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To date, Ahwahnee is still experimenting with different techniques to de-
agglomerate the MWOCNTs before dispersing them in our test delivery vehicles.
Different solvents and solutes are being tested to maximize dispersion within the delivery
vehicle and the resin. We have observed that specific pH levels must be maintained for
the resin and the delivery vehicle to remain functional. We have great success in
suspending the CNTs in de-ionized water and some organic solvents, yet the actual level
of dispersion has not yet been measured. Our CNT dispersions are being designéd for a
long shelf-life, retaining as much of the good dispersion in the delivery vehicle as
possible for an extended period of time, thus ensuring uniform distribution in the

application.

One key effect of functionalzation is to increase the wetting of the CNTs. This
involves the topic of surface chemistry, and i|s beyond the scope of this paper. In brief
summary, one needs to consider whether the |solvent type or host material they are using
is polar (e.g. water) or non-polar (e.g. aléohol), and further, whether a chemical
functionalization of the nanotubes causes them to be surrounded by that solvent or host
resin (meaning a successful chemical treatment), or whether the solvent/host is further
repelled because of the treatment (meaning an unsuccessful chemical treatment). In sum,
one would like to optimize the surfaces to| be surrounded most completely by the
solvent/host to alleviate porosity problems. This work may often best done immediately
before use, as there may be time-temperature-environmetal degradation of the specific
treatment process. That requires specific experimentation. Furthermore, the type of
treatment often varies from host material to host material. Since each consumer of
MWCNTs may have their own proprietary solvent/host, chemical treatment research

would then often need to be carried out with the user in mind.

The study of functionalization is really just beginning. Some key research has
been done, but there is much more to learn in this fascinating, problem-solving, and

potentially-lucrative field. The key benefit of )additional work on functionalization will

}

|
October 12, 2005 ©2005 Ahwahnee Technology, Inc.
Document ATI-2005-04, Rev. 1b




How to Use Multi-Walled Carbon Nanotubes p. 16

be to enhance the value proposition already afforded through the addition of basic Carbon

Nanotubes.

We next describe cross-linking. If MWCNTs are used in low concentrations, it
may be unlikely that they will touch one another. On the other hand, if instead.of a light
loading (concentration) of MWCNTSs in a host, one considers a high loading, then the
second phase ~ the resin — becomes more of a minor phase, in other words, a binder
rather than a host. In this second scenario, the probability of overlap, and therefore
touching, is high. One can now imagine attempts to fuse the MWCNTs together through
chemical bond re-arrangements where they touch. An open but connected MWCNT
network would be the result. The binder, which fills in between the CNTs and
chemically bonds them together becomes another key ingredient. Although practiced on
Single-Walled Carbon Nanotubes (SWCNTs), the work by Holzinger et al. [7] for
example, may have application merits to MWCNTs. Such work inspires exciting product
ideas.

For all CNT composite research, the topic often comes up regarding alignment of
the CNTs. While alignment can help one to achieve anisotropic properties, and perhaps
ultimate properties in prescribed directions, alignment is usually not done at this time. It
may even be detrimental, as properties in directions perpendicular to alignment may be
compromised. This topic is just beginning to be explored. In general, Ahwahnee
believes that most development work should proceed with random orientation at this

time.
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Mechanical Addition, De-agglomeration, & Dispersion of
MWCNTs

In order to properly disperse Carbon Nanotubes into a liquid, they must first have
the agglomerates broken apart, residual gas removed, and then they must be dispersed

into the chosen solvent or host material.

In our processes, the FlackTek DAC-150 high-speed shear mixer was used. This
mixer was chosen because of its high revolution speed and therefore force needed to

effect shear force de-agglomeration. It is shown in Figures 7 and 8.

First, the CNTs and host resin must be put into a sealed container designed for the
mixer. This work should be done in a glove box to keep the CNTs in the contained
environment (see Fig. 7a). The lid is screwed on, and the container can be removed from
the glove box through the load-lock door. The outside of the container should be handled
with gloved hands, and the outside of the contairrer wiped off with disposable wipes and a
little solvent, such as isopropyl alcohol before hz‘mdling further. The key here is to
prevent cross-contamination to other surfaces.

|
Once the container is ready, it can be transferred to the mixer. It is put into the

holder, and the lid closed. The de-agglomeratioT and dispersion activities now begin.

We have experimented with 2 types of mechanical de-agglomeration. Both

require a planetary mixing device utilizing both revolution and rotation of the CNT

mixture in a container. A set of sample procedures follows Fig. 8.

|
|
|
|
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Figure 7a.. Working inside a glove box, MWCNTs are loaded into a
mixer container with resin to make dispersions of MWCNTs.

Figure 7b. Using the FlackTek DAC-150 high-speed shear mixer to make
dispersions of MWCNTs. ‘
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(b)

Figure 8. A sealing container for the FlackTek DAC-150 mixer to make
dispersions of MWCNTSs (a, left). A pattern of mixing shown inside a
mixing cup looking down inside it after a period of time; shown as an
example from a different material system (b, right). (Both courtesy
FlackTek.) |

We have experimented with 2 types of mechanical de-agglomeration. Both require a
planetary mixing device utilizing both revolution and rotation of the CNT mixture in a

container as described below.

1) Method 1 — Low-speed ball milling
a) Prepare 2 medium viscosity mixture of 3% CNTs and 97% liquid vehicle (such as
a polymer resin, water, alcohol, etc.). | The liquid should be chosen such that it is
compatible with, or the same as, the 31j1bstance that will be used with the CNTs
The viscosity should be approximateﬂ/ equal to motor oil. A clear or opaque
container is recommended so you can‘visualize the condition of the de-
agglomeration progress. |

b) Add about as much volume of glass bLads (2 or 3 mm) as the CNT solution.

c¢) Place in the mixer and run at slow to Tedium speed for 5 - one minute cycles.

|

|
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d)

e)

)

h)

Check the mixture after each cycle to observe whether there are agglomerates
remaining. If agglomerates are still in the mixture, keep mixing in one minute
cycles.

Either decant or filter the CNT mixture from the glass beads and let stand for at
least 24 hours. The mixture should be uniformly black and syrupy.

Tilt the cup on its side and look for any sludge on the bottom of the container.
If there is sludge on the bottom of the container, pour the viscous syrup into
another container, add more of the original liquid (stirring the sludge into the
mixture) until the viscosity is again similar to motor oil and repeat the above
mixing cycles.

This procedure should not be performed at a high mixing speed as it would be

possible for the glass beads to damage some of the CNTs.

2) Method 2 — High speed shear force

a) This method uses shear forces to disassemble the agglomerates of MWCNTSs

b) Prepare a mixture of a liquid vehicle such that the end solution is comprised of
10% CNTs by weight and 90% liquid by weight.

¢) Mix at slow speed for 30 seconds.

d) Remove cap of container and allow gas to escape.

e) Replace cap and mix at medium speed for 1 minute.

f) Remove cap of container and allow gas to escape.

2) Replace cap and mix at high speed for 2 minutes

h) Remove cap of container and allow gas to escape.

i) Notice that the mixture will begin to generate heat. Do not let the container reach
heat levels that are uncomfortable to the touch.

j) Continue by repeating steps g), h) and i) four more times for a total of 10 minutes
of mixing at high speed. Make sure to release built up gas after each 2 minute
cycle.

k) If container becomes too warm to hold in the hand for more than a short time,
cool the mixture by either allowing time between cycles or by immersing
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container in room temperature liquid such as water, making certain not to allow
the cooling liquid to be introduced into the mixture.

1) When this process is complete, the results should be a smooth, very thick paste.
m) If there appears to be small lumps in the paste, check to determine if the lumps are
unbroken agglomerates or air bubbles by pressing on them with a clean probe.

n) If the lumps feel hard, continue the above cycles until there are no lumps or the
lumps are deemed to be air bubbles. Air bubbles will burst and disappear when
pressed on with the clean probe.

0) An example of a clean probe is a glass stir rod, a wood popsicle stick, etc.

== o
Figure 9. A sealed bottle of concentrated MWCNT solution resulting
from dissolution of the paste shown in Fig. 7 (b). The concentrate is

agglomerate free, well dispersed, and ready to be mixed into a larger batch

of resin to make a part. }
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What happens if the dispersion is not complete, or if there is a macroscopic non-
uniform distribution such that the density of CNTs varies within the finished part? Then,
the properties may well vary with location as mentioned earlier. This can be seen in the
following two photographs of Figure 10. Two rectangular plastic plaques have been
molded with the same loading, and electrical resistance is shown being measured by a
simple digital volt-meter. In the first photo, the resistance is so large it measures off the
chosen scale. This is due to poorly distributed MWCNTS. In the second, the resistance is
low enough that the sample is electrically conductive in the resistance range tested. This
illustrates the ability to achieve a desired property — in this case, electrical conductivity

for a plastic part — when the CNTs are well dispersed and evenly distributed.

(2)

()

Figure 10. (a) Example of poorly-distributed MWCNTs, showing off-
scale electrical resistivity. (b) Example of MWCNTs dispersed and
distributed well enough to achieve electrical conductivity.
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Preliminary Investigation:
dispersion of purified CNT’s in PVA solution

The goal of this experiment was to determine if we could adequately disperse
purified bundled MWCNT’s in a water-based solvent. Ahwahnee Technology, Inc. has
found success in making dispersions as concentrates in liquids, and recommends this

technique when possible. Below are the steps we took to accomplish this.

We’ve incorporated ideas from the example given in Electrorheological

application of Polyaniline/multi-walled Carbon Nanotubes composites, Jan 2005.

Month x/23/05
1. Using a 250ml beaker, we added 100ml DI water which weighed at 101 grams
2. Slowly stirred 1 oz of PVA powder into water and stirred continuously for about 10
minutes.
. Putbeaker of 1% PVA solution in Microwave for 15 second intervals, stirring
vigorously after each 15 second interval.
. After S intervals, the PVA was completely dissolved and the solution was clear and
slowly boiling.
. Moved beaker to glove box and added approx 1/8 gram CNT’s into solution, stirred
briefly to put CNT’s in distribution.
. Covered beaker and moved to ultra-sonication machine.

. Set the time for 60° C and 60 minutes of sonication.

. The solution went through 2 hours this da\y of heat and sonication.

. Moved beaker back to vent hood in lab. 1

Month x/24/05
1. Took beaker from vent hood and repeated|the heating and sonication for 3 hours

today.

2. Solution appeared to be totally black with no sediment on the bottom of the beaker.
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3. Placed the beaker in room temperature location to allow for any settling.

Month x+2/05/05
¢ As of today, the solution is still black throughout but a small amount of CN'T’s have
begun sedimenting out. It could be due to lack of actual dispersion or an overload of

CNT’s for this amount of mixture.
¢ Some agglomerates are present on the side of the beaker.

¢ We are continuing to watch results in this beaker.
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Literature Review

The number of useful journal articles in the literature for the use of CNTs is quite large
and is growing rapidly. As there are many great papers, Ahwahnee cannot possibly
include them all. The purpose of this section is not to provide a complete review, but to
provide a list so one can further develop topics introduced in the previous sections on
their own. The reader is encouraged to perform their own literature searches to augment
the list provided here. A certain good starting point would be to continue searching the
same authors, key topic words, journals, etc. presented in the list of References.

The papers are collected according to the following main topics:

I Basic Studies [8-17] ‘
1L Functionalization [18-50] ‘
Dispersion ‘
=  Thermosets [26, 51-60]
= Thermoplasts
PMMA [61, 62]
Polycarbonate [63-65
Polyethylene [66, 67]
Polypropylene [68, 69]
Polystyrene [65, 70]
Vinyls [71]
Special Topics:
= CNT / Metal composites [72-
= CNT / Ceramic composites [7
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WHERE TO LEARN MORE...

Once such resource is the Ahwahnee Discussion Forum, addressed by clicking on the
appropriate link on the Ahwahnee web site Home Page ( http://www.ahwahneetech.com).
This provides an ongoing thread of ideas from which the customer can learn the
experiences of others like themselves, and also contribute back to that same growing
body of knowledge. (This resource is provided as a convenience by Ahwahnee to its
loyal customers, but doen not necessarily reflect the opinions of Ahwahnee.)

RESOURCES

Ahwahnee has used the following books to prepare this report, and most strongly
encourages our customers to expand their knowledge by reviewing them or books like
them:

1. Ganguli, S., et al., Effect of loading and surface modification of MWCNT on the
fracture behavior of epoxy nanocomposites. Journal of Reinforced Plastics and
Composites, 2005. In press.

2. Atkins, P.W., Physical Chemistry. 3rd ed. 1986, New York: W.H. Freeman and
Company.

3. Barrett, C.R., W.D. Nix, and A.S. Tetelman, The Principles of Engineering
Materials. 1973, Englewood Cliffs, NJ: Prentice-Hall, Inc.

4. Dieter, G.E., Mechanical Metallurgy. 1986, New York: McGraw-Hill Book

Company.

5. Hertzberg, R W., Deformation and Fracture Mechanics of Engineering Materials.
1996, New York: John Wiley and Sons, Inc.

6. Kinloch, M.S.a.1.A., Prospects for nanotube and nanofibre composites.

Composites Science and Technology, 2004. 64: p. 2281-2282.
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7.

8.

9.

10.

11.

Holzinger, M., et al., [2+1] cycloaddition for cross-linking SWCNTs. Carbon,
2004. 42(5-6): p. 941-947.

Abatemarco, T., et al., Fractionation of multiwalled carbon nanotubes by cascade
membrane microfiltration. J. Phys. Chem. B, 1999. 103: p. 3534-3538.

Hobbie, E.K., et al., Optical measurements of structure and orientation in sheared
carbon-nanotube suspensions. Review of Scientific Instruments, 2003. 74(3): p.
1244,

Hobbie, E.K., et al., Orientation of carbon nanotubes in a sheared polymer melt.
Physics of Fluids, 2003. 15(5): p. 1196. -

Koratkar, N.A., B.Q. Wei, and P.M. Ajayan, Multifunctional structural
reinforcement featuring carbon nanotube films. Composites Science and
Technology, 2003. 63(11): p. 1525. ,

Lopez, M.J,, et al., Patching and tearing of single-wall carbon-nanotube ropes
into multiwall carbon nanotubes. Phys. Rev. Lett., 2002. 89(25): p. 255501.
Thomsen, C., et al., Intermolecular interaction in carbon nanotbe ropes. Phys.
Stat. Sol. B, 1999. 2185: p. 435.

Vaia, R., Polymer nanocomposites open a new dimension for plastics and
composites, in The AMPTIAC Newsletter. 2002, U.S. Department of Defense. p.
17-24.

Walther, 1.H., et al., Carbon nanotubes in water: structural characteristics and
energetics. J. Phys. Chem. B, 2001. 105: p. 9980-9987.

Walther, J.H., et al., Hydrophobic hydration of C-60 and carbon nanotubes in
water. Carbon, 2004. 42(5-6): p. 1185.

Walther, J.H., et al., Hydrodynamic properties of carbon nanotubes. Physical
Review E, 2004. 69(6 1): p. 062201.

Bathos, R., et al., Functionalization of single-walled carbon nanotubes by using
alkyl-halides. Carbon, 2005. 43: p. 321-325.

Bhattacharyya, S., et al., Protein-functionalized carbon nanotube-polymer
composites. Applied Physics Letters, 2005. 86(11): p. 113104.

Cahill, L.S., et al., Polymer—ﬁmctiona‘lized carbon nanotubes investigated by

solid-state nuclear magnetic resonance and scanning tunneling microscopy.
Journal of Physical Chemistry B, 2004. 108(31): p. 11412.

Changwook, K, et al., Tip-functionaj ized carbon nanotubes under electric fields.
Physical Review B (Condensed Matter and Materials Physics), 2003. 68(11): p.
115403.

Chao, G., K. Hao, and Y. Deyue, Controlled functionalization of carbon
nanotubes by in situ polymerization s‘trategy. AIP Conference Proceedings,
2004(723): p. 193. ‘

Choi, H.J., et al., Electrorheological ?pp/lication of polyaniline/multi-walled
carbon nanotube composites. Diamond and Related Materials, 2005. 14: p. 766-
769.

Curran, S.A., et al., F unctionalization; of carbon nanotubes using phenosafranin.
Journal of Chemical Physics, 2004. 120(10): p. 4886.
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25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Goh, HW., et al., Dynamic mechanical behavior of in situ functionalized multi-
walled carbon nano tube/phenoxy resin composite. Chemical Physics Letters,
2003. 373(3-4): p. 277.

Gojny, F.H. and K. Schulte, Functionalisation effect on the thermo-mechanical
behaviour of multi-wall carbon nanotube/epoxy-composites. Composites Science
and Technology, 2004. 64(15): p. 2303.

Halford, B., Acid route to nanotube fibers. Chemical and Engineering News,
2003. 81(50): p. 9.

Holzinger, M., et al., [2+1] cycloaddition for cross-linking SWCNTs. Carbon,
2004. 42(5/6): p. 941.

Hu, C.G., et al., Systematic investigation on the properties of carbon nanotube
electrodes with different chemical treatments. Journal of the Physics and
Chemistry of Solids, 2004. 65(10): p. 1731.

Jaffe, R.L., Quantum Chemistry Study of Fullerene and Carbon Nanotube
Fluorination. Journal of Physical Chemistry B, 2003. 107(38): p. 10378.

Jijun, Z., et al., Noncovalent functionalization of carbon nanotubes by aromatic
organic molecules. Applied Physics Letters, 2003. 82(21): p. 3746.

Lai, F., et al., Functionalization of carbon nanotubes with amphiphilic molecules
and their Langmuir-Blodgett films. Carbon, 2003. 41(12): p. 2385.

Lan, W. and D. Zhi-Min, Carbon nanotube composites with high dielectric
constant at low percolation threshold. Applied Physics Letters, 2005. 87(4): p.
42903.

Li, Y.H,, et al., Adsorption of cadmium(II) from aqueous solution by surface
oxidized carbon nanotubes. Carbon, 2003. 41(5): p. 1057.

Mylvaganam, K. and L.C. Zhang, Nanotube functionalization and polymer
grafting: an ab initio study. Journal of Physical Chemistry B, 2004. 108(39): p.
15009.

Okpalugo, T.LT., et al., High resolution XPS characterization of chemical
functionalised MWCNTs and SWCNTs. Carbon, 2005. 43(1): p. 153.

Park, K.C., et al., Progressive and invasive functionalization of carbon nanotube
sidewalls by diluted nitric acid under supercritical conditions. Journal of
Materials Chemistry, 2004. 15: p. 407-411.

Philip, B., et al., A novel nanocomposite from multiwalled carbon nanotubes
functionalized with a conducting polymer. Smart Materials and Structures, 2004.
13(2): p. 295.

Qingwen, L., et al., Thionine-mediated chemistry of carbon nanotubes. Carbon,
2004. 42(2): p. 287.

Shenogin, S., et al., Effect of chemical functionalization on thermal transport of
carbon nanotube composites. Applied Physics Letters, 2004. 85(12): p. 2229.
Skakalova, V., U. Dettlaff-Weglikowska, and S. Roth, Transport properties of
Sfunctionalized single wall nanotubes buckypaper. AIP Conference Proceedings,
2004(723): p. 189.

Taeger, S., et al., Purification and dispersion of carbon nanotubes by sidewall
Sfunctionalization with single-stranded DNA. AIP Conference Proceedings,
2004(723): p. 185.
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How to Handle Carbon Nanotubes

(Pre-requisite reading: Ahwahnee’s MSDS & also Safety Considerations)

ABSTRACT

The industrial use of Carbon Nanotubes (CNTs) is underway. This exciting
development has resulted in a number of commercially-available products. The
number will grow as more people learn how to use CNTs to solve our world’s
pressing problems, such as how to best use our limited energy and material resources.
However, many prospective users — researchers, designers, and manufacturers —
haven’t yet studied or used CNTs. Ahwahnee makes Multi-Walled Carbon
Nanotubes (MWCNTSs). The goal of this report is to minimize a user’s time to

| - -
innovate and make superior products using MWCNTSs, by introducing them to a range

of topics regarding recommended safe handh‘ng practices. First-time users must read
this document. The physical nature of Ahwzthnee s MWCNT product is described.
Handling procedures during manufacturing, such as the use of containment systems,
are introduced. From there, the use and post-use environments are considered.
Finally, the reader is given additional resources to continue their education.

|

(This document is copyrighted by Ahwahnee,iintended only for the use of Ahwahnee
Technology’s customers, and is not to be reproduced or distributed beyond that use.
Ahwahnee Technology assumes no liability folr the handling of the CNTs, nor for the
manufacture, use, re-work, or disposal of products made with CNTs.)
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OVERVIEW

This section describes the preparation needed before reading on. It also explains what
is contained here and how to make the best use of it.

Pre-requisites

First, the user must read the Material Safety Data Sheet (MSDS). Second, the user
must understand the information in Ahwahnee’s Safety Considerations technical
report, which is a survey of additional important published information. Note: check
to see if your institution requires establishing Multi-Walled Carbon Nanotubes
(MWCNTs) as a ‘chemical’ in your institution’s chemical inventory system, before
you can receive samples or place purchase orders.

What’s in this document

This report discusses the following topics:
1. The Nature of Nanotubes
2. Bulk Solid Properties for Handling Considerations
3. Foundations for Safe Usage
4. Review of the Best-Recommended Handling Procedures for these
Environments: |
a. Manufacturing
i. Storing
ii. Transporting
iii. Incorporating
iv. Cleaning up
b. Use
c. Post-Use
5. Where to Learn More

|
How to make the best use of it }
Understanding the nature of nanotubes — which determines how they behave at rest
and how they move about — is at the heart of mastering their containment and
placement. This information directs our focus\‘ to the containment of the MWCNTSs as
they are put into products. 3

The user must consider whether the CNT ‘\placement will be disturbed by their
customers during product use or re-work. Furthermore, there will be a time when the
finished good will reach the end of its useful service, and user must consider the issue
of their customer disposing the product. The user must determine the associated risks
of all these stages before producing and selling goods containing CNTs.

This basic information will be gotten by readirjlg the first 4 sections of this document.
With that knowledge, the user can begin their work with CNTs.

The last section directs readers to additional resiources. This concludes the Overview.
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INTRODUCTION: The Nature of Carbon Nanotubes

Strictly speaking, MWCNTs are not a chemical, such as those characterized by a
specific chemical formula and molecular weight. Instead they are more generally
regarded as a collection of particles, each made of solid material, as is true with other
finely-divided powders. With MWCNTSs, they are naturally divided, as each
nucleates and then grows to its final length. A very small amount of catalyst is used
to initiate and carry out this growth, and remains with the MWCNTs. All MWCNTs
are characterized by an average chemical composition and a general atomic structure.
More information will be found in the Ahwahnee MSDS, Data Sheet, and web site.

Nanotubes are also different from finely-divided powders with regard to their shape.
While powder particles are to a first approximation often spherical, MWCNTs are
long and thin cylinders. Lengths are typically measured in microns (10°® meters), and
diameters are typically measured on the order of 10’s of nanometers (10’s x 107
meters). The aspect ratio (length divided by diameter) is on the order of 1000 or
more.

Another distinguising feature of MWCNTs is that they are made of layers of carbon
(‘graphene’) sheets, each rolled into a complete tube. The tubes are nested one within
another, like the layers of a leek vegetable. The layers are typically separated by
0.34 nm. More information may be found at the Ahwahnee web site. The
NanoModeler Program is very useful in helph‘lg to visualize MWCNTs
While each individual Ahwahnee nanotube majly be very small, Ahwahnee produces
them in large batches and sells them as a dry powder in a container, not as individual
MWCNTs. Individual MWCNTSs tend to attr%ct each other and generally stick
together loosely as larger agglomerates. It is believed that static charge and also van
der Waals forces cause the mutual attraction. The typical diameter and length ranges
for MWCNTs are shown in Fig. 1, as they con‘w‘lpare to other small particles
[(Friedlander 2000), p. 4]. !

|
When disturbed, the Ahwahnee MWCNT product can be separated into finer
particles. The collection of particles does not fesemble smoke, but rather a group of
very light and fluffy pieces. Clusters will movf: in air if entrained by forced
convection, such as that from fume hoods or fans, so one must be careful to avoid
such convection. If individual CNTs also move, they would be impossible to see by
eye, and diagnostic techniques would need to b‘p used to monitor those movements.

\
Presently, MWCNTS are not considered toxic or a controlled substance by the U.S.
Federal Government. However, they can scatter as a nuisance dust. During such time
as the toxicology is further investigated by medical experts outside the industry,
Ahwahnee recommends a common-sense approach of taking the utmost care in
handling CNTs. This means all CNT materials must be transported, stored, used, and
designed into products with the highest regard to eliminate airborne exposure.
Moreover, elimination of CNTs from all other routes, such as landfill and waste
waterways, must be upheld. CNTs must not be allowed to escape the containment
areas. Strict houskeeping measures will ensure that CNTs are not found in significant
concentrations outside the usage area. Further information on interactions between

October 12, 2005 ©2005 Ahwahnee Technology, Inc.
Document ATI-2005-03, Rev. 2




How to Handle Carbon Nanotubes p.- 6

CNTs and living organisms may be found in the Ahwahnee “Safety Considerations”
whte paper, and elsewhere.

Disposal of CNTs is best done by incineration in oxygen above 600 °C, preferably
above 800 °C. The reason is that CNTs will oxidize and decompose in that
temperature range.
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Figure 1. The typical individual diameter, individual length, and agglomerate ranges
for MWCNTS, as compared to other small particles.
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BULK SOLIDS’ PROPERTIES
FOR HANDLING CONSIDERATIONS

The reason for presenting this Ahwahnee document is that of prudence: to inform
users of the characteristics of MWCNTs, and developments in handling and
processing technologies to minimize worker exposure while health and safety risks
continue to be examined. The Ahwahnee customer assumes liability for proper care
of its employees and their customers during the handling or use of the CNT material.

The following discussion now gets into a bit more detail on the properties of
MWCNTs, especially for handling. First, section “a” addresses MWCNTS alone - by
themselves (not incorporated into mixtures). Secondly, mixtures are discussed in
section “b.” Section “c” is a brief discussion regarding MWCNT as a nano-scale
powder. Finally, Section “d” reviews the potential routes of incorporation into a
human body, as typically addressed for all industrial chemicals and materials.

a. MWCNTs used alone
i. Physical state — solid at 25°C
ii. Molecular weight — N/A (each MWCNT can typically be ~10
to 30 nm in diameter, alnd typically from Sum to 100um in
length, each tube contammg a large number of atoms. These
MWCNTs are typlcally handled as a collection of large
particles (molecules) o‘f various sizes, en masse.)
iii. Stability — stable up to 600°C (~1100°F) in air, at which point it
begins to oxidize and v‘olitalize
iv. Vapor pressure — negligible
v. Density - ~ 1.8g/cc at\ maximum packing; Ahwahnee
MWCNT shipped at 0.05 g/cc natural packing
vi. Solubility — insoluble in water. May be dispersed in water, if
chemically treated after growth.
vii. Flash Point — no natural vapor - not applicable
viii. Auto-Ignition Temperature above 600°C in air
ix. Flammability — by US DOT definition, considered
nonflammable. If fire exists, follow standard precautions for
carbon fines (likely to i“nclude: (i) minimize temperature with
water (careful - they could float on top of water), (ii) remove
oxygen e.g. with carbon dioxide fire extinguisher, (iii) remove
fuel (CNTs) see [(N. P. ‘Cheremlsmoff 1996), p.52]. Vapors
produced by fire would‘not likely re-combust (expect CO,
COy). |
x. Explosive Limits — not known; closest known material,
graphite powder, not considered explosive (see Safety
Considerations, under ekplosive)
xi. Heat Content — (approxunate with that for carbon fines)
xii. Threshold Limit Value (TLV) [(N. P. Cheremisinoff 1996), p.
35] (tbd) |

xiii. pH/pKa [(N. P. Cheremisinoff 1996), p. 35]. (n/a).
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xiv. Concentration — (Ahwahnee MWCNT purity > 97+% in
composition and MW structure. For details, refer to specific
product data sheet.)

. Adsorption — can attach to surfaces by van der Waals
intereactions if applied wet, otherwise can generally be shed,
wiped off, or otherwise cleaned off.

xvi. Consideration of hazards:

1. Reactivity — (base CNT comparable to carbon fines; as
far as catalyst, similar to transition element powder).
Not reactive upon addition to water, nor with exposure
to air as long as not excessively heated. No reactivity
expected with acids or bases (except those that could
occur with carbon fines). Not an oxidizing agent. Not a
reducing agent.

. Ignitability/flammability (carbon fines are not known to
be explosive; MWCNTs should be no more flammable
than carbon fines)

. Corrosivity — not corrosive

. EP toxicity — not yet shown to be toxic; as with many
chemicals can be found to enter the body through Iungs;
not intended to be ingested. Systemic effects [(N. P.
Cheremisinoff 1996)] still under investigation by

medical experts!.

. NFPA - (Natiortlal Fire Protection Association 4-
quadrant diamo;nd symbol - t.b.d. Ahwahnee currently
recommends the Health Hazard as 2, Flammability as 1
(see Ahwahnee’s “Safety Considerations” document),
Reactivity as 0, with no Specific Hazard.
xvii. Flow characteristics of Ahwahnee Technology’s MWCNT dry
material: \
1. Tends to form clusters that are easily visible — may be
difficult to pour|through small orifices.
2. Small amounts may easily become entrained in strong
air flows. |
3. Light, fluffy materlal difficult to compact under light
" loading.
4. Asaresultof 1- 3 they are not as free-flowing as some
other bulk sohds
b. In mixtures ‘
i. Treat as if working w1th‘ finely-divided graphite powder
ii. Avoid mixtures that could not be safely be handled, if for
example, instead of CNTs one used finely-divided graphite

powder.
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c. Nano-scale powder descriptions
i. Diameters — see product data sheet
il. Lengths — see product data sheet
iii. Composition — see product data sheet
iv. Structure — see descriptions above earlier, and web site
v. Imperfections (bends, caps, catalysts, chirality — affects
electrical conductivity — see Ahwahnee product data sheet or
web site for more information)
Tendancy to cluster, however...
...individually small enough they could conceivably become
airborne

d. Routes of incorporation
i. While there are over 600,000 different chemical products on
the world market, relatively little is known about each of their
toxicological effects [(N. P. Cheremisinoff 1996), p. 31].
Chemicals may enter the body through 3 main routes: (i)
inhalation, (ii) ingestion, and (iii) absorption through skin or
living tissue.
ii. As with all handled foreign substances, CNTs could potentially
find routes of incorporation into human body
Some health affects aré known, many are still being studied.
Known tendancies are:| .
1. Can oclude lun‘g passageways if inhaled in significant
quantities; CNI‘S tend not to dissolve over time
2. Can also be found in cells and tissues other than the
lung in non-human animals. The study of any
potentially hamllful effect that these materials can have
on living organisms is the subject of the toxicology of
MWCNTs. Thi‘s work is underway around the world. It
should be noted that “all chemicals affect mankind to
some degree, de:,pending on the time of exposure,
concentration, and human susceptibility.” [(N. P.
Cheremisinoff 1996), p.63 bottom; also same p. 65-68]
Pulmonary Agent: t.b.d.; Hepatotoxin: t.b.d.)
. Have not been shown to cause cancer (suspected to be
non-carcinogenic)
. Current production techniques require the use of
catalysts to make the CNTs; these are bound to the
CNTs in some small percentage of the total chemical
composition, and are therefore incorporated in the CNT
final product, unless otherwise specified. The health
effects of these known materials must also be
considered (see Safety Considerations under
“Catalysts”™)
iv. Current status of U.S. law governing the sale, transportation,
and use of CNTs: There are no current restrictions, but as with
all legislation, this is subject to change at any time and it is
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therefore the responsibility of the customer to remain informed
of current laws and of recent changes.

Permissible Exposure Limit (PEL): t.b.d.

OSHA, NPDES, DOT - Hazardous Materials Transportation
Act, Resource Conservation and Recovery Act, Safe Drinking
Water Act, etc.: t.b.d. [(N. P. Cheremisinoff 1996), Ch. 1, e.g.
pp.4-15]. Customers must remain aware of Federal, State, &
Local laws, depending on world location (see [(N. P.
Cheremisinoff 1996), pp. 21-30).

In summary, the reason for presenting this Ahwahnee
document is that of prudence: to inform users of the
characteristics of MWCNTs, and developments in handling and
processing technologies to minimize worker exposure while
health and safety risks continue to be examined. The customer
assumes liability for proper care of its employees or their
customers during the handling or use of the CNT material.
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FOUNDATION FOR SAFE USAGE:
Proper Training in the Handling of Nano-Scale Powders

The reader is now directed to the following list of items from which to train their
workers. These are general material-handling procedures provided here for
convenience, and presented with MWCNTs in mind.

L (see [(N. P. Cheremisinoff 1996), p. v]
e. Training before handling
i. MSDS - read Ahwahnee’s document
ii. Ahwahnee Safety Considerations (written by Ahwahnee in the
spirit of the “Right-to-Know” law. )
f. Emergency preparedness: customers’ preparation
i. emergency contact numbers
ii. spill clean-up plan
1. role of each individual in an emergency
2. safety gear and equipment training
g. Proper waste management protocol — ‘Best Management Practices’
i. Record Keeping
ii. Managing personal protective gear
1. Clothing |
2. Respirators (f1t-use -maintenance)

iii. Managing lab and mam‘lfacturmg equipment

1. Shipping contalpers
2. Storage

3. Labeling ;
4. Protection equ1pment
a. Glove nges
b. Point-ofjuse equipment
i. Gloves
ii. Respirators
. Housekeeping !
a. No eatlng/dnnkmg/smokmg near material
b. Keep contamers clean on the outside
. Inventory Control procedures
. Moving the MWCNT material
. Monitoring procedures
. Waste containment and disposal
iv. Managing env1ronmenta1 regulations and safety (see [(N. P.
Cheremisinoff 1996), Ch. 1].
h. For further education, one is refered to the texts referenced in this
document, and vigilant review lof applicable laws as discussed in the

prior section. |
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REVIEW OF BEST-RECOMMENDED HANDLING
PROCEDURES

(refer to [(Hoyle 2001; N. Hirst 2002)] for this discussion)

a. MWCNTSs are typically added to other materials to lend property
enhancments to those materials. The CNTs are added in amounts often
on the order of 0.1 to 5.0wt%, but this is based on experience to date
and not on any fixed restrictions. Because a spoonful of MWCNTSs
may contain upwards of ~10° or more CNTs, the flow and handling
characteristics are difficult to simulate on a computer, no less calculate
by hand. (see [(Hoyle 2001), p.7] top). Therefore, predictive theories
will need to be based on experimental evidence.

. As quantities of MWCNTSs needed are increased to solve the world’s
most pressing problems, the flow behavior of large quantities of CNTs
will need to studied (see [(Hoyle 2001), p.6, ASTM method from
Jenicke]). In the mean time, Ahwahnee provides a review of the best-
recommended handling procedures that it is aware of at the time of this
preparation, and recommends most highly that they be followed.
MWCNT materials should be kept out of the reach of those who are
not properly trained in handling them. Storage is nearly always
recommended in non-breakable containers, especially for heavier
quantities. Sealing lids with re-entrant edges (‘knife edge’ lids) are
recommended to prevent leakilng product. Sealing tape, such as that
supplied by chemical lab supply houses, can be put around the lid and
be used as a secondary precaution. The tape can be re-used if not dirty.

. Ahwahnee uses glove boxes when transfering MWCNT powders from
one container to another. Specifically, a unit with a load lock is
recommended. |

. Mixing units that use sealed containers are recommended.

When large quantities must be/moved, concepts such as Intermediate
Bulk Containers should be con‘sidered for implementation (see [(Hoyle
2001), Ch. 3], [(Council 1981;|N. Hirst 2002), entire texts])

. Ahwahnee employees use protective gear and clothing to prevent
direct exposure to MWCNTs. ‘This includes, but is not limted to,
protective nitrile gloves for the hands, protective eyewear, and the
highest-efficiency respirators for the face.

. Hands and faces are thoroughly washed after removing all protective
gear as a safety precaution. |
Waste is contained in a sealed can, with minimal air disturbance to
alleviate air flow entrainment of particles.

Waste is properly marked and %iisposed of, for incineration at the
temperatures noted earlier . i

. For post-use, one must make sure CNTs do not detach from their host
material and enter the ground water system. Further, uses where CNTs
may be spread in concentration in the air should be prohibited, such as
could be the case during re-work during a sanding or grinding
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operation. Please consider all ways your customers will use the
product.

The methods here are given to alleviate all sources of spills. Should a
spill occur, it should have happened inside a glove box. Treat a spill
by making sure all efforts are taken to remove all people from the
location, and to make sure the product is not entrained into the air. It is
possible the spill could be gently covered at first by a lightly water-
dampened cloth wipe, then contained. Clean up should be made by
wipes until all residue has been removed to the waste container as
noted above.

. Ahwahnee Technology welcomes input from the scientific,

October 12, 2005
Document ATI-2

engineering, and health & safety communities to improve the
recommended practices cited in this document.
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WHERE TO LEARN MORE...

Once such resource is the Ahwahnee Discussion Forum, addressed by clicking on the
appropriate  link on the Ahwahnee web site Home Page (
http://www.ahwahneetech.com ). This provides an ongoing thread of ideas from
which the customer can learn the experiences of others like themselves, and also
contribute back to that same growing body of knowledge. (This resource is provided
as a convenience by Ahwahnee to its loyal customers, but doen not necessarily reflect
the opinions of Ahwahnee.)

RESOURCES

Ahwahnee has used the following books to prepare this report, and most strongly
encourages our customers to expand their knowledge by reviewing them or books like
them:

Council, N. R. (1981). Prudent Practices for Handling Hazardous Chemicals in
Laboratories. Washington, D.C., National Academy Press.

Friedlander, S. K. (2000). Smoke, Dust, and Haze: Fundamentals of Aerosol
Dynamics. New York, Oxford, Oxfora University Press.

Hoyle, W., Ed. (2001). Powders and Solids: Developments in Handling and
Processing. Cambridge, England, Royial Society of England.

N. Hirst, M. B., and M. Ryder, Ed. (2002). Containment Systems: A Design Guide.
Rugby, England, Institution of Chemi;cal Engineers.

N. P. Cheremisinoff, M. G. (1996). Safety Management Practices for Hazardous

Materials. New York, Marcel Dekker, Inc.
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Safety Considerations

A Material Safety Data Sheet (MSDS) has been written by Ahwahnee Technology for
each of its material classes. In addition to each MSDS, the following excerpts in this
document are recommended reading for further education. Ahwahnee Technology, by
way of inclusion, does not endorse any particular selection.

DISCLAIMER: THE RECIPIENT OF THIS INFORMATION (“RECIPIENT”)
HEREBY ACKNOWLEDGES THAT CARBON NANOTUBE TECHNOLOGY MAY
POSE HEALTH AND ENVIRONMENTAL HAZARDS THAT ARE NOT WELL
UNDERSTOOD, AND AHWAHNEE MAKES NO REPRESENTATIONS
REGARDING THE SAFETY OF THE USE, HANDLING, OR OTHER
MANIPULATIONS OF ANY AHWAHNEE SAMPLES IN PARTICULAR OR
CARBON NANOTUBE TECHNOLOGY IN GENERAL. RECIPIENT AGREES
THAT IT ASSUMES ALL RISKS OF SUCH HAZARDS AND UNDERTAKES TO
INFORM ITSELF OF CURRENT RESEARCﬁ INTO AND INFORMATION ABOUT
SUCH HAZARDS AND TO INFORM ITS EMPLOYEES, OFFICERS AND AGENTS
AND ANY THIRD PARTIES WHO MAY BE}AFFECTED BY ITS USE OF THE
TECHNOLOGY OF ANY AND ALL RESEARCH AND INFORMATION THAT
WOULD REASONABLY AFFECT THEIR USE OF OR ASSOCIATION WITH THE
TECHNOLOGY.

I AGREE:

(signature)

(printed nhme)
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(from Carbon Nanotubes and Related Structures: New Materials for the Twenty-First Century, by Peter J.F. Harris,
Cambridge University Press, 2001, pp. 21-22)

“Opinions are divided on the possible health hazards of carbon nanotubes... Some
workers have pointed out the physical similarities between nanotubes and asbestos fibers,
which are both extended structures around 10nm in diameter and a few micrometers
long... It has been known since the early 1960’s that asbestos can be a cause of
pneumoconiosis, a serious lung disease, and mesothelioma, a cancer of the lining of the
chest which is often fatal. However, the mechanism by which the silicate fibers cause the
damage, at least in the case of mesothelioma, is believed to involve the catalytic
formation of reactive oxygen compounds. It seems unlikely that (plain carbon)
nanotubes would have the same effect. Nevertheless, in the lack of any definite
information on the toxicity of Fullerene-related carbons, it is wise to err on the side of
caution when preparing and handling these materials. Particular care should be taken
with the arc-evaporation method since the soot produced in this way is extremely light
and can easily become airborne. Precautions should therefore be taken to avoid
inhalation. For this reason, it is recommended that the entire arc-evaporation apparatus
be enclosed in a fume hood. A mask should also be worn when opening the chamber,
and it is advisable to wear gloves when handling the Fullerene-related materials.

There are other safety considerations to take into account when carrying out the arc-
evaporation method. It is clearly important to check the machine for short circuits before
carrying out the arc-evaporation, and the vacuum should be tested for leaks before
introducing the inert gas. Since most chambers will have a viewing port, care must also
be taken to protect the operator’s eyes from the intense light of the arc using a high
density optical glass filter.”

|
(from “DuPont pinning its future on nanotechnology,” by F. Biddle, The (Wilmington, Del.) News Journal and also
Reno Gazette-Journal, Saturday, Dec. 27, 2003, pp .1D - 4D) |

“Safety is one concern. Eva Oberdorster, an aquatic toxicologist at Southern
Methodist University in Dallas, said the tendency of single strands of synthetic DNA to
bind to nanotubes may add to longtime concerns that nanotubes can breach the cell
membranes of living things. “Does real DNA ... interact with (carbon nanotubes)?” she
said. “We don’t know that yet. Certainly, if you re in a workplace and working with
these nanotubes, there’s a possibility of being exposed.” That leads to the possibility that
nanotubes could disrupt the normal lives and functions of cells, she said.”

Ahwahnee Technology , Inc. October 16, 2007
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(from “Nano’s Safety Checkup,” by I. Amato, Technology Review, Feb. 2004, pp. 22-23)
SOME EFFORTS AND PROPOSALS ON NANOPARTICLE SAFETY

ORGANIZATION EFFORT

p.3/8

U.S. Food and Drug Administration; Relying on existing protocols to regulate new nanomaterials, while
U.S. Environmental Protection Agency | developing data on toxicology, environmental fate, and tissue
(Washington, D.C.) accumulation

U.K. Royal Society, Commissioned a blue-ribbon study to assess the risks and benefits of
U.K. Royal Academy of Engineering nanomaterials and make regulatory recommendations
(London, England)

Center for Biological and Director Vicki Calvin recommended that 5% of federal nanotechnology
Environmental Nanotechnology, expenditures be devoted to the study of environmental and societal
Rice University (Houston, TX) consequences

ETC Group Calling for moratoria on nanotechnology R&D until safety can be
(Winnepeg, Manitoba) established; seeking an international convention to evaluate
nanotechnology

Greenpeace Environmental Trust Calling for far more research on nanotechnology’s environmental impact,
(London, England) but not endorsing moratoria

(from “Health Concerns in Nanotechnology,” By Barnaby J. Feder, N.Y. Times, Published: March 29, 2004)
“...Buckyballs, a spherical form of carbon discovered in 1985 and an important
material in the new field of nanotechnology, can cause extensive brain damage in
fish...Eva Oberdorster, an environmental toxicologist at Southern Methodist University in
Dallas, said the buckyballs also altered the behavior of genes in liver cells of the juvenile
largemouth bass she studied... . Other researchers, including Dr. Oberdérster's father,
Giinter Oberdorster, a professor of environmental medicine at the University of
Rochester, have shown that such particles can enter the brain. The fish studies, however,
were the first to indicate destruction of lipid cells, the most common form of brain tissue.
...Dr. Oberdorster of S.M.U. said that the results underscored the need to learn more
about how buckyballs and other nanoscale materials are absorbed, how they might
damage organisms and what levels of exposure!represent hazards. But she rejected
arguments made by some nanotechnology critics that the limited toxicological research to
date justified a moratorium on the development and sale of the new materials..."This is a
yellow light, not a red one," Dr. Oberdorster said in a telephone interview last week.”

(from “Comparative Pulmonary Toxicity Assessment of Single-wall Carbon Nanotubes in Rats,” D. B. Warheit, et al.,
Toxicological Sciences 77, 117-125 (2004))

“Exposures to high-dose (5 mg/kg) SWCNT produced mortality in ~15% of the SWCNT-
instilled rats within 24 h postinstillation. This mortality resulted from mechanical
blockage of the upper airways by the instillate and was not due to inherent pulmonary
toxicity of the instilled SWCNT particulate. Exposures to quartz particles produced
significant increases versus controls in pulmonary inflammation, cytotoxicity, and lung
cell parenchymal cell proliferation indices. Exposures to SWCNT produced transient

inflammatory and cell injury effects.”
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(from “Pulmonary Toxicity of Single-Wall Carbon Nanotubes in Mice 7 and 90 Days After Intratracheal Instillation,”
C.-W.Lam, et al., Toxicological Sciences 77, 126-134 (2004))

“All nanotube products induced dose-dependent epithelioid granulomas and, in some
cases, interstitial inflammation in the animals of the 7-d groups. These lesions persisted
and were more pronounced in the 90-d groups; the lungs of some animals also revealed
peribronchial inflammation and necrosis that had extended into the alveolar septa. The
lungs of mice treated with carbon black were normal, whereas those treated with high-
dose quartz revealed mild to moderate inflammation. These results show that, for the test
conditions described here and on an equal-weight basis, if carbon nanotubes reach the
lungs, they are much more toxic than carbon black and can be more toxic than quartz,
which is considered a serious occupational health hazard in chronic inhalation
exposures.”

(from Nanoscience and Nanotechnologies,” The Royal Society and the Royal academy of Engineering, July 2004)

“It is very unlikely that new manufactured nanoparticles could be introduced into humans
in doses sufficient to cause health effects that have been associated with the nanoparticles
in polluted air. However, some may be inhaled in certain work places in significant
amounts and steps should be taken to minimize exposure. Toxicological studies have
investigated nanoparticles of low solubility and low surface activity. Newer
nanoparticles with characteristics that differ substantially from these should be treated
with particular caution. The physical characteristics of carbon and other nanotubes mean
that they may have toxic properties similar to those of asbestos fibres, although
preliminary studies suggest they may not readily escape into the air as individual fibres.
Until further toxicological studies have been un;dertaken human exposure to airborne
nanotubes in laboratories and workplaces should be restricted...

There is virtually no information available about the effect of nanoparticles on species
other than humans or about how they behave in: ‘the air, water or soil, or about their abilty
to accumulate in food chains. Until more is known about their environmental impact we
are keen that the release of nanoparticles and nanotubes to the environment is avoided as
far as possible. Specifically, we recommend as'a precautionary measure that factories
and research laboratories treat manufactured nanoparticles and nanotubes as if they were
hazardous and reduce them from waste streams and that the use of free nanoparticles in
environmental applications such as remediationiof groundwater be prohibited.”

(from “Carbon Nanotube Exposure at Graphite PEL Likely to Hurt Lungs, NIOSH Researcher Says,” Pat Phibbs,
Occupational Safety & Health Reporter, Vol. 35, No. 10, Thursday, March 10, 2005, p. 197.)

“If workers were to inhale a particular nanoscale form of graphite at the permissible
exposure limit for that mineral, it is likely their lungs would be damaged, a National
Institute for Occupational Safety and Health scientist said March 8.

"If workers were exposed to carbon nanotubes at the level of the PEL for synthetic

graphite it is likely there would be some lung lesions," said Anna Shvedova, who works

|

|
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in NIOSH's pathology and physiology research branch. Nanotubes are created when
carbon or other atoms are linked into tubular shapes with molecular diameters in the
billionth of a meter range and lengths of up to a millimeter.

OSHA does not have a permissible exposure limit for carbon nanotubes or any other
nanoparticle... NIOSH exposed the mice to several doses of carbon nanotubes including
20 micrograms of carbon nanotubes per mouse because that exposure would correlate
with a worker's exposure to OSHA's PEL for synthetic graphite if the employee were
exposed to the carbon nanotubes for about one month, Shvedova said.

PELs are exposure limits based on an eight-hour time-weighted average exposure.
OSHA has established a total PEL of 15 milligrams per cubic meter for synthetic graphite
and 5 mg/m’ for respirable synthetic graphite...NIOSH has measured the presence of
carbon nanotubes at some facilities and found the level to be quite low. Shvedova added
that she does not know whether those facilities are representative of the industry in
general... Andrew Maynard, who leads NIOSH's nanotechnology research efforts, said
the institute is working to develop methods that workplaces can afford to use to measure
workplace levels of nanoparticles... The potential hazards of nanoparticles will not have
an effect if exposure does not occur, several speakers noted.”

(from “Nanoparticles provide arsenal for cancer,” Small Times, September 2005, p. 29)
“Nanomaterials appear to be the weapon of ch01ce against cancer. Here is a sampling.
Carbon Nanotubes.

Researchers in Texas and Switzerland unvelled a new technique for imaging tumors
using carbon nanotubes. The researchers placed gadolinium, a highly toxic metal, inside
the cylindrical tubes to make a more benign contrast agent.

Contrast agents make-the pictures of tissue ereated in a scanning procedure known as
magnetic resonance imaging more distinct and therefore easier to interpret. By sheathing
the gadolinium in nanotubes, researchers have reduced its toxicity.

In California, chemists at Stanford Un1vers1ty announced that they have devised a
laser therapy that killed cancer cells. The system relies on carbon nanotubes, which heat
up when exposed to near infrared light. Near mfrared light passes through flesh but does
not harm it. !

The researchers coated the nanotubes with folate, a vitamin that cancer cells demand.
Cancer cells have receptors on their surfaces that allow folate — and folate-drenched
nanotubes — into the cell. A beam of near infrared light warmed up the nanotubes, which
then cooked the cancer cells while leaving healthy cells unscathed.”

(from “Pure carbon nanotubes pass first in vivo test, "Rice UniversityNews and Media Report, J. Penne and J. Boyd,
http://media.rice.edu/media/NewsBot.asp ?MODE=VIEW&ID=9078&SnID=1039025548 )

Pure carbon nanotubes pass first in vivo test |

Nanotubes tracked in blood and liver; study finds no adverse effects

In the first experiments of their kind, researchers at Rice University and The University
of Texas M. D. Anderson Cancer Center have determined that carbon nanotubes injected
directly into the bloodstream of research lab animals cause no immediate adverse health
effects and circulate for more than one hour before they are removed by the liver.
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The findings are from the ﬁrst in vivo animal study of chemically unmodified carbon
nanotubes, a revolutionary nanomaterial that many researchers hope will prove useful in
diagnosing and treating disease. The research will appear in this week's online edition of
the Proceedings of the National Academy of Sciences.

"We sampled tissues from a dozen organs, and found significant amounts of nanotubes
only in the liver," said lead author Bruce Weisman, professor of chemistry. "The liver
naturally removes drugs or compounds from the blood, so this is what we expected to
find."

The study, which tracked where the nanotubes went within 24 hours of being injected,
also revealed trace amounts of nanotubes in the kidneys — another common expulsion
route for drugs. There was no evidence that nanotubes remained in other tissues in the
body.

Nanotubes are hollow cylinders of pure carbon that measure just one nanometer in
diameter — about the same width as a strand of DNA. Nanotubes have unique chemical
and optical properties, and they have attracted intense interest from biomedical
researchers.

"The early results are promising for anyone interested in using carbon nanotubes in
biomedical applications," said co-author Dr. Steven Curley, professor of surgical
oncology and chief of gastrointestinal tumor surgery at M. D. Anderson. "We are
particularly pleased that the fluorescent effect remains intact in our application, because
this makes it easier to see where the nanotubes end up, and it opens the door to some
exciting diagnostic and therapeutic applications."

In a ground-breaking 2002 study, Weisman and colleagues at Rice, including the late
Professor Richard Smalley, discovered that nanotubes fluoresce, or emit near infrared
light. Because near-infrared light passes harmlessly into the body, biomedical researchers
are keen to use carbon nanotubes for the nomnvaswe diagnosis and treatment of diseases
such as cancer and atherosclerosis.

In the current study, Weisman, Curley and colleagues injected lab animals with water
soluble single-walled carbon nanotubes. The nanotubes, whose biocompatible coating
was displaced by proteins in the blood, contlnued to fluoresce in the animals.

"I still remember how excited we were when we confirmed that the tubes were
fluorescing," said Paul Cherukuri, a doctoral degree candidate in Chemistry. The
researchers used this fluorescence to track the nanotubes in the blood and image them in
tissues under the microscope. 1

Cherukuri said Smalley initiated several follow-up projects shortly before his passing in
2005 from lymphoma. In one, researchers are working on methods that will allow
nanotubes to circulate longer following injection, so that they can be more easily targeted
to specific organs. In another, they are tracking the longer-term behavior and effects of
nanotubes in research lab animals.

"This research grew out of Smalley's vision, and he followed our progress and offered
daily guidance, even from his hospital bed at M|D. Anderson," Cherukuri said. "Up to his
very last day, he was simultaneously fighting hlS own battle with cancer and developing
new ways to treat the disease that ultimately took his life. These new results are simply
the flrst fruits of his final contributions in nanohealth research, and there are still more to
come." ‘
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The research was funded by the Alliance for NanoHealth, NASA, Rice University's
Center for Biological and Environmental Nanotechnology, the National Science
Foundation, the Welch Foundation, and the National Institutes of Health.

Catalysts

(Ahwahnee staff, 2003)

Transition metals, such as Fe, Co, Ni, and Mo, or others, may be used during CNT
manufacture. Therefore, catalysts may become part of the finished CNT material or by-
products. Therefore, the raw CNT material, Building Blocks, or applied technology may
also contain these elements, and should be treated accordingly.

Flammability and Explosion Hazards

SOLIDS. (written by Ahwahnee staff, 2003; reference: Dust Explosions, by P. Field, Elsevier Scientific, 1982)
In general, it should be noted that explosions can occur when fine combustible
particulates, having a particle size less than 500 micrometers and capable of becoming
airborne, are handled. For all combustible particle types, the rate of pressure rise during
explosion increases as the particle size decreases. Moreover, the minimum amount of
energy required to start the explosion decreases as the particle size decreases.
Particulates also exhibit lower and upper explosion limits, as for flammable gases. Any
flammable dust may burn at an even more rapid rate if it burns also in the presence of Ha.

|
The specific case of the sensitivity of Carbon Nanotubes (CNTs) to flammability and
explosivity has not yet been established. Carb!on nanotubes are somewhat similar to
graphite in composition and structure. One might therefore expect the reactivity of
graphite to predict the reactivity of CNTs. Fo#unately, powdered graphite has not been

seen to be an explosive dust [Field, p. 201-202].

However, CNTs exist as small-sized individual particles. Moreover, CNTs are produced

along side with other carbon materials, such as Fullerenes and amorphous carbon. The

amounts of these other components will depen;d on the process equipment and conditions.

!

The main point is for all workers using CNTs to understand the flammability and

explosive potential of nanoparticulates, and to understand the increased risks if:

(1) the particle is known to be combustible

(2) the particle becomes airborne

(3) the particle size is small (<500um), or decreases as a result of a process change

(4) the oxidation potential increases due to the composition of product or by-product
particulates 1

(5) oxidizers (e.g. oxygen) are present in sufficient concentrations

(6) the particles also are exposed to flammable gases (e.g. hydrogen)

(7) the particulate concentration falls between the lower and upper explosion limits
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(8) an ignition source is present (one or more of the following are true: (a) temperature is
high enough to support combustion, (b) one of the following comes into contact with
the airborne particles: i) electric spark, ii) flames, iii) hot surfaces, iv) incandescent
material (e.g. glowing particles), v) welding or cutting operations, vii) friction or
impact sparks, viii) electrostatic discharge sparks .)

(9) the size of the vessel is small and/or will not support the resulting pressure increase

The risk of a dust explosion may be minimized by using inert process gases where
possible (e.g. nitrogen).
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MATERIAL SAFETY DATA SHEET

Section 1 Company and Product Identification

Ahwahnee Technology, Inc. Phone: (408) 960-3812
5941 Optical Court Fax: (408) 960-3817
San Jose, CA 95138 Email: info@ahwahneetech.com
USA ‘

CONTA'NS No ast update: February 16,

Product Name: Multi Wall Carbon Nanotubes (Impurity)
Chemical Name: Carbon Fullerene

Formula: Carbon |

Synonyms: Multi Wall Cafrbon Nanotubes, MWCNT

Diameter: 20-60nm !

Section 2 Composition and Information on Ingredients

ITEM CHEMICAL NAME %CAS NUMBER WT/WT %
01 Graphite 7782-42-5 > 95.0%
02 Metallic impurity (transition metals) < 5.0%

EXPOSURE LIMITS Acq}IH OSHA

(See Section 15 for abbreviation legend) i

Section 3 Hazards Identification

Potential Health Effects

Eye Contact: May cause eye irritation
Skin Contact: No known hazards, but may be mildly irritating
Inhalation: May cause irritation to respiratory tract

) | - . .
Ingestion: No known hazards, but may irritate gastrointestinal tract

Acute and Chronic High concentrhtion of dusts may be irritating to eyes, skin,




Health Effects: mucus membranes and respiratory tract.

Section 4 First Aid Measures

Eye Contact: Immediately flush eyes with copious amounts of water for
15 minutes. If irritation persists, get medial attention.

Skin Contact: Wash with soap and water. Get medical attention if
irritation develops or persists.

Inhalation: If symptoms occur, remove to fresh air. Medical personnel
may administer oxygen if breathing is difficult. Seek
medical attention if symptoms persist.

Ingestion: Not expected to require first aid. If large amounts
swallowed, give water and get medical advice.

NOTES TO PHYSICIAN: No Information.

Section 5 Fire Fighting Measures

Flash Point: Not applicable.

Explosion Limits: Unknown |

Extinguisher Medium: Water, Carbon Dioxide, Dry Chemical, or Foam

Special Procedures: None ‘

Decomposition Products: Carbon Monoxide, Carbon Dioxide

Unusual Hazards: Thermal decor‘nposition or combustion may produce dense
smoke. !

Section 6 Accidental Release Méasures

Spill Procedures: Sweep or vacuum according to normal housekeeping
practices.

Section 7 Handling and Storage |

Handling and Storage: Keep in closeci container for storage.

Section 8 Exposure Controls and Personal Protection

!

Eye Protection: Use approved safety glasses or goggles.

Respiratory Protection: Use of a dust mask, such as OSHA/NIOSH type N95 or
better, is most highly recommended.

Ahwahnee Technology , Inc. February 16, 2005
©2005 MWCNT MSDS, rev. 4




p.3

Skin Protection: Impervious gloves and protective clothing to prevent skin
contact are most highly recommended.
Ventilation: A local or general exhaust system is recommended.

Section 9 Physical and Chemical Properties

Form and Color: Clumpy, black powder or small black spheres
Boiling Point: Not applicable

Melting Point: Not determined. Expected to be greater than 500°F
Specific Gravity: Greater than 1

Solubility in Water: Insoluble

Odor: Odorless

Section 10 Stability and Reactivity

Stability: Yes
Hazardous Polymerization: No
Hazardous Decomposition = Thermal decomposition or combustion may produce dense
Products: smoke, carbon monoxide and carbon dioxide

Materials to avoid: Strong oxidizing and reducing agents

Incompatibilities: None known |

Conditions to avoid: None known |

Section 11 Toxicological Information

Effects: No known definitive toxicological effects

Section 12 Environmental Information

Ecological Information: No known ecological harm

Section 13 Disposal Considerations

Disposal: Dispose of this material in accordance with local, state, and
federal regulations.
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Section 14 Transportation Information

Not regulated.

Section 15 Regulatory Information

The material is listed on the US Toxic Substances Control Act (TSCA) Inventory and the
following chemical inventories: Canadian Domestic Substances List (DSL), European
Inventory of Existing Commercial Chemical Substances (EINECS), Korean Existing
Chemicals List (ECL), Australian Inventory of Chemical Substances (AICS), the
Philippines Inventory of Chemicals and Chemical Substances (PICCS), and the Swiss
Giftliste 1 Inventory of Notified New Substances. In addition, this substance is not
regulated in Japan and excluded from the Japanese Chemical Substances Control Law
according to the Japanese Ministry of Economy, Trade and Industry, formerly the
Ministry of International Trade and Industry (MITI).

ABBREVIATIONS: ‘
ACGIH American Conference of Governmental Industrial
Hygienists |

OSHA UsS Occupational; Safety and Health Administration

|
|

Section 16 Other Information

Disclaimer: Ahwahnee Technology provides the irfformation contained herein in good faith and
makes no representation as to its comprehensiveness or accuracy. Properly trained people use this
document only as a guide to the appropriate precautionary handling of the material. Individuals
receiving the information must exercise their independent judgment in determining its
appropriateness for a particular purpose. Ahwahnee Technology makes no representations or
warranties, either express or implied, regarding the jsuitability of the material for any purpose or
the accuracy of the information contained within this document. Accordingly, Ahwahnee
Technology will not be responsible for damages resulting from use of or reliance upon this
information. !
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PACKAGING REQUIREMENTS FOR SAMPLES

I. Seal the vial in plastic:

(1) After loading the clean vial with CNTs and capping it, the exterior must be wiped
absolutely clean with isopranol (isopropyl alcohol) and a lint- free cloth (e.g.
TexWipe or SPI lint- free wipers, http://www.2spi.com/catalog/supp/05050.shtml#2
). There should be no traces of black or any other kind of particles on the exterior.
The work should be done inside a clean area, preferably a clean room, to prevent dust
on the outside. The worker must take the proper precautions, as per Ahwahnee’s
safety documents. Dispose of the used lint- free cloths properly.

(2) Label the vial with an Ahwahnee clean-room label (see, for example,
http://www.rippedsheets.com/laser/teslin.html laser black and white, or perhaps
color, labels). If a Serial Number is printed on the label, record that number also on
the outer bag label with a permanent marker (e.g. “Sharpie” ultra- fine point, in blue
or black ink). This number should be put in an Excel file along side the customer’s
name and date.

(3) The cleaned and labeled vial should be vacuum sealed in a poly bag, to protect the
contents from moisture and protect the user friom unnecessary exposure while
opening the package (for example, visit www.uline.com, see “Vacuum Sealer,”
Model H-1075, “Vacuum Bags,” Model S-7544; or “Food Bags,” Model S-6175).

|

(4) Less-desireable alternatives to (2) above: |

a) Heat-seal vial in package with or without vacuum (for example, visit
www.uline.com, see “Tamper Evident” bag, Model S-7927; “Poly Tubing
Sealer,” Model H-940 or H-920, or their other models of Poly Bag Sealers... See
also “Hand Sealer,” Model H-1069). \
Use no heat seal but place vial in re-closable bag (for example, visit
www.uline.com, see “Leakproof Bag,” Model S-5854).
Self-adhesive bags (for example, visit www.uline.com, see “’Glamour Mailers™:
(i) bubble mailer, Model S-7786 in blue ojr silver; (ii) plain mailer, Model S-7102
in blue or Model S-7784 (silver) ).
Use heat shrink tubing (for example, visit www.uline.com, see “Shrink Tubing,”
Model S-6844; with “Economy” shrink wrap system, Model H-639).

www.ahwahneetech.com




II. Take the sealed vial and seal in second (outer) bag with desiccant:

(1) Use metallized bag as demonstrated by Ahwahnee already. (Alternatively, for
example, visit www.uline.com, see “Dri-Shield” bags, Model S-7615).

(2) Load a dessicant into the bag. For example, visit www.uline.com, see “Tyvek Bag”
desiccant, Model S-5163. Must be dust free and tear proof.

(3) Place sealed vial into bag; align with desiccant.

(4) Seal with (vacuum) sealer as in activity I (seal the vial in plastic) above.

III Apply label:

(1) Use Ahwahnee package label. Apply to outside of sealed outer bag. Bag must be
flat to receive label. Make certain Serial Number, if provided, matches S/N on inner
bag. If not certain, open outer and inner bags, and start again.

(2) Provide Excel worksheet with Serial Number.

Created on 2/19/2004
Updated on 8/9/2007




PACKAGING REQUIREMENTS FOR LARGER QUANTITY

I. Seal the CNT in plastic bags:

(1) After loading the plastic bag with CNTs and sealing it, the exterior must be wiped
absolutely clean as listed in the PACKAGING REQUIREMENTS FOR
SAMPLES section L

II. Take the sealed bags and seal in second (outer) bag:

(1) Place a larger plastic bag in the heavy-duty container as 2° protection layer and
putting all the smaller CNT bags into the large plastic bag.

(2) Seal the larger plastic bag.

(3) Place a sponge cloth on top of the sealed larger plastic bag to help holding the bags
in place and preventing sharp-edge cutting from the cap

1T Apply label:

(1) Place a warning message on top of the Sponge to remind customers that only trained

individuals can process this |

Created on 2/19/2004
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ACHTUNG!
WARNING!

These MWCNT materials
should be kept oul of the reach
of those wha are not properly
{raingd in handing thgm

/

(3) Apply the label with 2°¢ warning message showed in Sample Labeling section below
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Sample Labeling

All labels must have “Do not handle without taking Safety Precaution
outlined in Ahwahnee Safety Documents” on them:

<‘mAhwahr\ee

Multi-VWalled
Carbon Nanotubes

Ahwahnee Technology, Inc.
purity 5941 Optical Court

San Jose, CA 95138
Guaranteed. 45 950-3312

www.ahwahneetech.com

Bundled

- Acid Treated

[ 2,000 Grams
% Purity
] Date Opened

Do Not Handle \
Safety Precautions Outlined in
Ahwahnee Safety Documents.
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