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Preface

The Frontiers of Nanotechnology Book Series has the objective of advancing
techniques for scale-up and transition of nanotechnology processes to industry.
This book provides insight into the current status of advanced nanotechnology
processes and their scale-up to semi-industrial and full-scale industrial levels,
while addressing key scale-up challenges.

The impact such understanding has on full-scale nanotechnology manufac-
turing on business and marketing strategy, including expansion and execution,
is necessary after years of major investments in the technology worldwide.

This book has the objective of also providing relevant technical and engi-
neering framework and the latest innovative work in the area of nanotechnol-
ogy manufacturing and scale-up. Chemical engineering and industrial engineer
methods were adopted in addressing the manufacturing challenges.

In this first volume of the Frontiers of Nanotechnology Series, authors
from leading US agencies, including Department of Defense, the National
Science Foundation, National Laboratories, private companies, and leading
US universities as well as international experts, have examined challenges
in transitioning this technology from research to large-scale manufacturing
environment. [ want to express my gratitude to all of the authors for tackling
such an important but complex engineering subject.

Researchers from US Army ARDEC Huntsville, national agencies, and lead-
ing universities and engineering departments, such as Georgia Institute of
Technology, University of Texas, Austin, Purdue University, Auburn University,
University of Rhode Island, University of West Virginia, Ohio State University,
Florida State University, as well as the South China University and others have
contributed significantly to this book.

In this first book of the Frontiers Series, authors have focused on the chemi-
cal engineering aspects of nanotechnology scale-up such as the chemistry and
nanocatalyst applications in commercial processes, mixing and integration
into solutions, analyzing interfacial aspects of nanotube dispersion, a critical

Xix



XX

Preface

step in nanomanufacturing, and an important challenge in scale-up. Statistical
analysis for controlling continuous processing and predicting nanomaterials
performance of sheets of nanostructures, fundamentals of nanomanufacturing
using spray techniques are also covered.

Also presented in this book are high-temperature ablative materials for
rocket motors and reentry vehicles for space applications, including finite
element modeling of transport phenomena in ablative materials perfor-
mance, advanced missile shell structures and nanocomposites incorporating
nanosensors for advanced military applications, and vacuum-assisted resin
transfer molding processing of nanocomposites including finite element
analysis of processes. Also examined is the use of mechanical properties of
fabricated composites as a method of evaluating process control and product
performance. The authors have also explored applications of bioinspired
approaches for fabricating nanocircuits, and finally toxicity, environmental,
and safety issues regarding nanomaterials processing are presented in the last
two chapters.

Environmental, safety, and toxicity of carbon nanotubes is important in the
commercialization process since workers can be exposed to these nanoparti-
cles, with serious health implications and adverse economic impact on the prof-
itability of nanomanufacturing companies. EHS (Environmental Health and
Safety) area must be addressed through engineering methods for this industry
to thrive and be sustainable.

I want to thank all my coeditors, professors Ben Wang, Georgia Tech
Manufacturing Institute; Jessica Winters, Ohio State University; Virginia
Davis, Auburn University; and Geoffrey Bothun, University of Rhode Island,
for assisting me as chapter contributors and reviewers of the technical
manuscripts for this important book.

I want to express my special gratitude to Mike Roco at the National Science
Foundation, a champion of the National Nanotechnology Initiative, NNI,
in the United States for authoring the overview chapter for the book and
giving me insights into critical gaps that exist in the commercialization of
nanotechnology.

There is a paradigm shift in engineering design of processes as demonstrated
by the US National Materials Genome project and key parts of this approach
were employed in some of the work presented in this book, and it is our hope
that this approach will continue to guide all future research into the scale-up of
nanotechnology.

Thomas O. Mensah
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Overview: Affirmation of Nanotechnology between 2000
and 2030
Mihail C. Roco'?

" National Science Foundation, Arlington, VA, USA
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1.1 Introduction

In the nanoscale domain, nature transitions from the fixed physical behavior
of a finite number of atoms to an almost infinite range of physical—
chemical-biological behaviors of collections of atoms and molecules.
The fundamental properties and functions of all natural and man-made
materials are defined and can be modified efficiently at that scale. The unifying
definition of nanotechnology, based on specific behavior at the nanoscale and
the long-term nanotechnology research and education vision, was formulated
in 1997-1999, and its implementation begun with National Nanotechnology
Initiative (NNTI) in 2000. We have estimated that it would take about three
decades to advance from a scientific curiosity in 2000 to a science-based
general purpose technology with broad societal benefits toward 2030 [1-3]
(see www.wtec.org/nano2/).

A long-term strategic view is needed because nanotechnology is a foun-
dational general purpose field. Three development stages of nanotechnology,
corresponding to the level of complexity of typical outcomes, have been
envisioned: passive and active nanostructures in the first stage of develop-
ment (Nano I), nanosystems and molecular nanosystems in the second stage
(Nano 2), and converging technology platforms and distributed interconnected
nanosystems in the last stage (Nano 3).

We use the definition of nanotechnology as set out in Nanotechnology
Research Directions [2]. Nanotechnology is the ability to control and restruc-
ture matter at the atomic and molecular levels in the range of approximately
1-100 nm, and exploiting the distinct properties and phenomena at that scale
as compared to those associated with single atoms or bulk behavior. The aim
is to create materials, devices, and systems with fundamentally new properties

Nanotechnology Commercialization: Manufacturing Processes and Products, First Edition.
Edited by Thomas O. Mensah, Ben Wang, Geoffrey Bothun, Jessica Winter, and Virginia Davis.
© 2018 American Institute of Chemical Engineers, Inc. Published 2018 by John Wiley & Sons, Inc.
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and functions for novel applications by engineering their small structure. This
is the ultimate frontier to economically change materials and systems prop-
erties, and the most efficient length scale for manufacturing and molecular
medicine. The same principles and tools are applicable to different areas of
relevance and may help establish a unifying platform for science, engineering,
and technology at the nanoscale. The transition from the behavior of single
atoms or molecules to collective behavior of atomic and molecular assemblies
is encountered in nature, and nanotechnology exploits this natural threshold.

This chapter describes the timeline and affirmation of nanotechnology,
its three stages, key challenges, and discusses nanotechnology return on
investment.

1.2 Nanotechnology - A Foundational Megatrend
in Science and Engineering

Nanotechnology is a foundational, general purpose technology for all sectors
of the economy dealing with matter and biosystems, as information technology
is a general purpose technology for communication and computation. Biotech-
nology and cognitive technologies are two other foundational technologies
growing at the beginning of the twenty-first century (Figure 1.1). Table 1.1

Nanotechnology Development: 2000-2030

Information Technology Spin-offs: Large databases, cyber-physical-social infrastructure, Internet of
Things, connected sensorial systems, topical computer-aided design, cyber networks, ...

A

r——— r———
| Spin- Information Technology | Spin-
| offs | offs
b - 7,I. ———

Brain simulation / f\\ Nanobioinformatics

Cyber networking DNA computing

Personalized education..  NB|C System Proteomics, ....

- / Bits / Synapses \\
Cog nitive RT‘Z‘:‘;\X;’;’S‘ Biotechnology -
Sciences
o Blocks Ny
Atoms Genes

Neuromorphic engng. Nanobiomedicine

Synapses to mind * Nanobiotechnology

Smart environments, Synthetic biology

Cogno aid devices .. Bio-photonics, ....
—— Ni——
I Spin- I Spin-
| offs ] Nanotechnology | otie
| |

Nanotechnology Spin-offs : Nanophotonics, plasmonics, materials genome, mesoscale S&E,
metamaterials, nanofluidics, carbon electronics, nanosustainability, wood fibers, DNA NT, ..

Figure 1.1 Converging foundational technologies, and their interdisciplinary and spin-offs
subfields. Modified from Roco and Bainbridge [4].



uondwnsuod 1as) Pey uoneorddy yoeoidde £3ojouyoay, a8paymony] :10J 105ueyD SUIeL)
10308} uoneoyrdure
%y Dy 7y Dy oy y Yoy Hy JUSUIISIAUT JATFR[NWND)
J10300] uonedyIdure
(301A10s pue uu:vOunV&v\ ?EEHE&@V\ :au_aovu« :mucmEmvcsv\v\ JUDUISIAUT Qwuwnoﬁo
s1edh G—¢ s1ef OT—G s1eak G7—01 s1eak 0G—G¢ safeosawn) [eordAT,
‘t0 STelI9)RUIR)D
~m.u€u5cowm_m (uS1sap waysAs) 179§
SOTUIO 001g 3ouaSIf[eIu] [EDYNIY o
+++ uonjero[dxas aoedg 3 d ' (samyoayIyOIR
amymoudy o drydiowomaN sisdeuds) 173S aAantuSo) e
e X 4301019 (9am3231YDIR
S19SE] OUEN Mmmmhoum oneYIUAS :Sutgngriguo) auad) 173S o1q :.uwvoz .
sdq1 pUe UoIsIaAU0D A310Ug supIpawoLg (ompporpre
sSuneod oueN SUIDIPIN soouan) 1q) 1795 :oauﬁu‘eﬁ: .
SAIAIP [edIPIN uonerodsuery, S1030NPUODIUIAG (>rmpdaymyoIe
sjuouodwiod 1ey) waysks auoyd [[oD SOTU010Y( {JPIUISST woje) :ASojouypajouey e suLIoje[d 179S
(uoneulqwIodaI pue  (UOIIEUIGWIODI PUB -I9Ul (] WOJ) WSS [ediydieialy) (24m3d3MYdIE W)SAS) Kio6aye)

-191ul ‘go-uids) waopeld
32IAJ3s pup 12npoid “A|

‘paydueiq) waoje|d
piay uoppoyddy ||

wuoyed 1785 [pordof °|f

wuoyeld 1795 jpuonppunod ‘|

‘swiojie|d A6ojouyda} pue 9duaIds Jo uoledyisse|d pasodoid 'L d|qel



4

1 Overview: Affirmation of Nanotechnology between 2000 and 2030

shows several category levels of science and technology (S&T) platforms
according to their level of generality and societal impact: foundational S&T,
topical S&T, application domain, and product/service platform. While there
are only five foundational S&T platforms most dynamic at this moment
(Figure 1.1), the number of topical S&T platforms increases with the number
of spin-offs, interplatform and further recombination growth. Each topical
S&T platform has several application domains, which at their turn each have
a series of products and related services. The importance of foundational
platforms — and in particular its most exploratory component part at this
moment, nanotechnology — is underlined by the cumulative investment
amplification factor by developing the respective S&T platform that is a
product of the foundational platform investment amplification factor, with the
topical, application area and product amplification factors.

Nanotechnology continues exponential growth by vertical science-to-
technology transition, horizontal expansion to areas as agriculture/textiles/
cement, and spin-off areas (~20) as spintronics/metamaterials/..., progres-
sively penetrating in key economic sectors. The number of World of Science
publications on nano-extended 20 new terms between 1990 and 2014 that
now represent over 14 of the total publications (Figure 1.2). For this reason,
it is increasingly difficult to identify the R&D programs around the word
supporting nanotechnology because they are called after an activity that

18000

== Plasmonic* —#- Metamaterials* .
Graphene
&~ Microfluidic* == Spintronic*
=¥~ Molecular system* ~e- Supramolecule*
15000 == Fullerene* = Dendrimers*
Graphene* ~4— 2D material*
"g ~m- Atom* layer deposition Artificial photosynthese*
8 12000 "Cellulose fiber*" OR "cellulose tube*" =¥ Optoelectronic* OR opto-electronic*
g Bio-photonic* OR biophotonic* —+ Opto-genetic* OR optogenetic*
-ﬁ "DNA computing" OR "DNA assembling" Proteomic*
o 9000 Synthetic biology* Meso™
g
2 Proteomic*
@ 6000
= Supramolecule*
Microfluidic*
Plasmonic*
3000
Fullerene*
b S = e ; 1
0 = = = =
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Figure 1.2 The number of World of Science (WoS) publications on nano-extended 20 new
terms between 1990 and 2014.
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Figure 1.3 International government R&D funding the interval 2000-2012, after
2013 - increase use of new terms and platforms (using NNI definition, 81 countries, MCR
direct contacts).

branched out of the foundational field. Figure 1.3 illustrates international
government R&D funding the interval 2000—-2012 [9].

Most of the larger science and technology initiatives have been justified in
the United States and abroad mainly by application-related and societal fac-
tors. For example, the Manhattan Project during World War II (with central-
ized, goal-focused, and simultaneous approaches), the Apollo Space Project
(with a centralized, focused goal), and Networking and Information Technol-
ogy Research and Development (top-down initiated and managed, and estab-
lished when mass applications justified the return of investment). The initiation
of the NNI was motivated primarily by its long-term science and engineer-
ing goals and general purpose technology opportunity, and has been managed
using a bottom-up approach combined with centralized coordination. A few
comments underlying this characteristic are as follows:

Charles Vest, President National Academy of Engineering (PCAST
meeting, White House, 2005): “NNI is a new way to run an initiative”

Steve Edwards, “Hall of Fame for Nanoscale Science and Engineering”
(Jan. 1, 2006): “...persuading the U.S. government, not to mention the rest
of the world, to support nanotechnology. It was a masterful job of engi-
neering the future”

Tim [5], President of the European Nanobusiness Association, and
Cientifica Co. (2015): “nanotechnology [is] the first truly global scientific
revolution.”

5
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Level of economic importance and societal impact
High

Low
Earlier era Current era Future era
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Figure 1.4 S-curves for two science and technology megatrends: past and envisioned
conceptualization of “Nanomanufacturing” and “Digital Technology” [6].

Nanotechnology promises to become a general purpose technology with
large-scale applications similar to digital technology. It could eventually match
or outstrip the digital revolution in terms of economic importance and societal
impact once the methods of investigation and manufacturing are developed
and the underlying education and infrastructure are established. During
about 2020-2030, nanotechnology could equal and even exceed the digital
revolution in terms of technology breakthroughs, investments, and societal
importance (Figure 1.4) [6].

The nanotechnology development S-curve shown in Figure 1.4 is supported
by the data in Table 1.2 showing an increase of the world annual rate of revenues
growth from 25% in 2000-2010 to 44% in 2010-2013.

Examples of S&E generic platforms with areas of high impact

Nanotechnology-enabled products by sectors with the most traded nano-
products in 2014 according to Lux Research [7] and other industry sources:

e Materials and manufacturing: Fiber-reinforced plastics, nanoparticle cat-
alysts, coatings, insulation, filtration, transportation (cars, trucks, trains,
planes, and ships), and robotics (actuators and sensors). For example,
Exxon-Mobil has multibillion dollar applications on nanostructured cata-
lysts. TiO,, MWCNTs, and quantum dots are some of the most frequently
encountered nanocomponents. Nanoscale coatings, imprinting, and roll-to-
roll are three most common manufacturing processes.



