screening tools. We will
develop ascaled up catalytic pyrolysis reactor and pro-
cess in Phase 11 to directly produce high-quality CNT
at a target cost of $100/lb, using the advanced cata-
lysts discovered in Phase I.

1 Miller B. (Consulting ed., from Plastics World magazine). Tiny graphite “tubes’ create high-efficiency conductive
plastics. From the Web site of Hyperion Catalyst International, http:www.fibrils.conv.

2 Ajayan P, Zhou O. Application of carbon nanotubes. In: Dresselhaus M, Dresselhaus G Avouris P (eds.). Carbon
Nanotubes, Synthesis, Structure, Properties, and Applications. Springer: 2001.
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Manobiotechnology and its societal impact
— The premise of this talk —

Mancbiotechnalogy is a vision on a nearby horizon — the
initial prospects of which ore being imagined, designed, and
created right now

Even at this early juncture, we should contemplate what
societal impact might arise from a technology based an
objects, devices, and processes that blend biomaleculor
function with manascopic fabrication and manipulation

Scientists, gavernmental program monogers and policy
makers, educators, industrialists—and citizens—all need to
be imvalved in this undertaking, because technalagy is
rarely implemented without changing society in foreseen
ond disturbingly unforeseen ways.

Manotechnology: there and not there

Met to repeat myself ... but.. been there )/ done that
(1) Marnomachinery rund rampant in all life

(2] In chemigtry... an easily fabricated (in bulk} multifunctional,
nanostructured architecture already does impostont
'I:.:hnulugn:nl procedsing [r.mt:h-:'. crude ail o moke high-gr\ude
gaseling) = zeslite-supported ranacrystalline metal catabysts

Atom-by-atom ossembly of a
manastructured architecture?
+ chemesta call it erpstallization
*" madltiphe copies with the same
function = all of which are fabricated
gimply. cheaphy. m parallel
¥ robust
v sedf -healing (when activity drops,
calcire fo remove oolte ond re-
distribute the Ft nonocrystallites)
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Manobiotechnology—Introducing biomolecular function
into nanoscale objects

Check: list for otom-by-otom ozsembly :;:Jﬁﬁiluel:::n&::-:ﬂl;u;f I;:. =

of a nanostructured bloemakecular
architecture
* mudtiple copies with the some
function — all of which are fabricated
simply. cheoply. in parallel {withouwt
Feumer intervention or contrel)
& chemists call ot synthesis ar
crystallimation
" robast
 gelf-healing
 preferably powered (If necessory)
by harvestieg energy from its If H. sopiers wonted ewidence of a
erviranmant _ prier nonchistechnolegical
| N e civilizotion, viruses would be a
" comwincing artifoct of o successful
narebatecknalegical past

and without oy direction or
design from &~ sonders

Manobiotechnology—always been here?

A more realistic view of

m wheo really controls this
e planet?

T
L‘ ~ of life on Earth —

<
Eme——— 1 plont and animal:
= (e o © Far 1} microbiota and macrobiota
& Ifj 0y — Just variously filled test
{3 tubes waiting for viruses to
— ‘3 run experiments?

B o wires, see the workd.

After all... aren't all forms

Thar Far Sde — By Larges

Short-term drivers for nancbiotechnology

medical advances
il |‘|'|:|r':,r functions

environmental manitoring/ remediation

SO T 9

hurman curiasity
... all af which are drivers that will not be digsuoded

5o nanobiotechnology will happen... therefore, there
will be societal consequences

“technalogy 15 the cantinuatien ef evelution by ather means
B. Kurzweil, “The Age of Spiritusl Mockines™ [Penguin Boaoks, 15699
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MNanobiotechnology is:

Here (i 2., viruses are nonebiotech fa the mox)

I'_'|:|r|un.5| {g,-n'rhﬁ'rlr_ viruses: bicenodecular motors: molecudar sorters)
Faoscinating (thus, that foctor of human curiosity)

Will change our lives {undaubtedly)

v poasibly in ways we may not like, but connat unda

* a5 scienfists, engineers, and Technelogists who will create
the nana-ete, in the future, we are abligated to consider not
anly con we (becouse we will], but shoyld we do 5o

« 0% well as how we do so

v B, SUNY-Stony Brook's fully synthetic
p-|:||i|:| wirus | Sciemce, 297 (200£) 1016)
... should they howe made 477
DARPA “Lladerslanding the procids of siral DRMA predoctns I8
g kg 10 identifying s wops T Kl eireges ond uadersiond
haw wruses could change ond escape from voccines.”
| Bi¥ Tomas, Bl Joby 2002

4 Sl i o ruew realiby
PRI Thie warid fod

Manobiotechnology—always been here?

Ll kit A wifies paieticlis (Mgl of otser 284 00

—the surfoce projechnns ore hemogglinnn and nesromenicoss

+ WirLEEs ore horoscale
g e -prmam chou com.oc ek AIIOCESEh hin (R0 100 nm),
| fupramoleculor objects

L .
« with o maolecularhy

structured anchifeshure

Bairis

pratae « geared to deliver the

product stored in the core
(EMASprotein) ta the
torget (o plont or andmal
T | cell}

® they are nan-ranmode
gymthetic vectord

Proposed nanobiotechno products

Elr-nThf.'ll-!: vactors (H. sapiens beomimetic attempt ot wiruses)

zoal: to transfer desired (bao)molecular information without virubence

One example: Enededs
virud-gized syrihetic polymer particles with
hallaw, hydraphobic cores
[ Kzren Weoley / 'Washington Liniversity |
— delivery of pephtides, gefes, proteins and
smoll medeculs drugs
— scovenge other cells or molecules

knedels con peretrote ving cells when affached te
8 =embrang TronsducTion e e

A While wWiFUEE 0 pramET IMSURE FRESPOREER

J1at e mcrenr P knedels pose no such donger” — Daove- 21{12) 2000
I e RS e it S o e oo o [NL Brackoratae b
wrichaid :.. - — |5 Thes statement (by the medio, rot Wonley]
[maga by Cerwriaphar & Clerk [ = ald bt

Jr. Mgt sy, 31 emferting or digterbing??

el — _.. deperds an shether this stetenent & even troe
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Energy-harvesting nano+bio objects

AT et Pior g g T ami Com Derdrn o WST 0 Tapa ra
Morramaooreides krnl

A rumi-rasd babirid norerchone: oo

Harwans, Masgn Shauracin, Croefieas

Merderegra, Soener S0 {H000) 1558 T1 & epavalent to yoip Teking o relephong psle
gooot 2 lilometers long ond smening o eight
revokutions per secomd N oo SWImmMInGg ot
Corg Meslesagng, fo IPT/ Janusery 2002

Eonl: use the Fuel and energy comvertars of living Systems to power
manobiotech devices (... or nanobots?)

Energy-harvesting nancbio objects

o & P & P & P & P & P & i & P Y P &

The biomolecidar-oc fuated ronoscale motor has  Madify blomedeculo
propesed uses for moleculor manipulotions inwivg  motors fo be sensors

and in the macroworid environment 1hatf lacomate
themsehies to mhere

one wantd them to go
wcluding within livieg
TERR

Cangtruct ADP/ATP-
potwered moleculon
sorfers I'\-.I furctien
1] rg' sl I'-'I tn clesn
up . de teum I ¥
ensirormentolky
prageribed chamicald in
Tha mraader weeld

bt

¥
Rty i oorpa maLrd e hrar e sSeneegry b P oormal B pa And if ENIyme-
hordened biomaters
Erzymes will cofohyze reoctions for mokecules « * "pat® malecules we
otker thanm their stendord substrate hodn't enticipated?s

Guidelines from the societal impact of past technologies

# unanficipoted consequences
—erigirally propesed by & Maerton, “The Unetended Consequences of
Purpasive Sacial Activiem™ [Amer Socsol e 1 [1934) B54]

B revenge effects
—sei E. Terner, “Why Things Bite Bach—The Revenge Effects of
Techrology™ [Enopf, 1996]

The sofiety of ohe tecerotoqy has o way of creating donger & omather. Like
aThar rivingt & fect rechnsloges. DOT defuied oo probdem By diffuling
anstkar

# normal acciderts

=geg L. Pérrom, "Mormal Accidents Living with High-Qmsk Techralogeas
[Frinceton Liniverdrty Press, 1959, 17 adition, 1584 ]

Aleralive complexity and tight caigling — spatem characienstics —

rewi Tobly will produce o accident, ., far medl of the gy@lemd, . seither betftar
argorinohan mor fechnnagon’ mnowations appens o maks tHham amy lgse prane t2
fysfem nocidenis”

. Techralagical imprevements — which are undensable — are
ucn:ump-unled by chonges and events, both desired and undesired
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Guidelines from the societal impact of past technologies

The revenge of unantficipated consequences of technology

Historical pottern

(1) Technological ingenuity solves an ocute problem or
pravides a response to o catastrophe

(2) Success|

(3} ... but, then ... displaced, chronic, unanticipated
consequences of the successtully applied technology
appear

(4) ... ond don't go away

(2} leading ta long-term (usually expensive) efforts to
maonitor, control, or amelicrate the revenge effect

Examples of unanticipated consequences/societal impact
of past technologies

The revenge of unanficipated consequences of fechnology

(1) Intensive (mis)use of antibiotics I % removed the harrar of
some of the 19th Cs mest feared infections... yet %
promoted the spresd of even more virulent bocteria

(2) Massive shielding of choice beach sites from the energy of
woves & % deflects the wave intensity To ether shares ...
wet % robs the choice benches of replenishing sand

[3) Preventing spring fleeding of the Grand Canyon I % made
tourist trips down the river safer .., yet % lawered the
bicdiversity of the shore/water inferfocial region

{4) Intensive chicken-pig-duck ogriculture in China i helps
feed the world's most populous notion ... yet S rushes new
influgnza wirus straing into infernational distribwtion by the
increasingly dense and speedy world network of commercial
aircraft

Technologies that operate in complex environments with
known and unknown interactive variobles are subject to
“normal accidents”

Human constructions (e, technologies) are systems: nuclear
power is, space expleration is, biotechnalogy is. Econamic
incentives ultimately overrode the calls from the 197% Asilomar
meating fee coutian in recembinant DMA rezearch, sa, too shauld
we expeci the economic incentives ir|1|:||ir3'r in ﬂr'.rlr.-hmh:-.i:l'.mln:lg:.r
ta override calls for caution i Its implementation

“It Iz the woy that parts fit tegether, interact, that is
impartant... The |:.||;|.r1|_',|-e.r'|:u$ pecidents lie in the system, nat in
the components”  Perrew (1999) p 351

Remember... the places in which mnnl:-il:ﬂ:l:hnnlngitnl :-I:J':i:rs e
proposed for use [the emdreament, the human bady] are complex
systems with multiple vorinbles, inchuding highly intersctive (ie.,
dependent) variables = using Perrow’s teachings, we must
therefore expect “normal occidents” from nonoibictechnology
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MNanctechnology—the dark side?

Retired Admiral David Jeremiah, farmer Vice Chairman of the
Joint Chiefs of Staff, discussed global security implications
ef maratechnalagy at the 4% Faresight Cenference in 1995,

after painting a bleak prcture of a pelitically unstable
future world, JTeremioh summarized o world in which “ideclogy
will be a majer foctor [in which] good ar bad lesders will
ingpire the possion of five, 500, 5000, or 5 million people with
cansequences that will require same ferm of military force”

... Battlefields of the future will feature “small, lethal,
sensing, emitting, flying, crawling, exploding and thinking
ohjects that may make the battlefield (or sea) highly lethal ta
humans in steel (e ceramic, or carbon-fiber) boxes. While
there will be an enormaus increase in Yhe moss of sensors and
ather mirute devices on the battlefield, there will be fewer
wWeapons,”

Lessons from the societal iﬂ aof ﬁr mhnulﬂru

=TIt's not a new story —
‘Teckhsalagical opTimisn meses in practice The
ahilty fo recognize bod sarprises eary enough fo
do something aboul thes ™ Tenner / p. 353
+ wigilance
cortglance £ rediter iy requlations
+ oty
quistioning the party ins
+ il
back-up of competers, e,
+ SEres g
beazr in on girporr knelyd
v Finesse
e.g, dompitrente o preklim orgonien
+ resllience

fechasiogy has monsequences, 3o be reody o rell with
wnarticrpa®ed pynchel (4, Wildowrky n " Seorching
An 1H03 eirienn Lging Wi knee for Siefety” [Trandaction Bechi [Miw Brusawek, M)
e Har foce af srfectous 1388}

dlamazan in Fes Fork Criy

[ Fewe, 11 Jossary S0OF. p 55 ]

Humhintﬁ:l'mﬂ and its creators

As the sclentists, enginesrs, and Tecknolegists who wll be creating the
mona-ete. of the future, whot con we do?

1) Leorn the higtorical 2ocietal impact af prior technologies

2] Make the time to be trained in ethics within the context of
science & society
5 pgther than ofsume that our ituden®™ reach Sach knowmledge v
agmasis frem over-bugy, afren-ohsent, profescers and mentors, mho
muy met hoee beer trained either
3) Encourage “uppity” behavier: willingness to challenge the
thirking and dictates of those in charge
4) Imcorporate scenaric plenning/ war goming o part of our
research production experience
# 50 that the individual takes responsibility for her/ his
centribution to new S&EAT developments
5) Communicate—engoge sur fellow citizens in a dlalague abeut the
promise. poterntial prablems of new conceprs/ breakthroughs
All of the above ore part of our obligations as citizens
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Scenario planning (and nanobiotechnology?)

Scenarig plerning assumes that we conre® predict or cerfred the futues
Instend:
' imagine different ways m which the firture might turn (create storied
that rum the gamut fram fairy fales fo horroe staries)
+ define options and acticns That moke sense from todey's perspective
+ be willing o be Flesible and alert when the unexpected navitably
QCCurs
** A good scenaric plamning project chollenges cfgumptions and
idertrfies indicatars that con be monitered for trouble oe
opparfunity **

g the military does in its war gomes, or Royal Dutch Shell did to
anticipate firg? the Arab oil embargo and then the drop in ail prices
in the 19805 or a5 the Heod of Security of Margan Stanfey did by
onticipating thot after the truck bombing, the next terrorist ottock

daf the Warld Trade Center would imalve craching a phane inta a
Tower

Nanobiotechnology and its societal impact?

Techrology is fruly o fwo-edged sword ond not just “mod” scentists &
engineers & technologists runmeng omuck.

“Hurman culture, not seme inkerent will of the maching, hos created
modt revenge effects, Without the toste for Silk, there would have
been ha gypsy maths in Merth Americn.”  Teoer (1957) p. 352

But the good news according te the histerical recard

¥ revengs ef fects that accompony the benefits of
technology con be omeliorated with attention and
vigilonce and an alertness fo abuses and dangers

w narmal accidents are less likely/ less severe when
some linearization is bullt in (decoupling dependent

subsystems)
# Technological societies are healthier societies
with higher standards of living
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