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hat are Cellulose Nanomaterials (CNs)

* Nano-sized particles isolated from:
e trees, plants, algae
» Highly ordered cellulose chains:

e fibril structure
e crystalline domains
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Strong Foundation in Biomass Industry
$ eAbundance of biomass (trees, plants, algae)
\f eHarvesting infrastructure in place

Q .
S *Engineered products
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Q§ e New Properties
’{;,S Billion SS industries




Many “Flavors” of CNs

Cellulose Nanocrystals (CNC)
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Properties:
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v “Sprinkles” of Surface Modiflcation

' Functionality CN particle Chemical |
active Surface: -OH Polymer|
nple Chemistry -OH — |Proteins|
er Properties: 56660 Nanoparticles|
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Why Cellulose Nanomaterials?

can CNs do that no other nanoparticle can do?
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ptical
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Jorld Production of Nanocellulose
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S Billions of Infrastructure in Place

ainable Biomass Harvesting Distribution
Vianagement /

Refining: Trees to Particles

Forestry * Pulp fiber
Agriculture « Water, Energy
Biomass for Fuel * Waste Streams

infrastructure is in
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Dpportunity for Mass Production

Production Production Cost
us World

) Demand 60 M ton/yr

)d Demand ~187 M ton/yr
bd capacity ~405 M ton/yr
current capacity 7.5 ton/yr (est)
current capacity 1.25 ton/yr (est)

er Nanomaterials

“(multiwalled) 2011 ?

L. De Volder et al., Carbon Nanotubes: Present and Future
1mercial Applications, Science 339, 535 (2013).

175M ton/yr
?777?

?777?

50 ton/yr (est)
30 ton/yr (est)

2000 ton/yr

Ma et al., Dispersion and Functionalization of carbon nanotubes for
/mer-based nanocomposites: A Review, Composites: Part A 41:

5-1367 (2010)

~$0.75-1.0 / kg

S4-40 /kg
§2-15 /kg

~$100/kg

In Addition...

2Billion tons of
Beetle killed wood
looking for a use



Industrially Relevant Structures

from Cellulose Nanomaterials
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imple I: Expand Materials Applications

ment Properties of Existing Polymer Platforms

Cellulose Nanomaterials:

chanical Properties « behaves predictably

Erﬁcngth : e like other nanomaterials
ITINESS é  combination of properties
longation
o 5 10 15 20 25 30 a5
Strain (%)
Svagan et al., Biomacromolecules,2007
rrier Properties smples e T O pemeiiye WG
mZsday") (%) 10"
’Xygen, Water 4 (kg m/s m? Pa)
1 PLA 305+1.0 1.04 +0.18

h e m Ica |S . PLA[1Ag 239+1.0 22 1.00 £ 0.03 4

PLA/1CNC/1Ag 16.5+ 1.6 46 0.66 +0.10 46

Fortunati et al., ) Food Eng,2013

ermal Properties
tical Properties
eological Properties

CNC-Epoxy: 5, 2, 0%




Example |lI: Enabling Technology

r Device: Reduce Environmental Footprint!!

g

0, (15 nm)
-C:PCBM (90 nm)

/',/‘I
EIE (10 nm) y 4
y (20 nm) %
CNC substrate

Key Features:

e Smooth substrate

e Thermal properties :
o 5 ) ¥ .

e Mechanical properties ol

* Disintegrate in water

ou, Y.H. et al.,. Sci. Rep. 3, 1536; DOI:10.1038/srep01536 (2013).



xample Ill: Better Properties & Safer

- Additions to Cement
-30% Increase in Flexural Strength
@ 0.2wt% CNC additions

)ydified Cement Reaction
' Increased Degree of Hydration
 Altered Microstructure

Vin: More durable cement while maintaining Low Environmental Impact




Nano to Bulk Reality

The Nano Potential The Bulk Reality
.:._?_

Realities of
Manufacturing

Hulk Hogan
Lighter/Stiffer/Stronger e Improved performance
Near theoretical limits e Rough arr'- ges

Full of potential
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xample I: Nano > Bulk Properties

Carbon

NanoTube
1000
800
600
400
200
0

R & ©

e M.F.L. De Volder et al., Science 339, 535 (2013).

o ) e P-C Ma et al., Composites: Part A 41: 1345-1367 (2010)
Individual Particle

Continuous Fiber
Composite -5% nanoparticles

* |International assessment of research and Development of
carbon nanotube manufacturing And applications, World
Technical Evaluation Center report, P Eklund, P Ajayan, R
Blackmon, A.J. Hart, J Kong, B Pradhan, A Rao, A Rinzler.



xample II: Nano > Bulk Properties

Carbon Cellulose Continuous
NanoTube Nanomaterials Fibers
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Individual Particle
Continuous Fiber
Composite -5% nanoparticles



xample II: Nano > Bulk Properties

Carbon Cellulose Continuous
NanoTube Nanomaterials Fibers
10
Zoomed in
5
0
R & ¢ R & ¢ S & L
) (3
(J’bio %@ (9\

Individual Particle
Continuous Fiber
Composite -5% nanoparticles



Current state of the art
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Mariano et al., J Poly Sci. poly physics,2014




\cademic/Fed Lab Research Areas
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Commercial Application Areas
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Flexible Electronics
» Self Powered

* Display
» Solar
*LED
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Continuous Fibers
* Reinforcement

» Textiles ”

* Woven 77
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Dong et al., 2012 [ s

Separators/Barrier
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Commercial Application Areas Il

ywovens Sheets

Vartiainen, et al... 2013
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Gaps: Autonomous Efforts

lividual Research Blocks:

ulose Nanomaterials Big Data

Cellulose Derivatives Advanced Manufacturing
Biomass to Fuels Nanomaterials Research

enewable Materials Computational Tools

Packaging Industries Nano-manufacturing

aper/Pulp Industries G
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NNI Infrastructure



Example: Needs For R&D
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Oksman et al.



enter on Cellulose Nanomaterials

Big Data
Advanced Manufacturing
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inding in Cellulose Nanomaterials

. NNI Investment in Nanotech.:
e ~S17 B since 2000

. Forest Service Investment:
e ~S20 M in R&D since 2009
e Focused under Ted Wegner

|d Investment:
e ~S680 M in R&D since 2009
* Focused under Federal Programs

Federal Funding Amounts, no one
ew about us ...

People Have Taken Notice

THE NATIONAL
NANOTECHNOLOGY INITIATIVE

Supplement to the President’s 2014 Budget

=

Cellulose Nanomaterial



Funding Matters

“ellulose Nanomaterials

Il 'Cellulose Nanocrystals"
"Nanocellulose"
7727 "Cellulose Nanocomposites"

2004 2006 2008 2010 2012

ariano et al., J Poly Sci. poly physics,2014

Annual publications or patents (+1000)
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learn more about Cellulose Nanomaterials “ State of the Art”
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