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In 1990, it was discovered that
Fullerenes (e.g., Cgg, C70) could be
produced in gram quantities from the
carbon plasma generated in a simple
arc discharge between carbon

electrodes in a helium atmosphere. ]

Three years later, researchers at

NEC and IBM found that small ki
amounts of transition metal -

catalyst added to one of the carbon
electrodes produced very small
diameter (d ~ 1-2 nm) seamless,
isolated carbon tubes now called
“single wall” carbon nanotubes
(SWNT) (see Figure 1). Typical aspect
ratios (length/dia) were ~ 500 and the
SWNT vyields were low (~3-4% yield).
The majority of the carbonaceous mate-
rial was found to be carbon nanospheres
(CNS) although small amounts of
fullerenes were also present. Most
recently, researchers at Rice University
have developed a laser method which
increases the SWNT yield 20-fold, open-
ing the way for many studies of the physi-
cal and chemical properties of these one
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Figure 1: Diameter distribution of SWNTSs
obtained from TEM contrast images by Dr. S.
Bandow, Institute of Molecular Science, Japan.
Thewidth of the diameter distribution is narrow,
and consistent with the (8,8), (9,9), (10,10) and
(11,11) armchair tubes. A schematic represent-
ation of the (10,10) armchair nanotube is also
shown in the next column.
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dimensional (1D) carbon wires. In the
Rice University method, radiation from
pulsed lasers are focussed onto a heated
carbon/1-2 wt % Ni-Co composite target
tocreatethe carbon plasma. Interestingly,
and different from the isolated tubes
formed inthecarbonarc, the laser method
was found to produce bundles of these
nanotubes, with as many as several
hundred SWNTSs packed parallel to one
another to form a regular array.

Using transmission electron microscopy
(TEM), the tubes produced by the pulsed
laser method were found to have a very
narrow diameter distribution, as shown
in Figure 1. As can be seen from the
schematic above, the carbon bonding in
the tubule is that of a curved graphene
sheet. As the tube diameter decreases,
the character of C-C bonding evolvesfrom
purely sp2 bonding with an increasing
admixture of sp3 character. Electron mi-
croscopy images of these tubes are shown
in Figure 2a. The parallel lines are identi-
fied with the tube walls and the dark
circular structures are due to the metal
catalyst particles. The TEM micrograph
in Figure 2b shows the regular

stacking of carbon nanotubes into a
periodic array. Figure 2c shows this

arrangementschematically. Thisarrange-
ment of tubes constitutes the discovery of
yetanother new allotrope of solid carbon,
joining graphite, diamond and solid Cgy,.

Notonly are these tube bundles extremely
strong, many are also naturally metallic.
Therefore, considerable activity is under-
way to explore their fundamental
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Introduction

Today’s business environment is
causing utilities to examine methods to
cut costs and to maximize revenues.
Development of a comprehensive
program for marketing and utilization*
of coal combustion by-products
(CCBPs) by a utility can generate
additional revenue streams; reduce
operating costs at plants; and defer
capital costs of developing new waste
disposal capacity. These factors can be
optimized to help utilities to be more
competitive in today’s environment of
cost-cutting. However, a comprehensive
program should consider not only the
benefits of the program but also factors
such as: an environmental review pro-
cess; development of a technical data
base; the risks of marketing CCBPs for
certain applications such as hazardous
waste stabilization; market research;
educational programs for internal and
external customers; and how to define
costs and how to structure contracts.

*Throughout this discussion, the term “market-
ing”” means sale of material on a revenue basis,
and the term “utilization” means use of material
on a zero to negative revenue basis.
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properties and learn how to make them
in longer lengths and higher yields.

Over the past twenty years, Raman
scattering has proven to be a very useful
probe of carbon-based materials. We have
used this optical technique to study the
bonding and properties of pristine,
metallic and superconducting phases of
graphite intercalation compounds and
fullerene-based solids. So it seemed natu-
ral to us to use this spectroscopy on this
fourth allotrope of carbon, and a collabo-
ration with Professor R.E. Smalley and
his co-workers at Rice University was
initiated. In this article we touch on some
of the highlights of our recent research on
these fascinating “quantum” wires

(see reference 1).

In the top panel in Figure 3, we display
the Raman spectrum (300 K) for micro-
filtration purified SWNT bundles
obtained in the backscattering geom-
etry using 514 nm Ar laser radiation.
Note that sections of the experimental
spectrum have been scaled vertically
(as indicated) to best expose the rich
detail. Furthermore, the frequency scale
has been expanded for the highest
frequency region. If the tube would
have been “unzipped” and laid out flat,
only a single Raman active mode at
~1590 cm-1 would have been expected.
By rolling the graphene sheet into a
tube, numerous new vibrational modes
are made Raman-active via the cyclic
boundary condition. For comparison to
experiment, the calculated Raman
spectrum by Subbaswamy and co-work-
ersatthe University of Kentucky, isshown

Figure 2: (a) TEM image of the carbonaceous material synthesized using pulsed laser ablation of a
heated carbon/Ni:Co target. Tangled bundles, each containing hundreds of aligned SWNTSs can be
seen in the micrograph. The dark circles in the micrograph indicate the presence of metal catalyst
particles in the as-prepared material. (b) A single bundle containing ~100 SWNTSs as it bends
through the image plane of the microscope, showing uniform diameter and triangular packing of
the nanotubes within the bundle. (c) Schematic representation of the triangular packing of the

nanotubes within a bundle. (See Reference 2)

on page 3 for n=8-11 “armchair” symme-
try tubes. The notation (n,m) defines the
atomic coordinates for the 1D unit cell of
the nanotube. For n=m >0, the tube has
chiral symmetry. Achiral tubes exists if
m = 0 or n=m. The former and the latter
subclasses of achiral tubes are referred to
as “zigzag” (n,0) and “armchair” (n,n)
tubules. For our purposes here, it is
only necessary to know that armchair
tubes exhibit a diameter d=1.357 n,
where n is an integer related to the
number of hexagonal carbon rings
found around the waist of the tube. The
calculated spectra in the figure are for a
range of tube diameters consistent with
our TEM (Figure 1) data and the
vibrational frequencies are calculated
with the same C-C force constants used
to fit Raman, neutron, and electron
energy loss data for a flat graphene
sheet. The small effect of curvature on
the force constants has not been taken
into account. The theoretical Raman
intensities were calculated using a bond
polarizability model.

It may be noticed that some of the
experimental Raman bands are narrow
and some are broad. This difference in
width is attributed to an inhomoge-
neous line-broadening mechanism
which stems from the fact that many (but
not all) of the mode frequencies exhibit a
strong tube diameter dependence. This
can be appreciated by inspecting the
calculated frequencies in Figure 3. Note
that the low frequency modes exhibit the
strongest diameter dependence. The
intense experimental peak at 186 cm-1 is
identified with the radial breathing mode
in which all C-atoms are displaced radi-
ally outward in phase. The strong lines
observed near 1600 cm-1are related to the
intralayer vibrations in graphite which
are observed at 1582 cm-1. The other
Raman peaks are identified with specific
vibrational modes (see reference 1).

In the nanotube, the cyclic boundary con-
ditions around the tube waist activate
new Raman and IR modes not observable
in a flat graphene sheet, or in graphite.
This “explosion” in Raman activity is the
firstconsequence of one-dimensional (1D)
“quantum confinement” in asmall diam-
eter nanotube. A second quantum con-
finement effect stems from the presence
of singularities in the electronic density
of states which occur because the elec-
trons must propagate down the tube axis
inatrue “onedimensional” (1D) periodic
structure. These singularities are the
source of optical resonancesinthe Raman
scattering cross section that occur when
the laser photons drive optical transi-
tions between these singularities. The
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manifestation of these resonances were
observed here in our UK laboratory and
also in Dupont labs in collaboration with
Dr. Bruce Chase. Further work on these
pristine tubes is planned to probe the
details of this unusual 1D resonance.

Theory and experiment have shown that
the pristine “armchair” SWNTSs are
weakly metallic. Experiments were then
designed to investigate whether chemi-
cal doping could be used to enhance the
electrical conductivity. The dopant
atoms or molecules are thought to reside
in the channels between the tubes as
shown in figure 2c. In a series of Raman
scattering studies performed in our labo-
ratory, and electrical resistivity experi-
ments conducted by Professor J.E. Fischer
and co-workers atthe University of Penn-
sylvania, the amphoteric nature of the
SWNTs has been shown for the first time.
A material is “amphoteric” when it
possesses the ability to accept (or donate)
electrons from (to) dopant atoms or
molecules. Using Raman scattering, we
were able to observe doping - induced
shifts in the high frequency vibrational
modes while the electrical conductivity
(under identical reaction conditions)
increased by over a factor of ten! Donor
reagents such as K or Rb were observed
to downshift the Raman active mode
frequencies, whereas acceptor reagents
(e.g., Bry) were found to upshift these
mode frequencies. Similar behavior in
the Raman active modes were observed
during the doping of graphite to form
graphite intercalation compounds and is
associated with an expansion (contrac-
tion) in the carbon hexagons.

Although these SWNT bundles were
discovered only a year ago, a signifi-
cant amount of their physical proper-
ties has already been determined. We
have learned much already. It is clear
that they provide theorists and experi-
mentalists with an unusual opportunity
to study a nearly perfect one dimen-
sional system. From a technological
perspective, these bundles of SWNTs
have high potential to be useful low
cost, light weight, highly conductive,
high tensile strength “ultimate wires.”
It remains to be seen if the synthesis
techniques can be improved sufficiently
to realize this potential.
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Figure 3: Raman spectrum (top panel) of SWNTSs sample taken using the 514.5 nm excitation at
~2 W/cm2. The * in the spectrum indicates features that are tentatively assigned to second order
Raman scattering. The four bottom panels are the calculated Raman spectra for armchair (n,n)

nanotubes, n= 8-11. The downward pointing arrows in the lower panels indicate the positions of

the remaining weak, Raman-active modes.
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Background

The Tennessee Valley Authority (TVA)
placed its first coal-fired steam electric
plant in service in 1945 and its most
recent was brought on line in 1973 (in
addition, one unit at Shawnee Fossil
Plant was retrofitted as an atmospheric
fluidized bed combustion unit in 1989).
Even in the earliest years, CCBPs from
the fossil plants were utilized for on-
site projects such as dike and roadway
construction. However, CCBPs were
not marketed on a revenue basis until
the late 1970s.

Throughout the history of the TVA fossil
system, the production of CCBPs has
steadily increased due to several factors:
greater power demand, the advent of
stricter environmental control require-
ments, and the development of more
efficient air particulate collection equip-
ment. Some of these increases have been
offset by coal procurement specifications
which require delivered coal to meet
higher BTU and lower ash contents. To-
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day TVA manages almost six million
tons of CCBPs at its eleven active fossil
plants.

Environmental Review Process

As a federal agency, TVA is required
by the National Environmental Policy
Act (NEPA) to assess the impacts of its
activities on the environment. In 1988,
TVA completed its first comprehen-
sive study of CCBP marketing/
utilization which was documented in
an Environmental Assessment (EA).
This document considered the com-
mercial and engineering uses for
CCBPs as well as the chemical and
physical characteristics of each
material (fly ash, bottom ash, boiler
slag and flue gas desulfurization
[FGD] gypsum) in determining which
uses of CCBPs could be pursued by
the agency on an unconditional basis
and which could be pursued only if
certain conditions were adhered to.

(continued, page 4)



This EA serves as the internal guidance
document for CCBP marketing and is
amended and updated as new uses are
identified. Utilization projects that
require site-specific consideration, such
as soil amendment, waste stabil-ization
or structural fills, are subjected to an
abbreviated environmental review
process known as an Environmental
Decision Record (EDR), or “check list.”
Use of the check list ensures that before
CCBPs are utilized, consideration is
given to potential impacts of all
environmental media. The check list
also documents any commitments
necessary to protect human health and
the environment.

In some cases, thisenvironmental review
process may result in conditions for use
of CCBPs that exceed Federal or State
requirements. Although most electric
utilities are not required to comply with
NEPA, an appropriate environmental
review and approval process for CCBP
marketing and utilization allows a utility
to document how and where their mate-
rials can safely be utilized. It also estab-
lishes afair and consistent framework for
authorizing the internal and external
marketing/utilization of materials.

Chemical and Physical Data Bases

Development of a good chemical and
physical data base will be necessary to
support environmental decisions and to
promote use of the materials in a
variety of engineering applications. The
chemical and physical data is also
necessary as a basis for development of
Material Safety Data Sheets (MSDS)
required by the Occupational Safety
and Health Administration (OSHA).

Chemical and physical data bases in
conjunction with groundwater assess-
ment data have also been used by TVA
frequently in discussions with state
regulatory agencies. TVA has used this
information successfully in the state of
Tennessee to support adoption of solid
waste rule making that addresses the
unique characteristics of CCBP by
sharing comprehensive data bases with
state regulators. TVA has provided
similar information to the states of
Alabama and Kentucky. In Kentucky,
some of this information was used to
help support legislation and rule making
in 1994 which facilitates haulback of coal
ash to active mine sites.

In order for a utility to be effective in
the use of this kind of information, the
data must be developed over a long

period, and must be comprehensive in
scope. Development of the data base
must also take into consideration the
needs of the audience for which it is
intended. For example, if CCBP utili-
zation is being promoted to highway
engineers or state and federal Depart-
ments of Transportation, AASHTO
(American Association of State Highway
and Transportation Officials) testing may
be important. Environmental regulatory
agencies will probably be more inter-
ested in TCLP (Toxicity Characteristic
Leachate Procedure) testing.

Understanding the Market

Once a utility has developed a good
data base on its materials, and devel-
oped internal guidelines through an
environmental review process to
determine what marketing uses are
acceptable to the utility, the utility
CCBP manager is in a good position to
investigate marketing opportunities.
Not all marketing opportunities should
be pursued. In some cases marketing of
materials is not the most cost beneficial
option for a utility. Marketing of some
materials may require large capital
investments or subsidies to the mar-
keter or end user that exceed current
disposal costs. Anticipated revenues

A nnounc

from the sale of materials often are
insufficient to recapture these invest-
ments in a reasonable time frame.

In order to be in a good position to
assess marketing proposals, it is also
important for the CCBP manager to
understand the external marketing
influences that will define the local and
extended markets for materials. These
influences include competition from
other utility sources or from other
competing natural or by-product
materials (such as sand, gravel, silica
fume, cement kiln dust, etc.), distance
to local and extended markets, trans-
portation modes available for moving
materials, pricing, and total available
market. Some of these influences may
be well defined, such as pricing, while
others, such as who and what the
competition is, may be less obvious. It
may be necessary to enlist the assis-
tance of a specialized market research
firm to evaluate these factors.

TVA has recently reassessed its CCBP
marketing program with the help of an

internal team and an independent con-
sulting firm. By examining and stratify-
ing available information on by-product
production, marketing, and disposal at

each of TVA’s coal fired plants, the team
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Fred Singer, President,
Science & Environmental Policy Project

few years after the “Earth Summit” in Rio, a UN-
sponsored scientific advisory body (the Intergovern-
mental Panel on Climate Change (IPCC)) is warning
that the effect of greenhouse gases on global warm-
ing “must now be taken seriously” (emphasis added). This remarkable
statement was released at a London press conference, held to usher in the
latest IPCC report, “Climate Change 1995.” In 1992, the world’s statesmen,
including George Bush, were included to sign the Global Climate Treaty. The
data have not changed since 1992 and the present scientific evidence is still
insufficient to take global warming seriously. The fact is that IPCC predic-
tions of global warming have been based on nothing more than imperfect
theoretical climate models never validated by observations.

The IPCCs numbers keep changing, depending on the audience. For example,
at the London press conference, Sir John Houghton, co-chairman of IPCC,
reportedly claimed “an increase of global temperature of between 1.5 °C and
4.0 °C, expected by the year 2100.” The 1995 report itself claims an increase of
1°C to 3.5 °C — while a July 1995 US government report gave a lowest value
of only 0.5 °C, one-third of Houghton’s value. These substantial discrepancies
are nowhere explained. (A temperature rise of half a degree over a century,
comparable to natural changes, would barely be detectable and would
certainly be inconsequential.)

Even worse, the IPCC has managed to suppress relevant data showing that no
warming is taking place. For nearly twenty years, earth satellites have been
providing accurate and truly global temperature data. These data show no
increase whatsoever — contrary to all of the predictions of theoretical

climate models.

Yet if one examines the 1995 Summary for Policymakers (SPM), one finds
absolutely no mention of satellite data-or even of the existence of satellites! A
Technical Summary (of the IPCC Working Group | Report) grudgingly
allocates three lines to satellite data and manages to misrepresent an observed
cooling as a warming.

In view of such contrary evidence, it is absolutely astounding that Houghton
can claim “serious impacts on human habitats and society,” and urge
policymakers to set targets to reduce greenhouse gas emissions. Unmentioned
is the fact that stabilization of carbon dioxide, the major anthropogenic
greenhouse gas, requires a reduction of 60% to 80%, according to the IPCC’s
own studies. This translates into huge and crippling reductions of energy use
that can hardly be achieved simply by “aggressive efficiency measures,” as
advocated by Houghton.

Houghton’s boss, British environment minister John Gummer goes even
further. He labels the IPCC’s SPM as “authoritative” and says that “action by
the international community is now urgent.” He wants a reduction, by
developed countries, of over 50% with 5 to 10% by the year 2010 “as a first
step in the process.” He apparently relies on the IPCC analysis that “10 to 30
% of green-house gas emissions in most countries could be reduced at
negative or zero cost.”

But Gummer’s unrealistic targets are not radical enough to satisfy environ-
mental activists. Friends of the Earth terms his attitude to the threat of climate
change as “complacent in the extreme.” Neglected in all of this fantasizing:
IPCC'’s label for global warming as “potentially the greatest global environ-
mental challenge facing mankind” is not taken seriously by most responsible
scientists.

(continued, page 6)

identified dry fly ash marketing as that
aspect of CCBP management with the
greatest potential for generation of
revenue and reduction of associated
disposal costs.

Using information developed by the team
asabase, anindependent consulting firm
was given the task of defining the market
for dry fly ash in the Tennessee Valley.
The study confirmed the importance of
supplying a fly ash of consistently high
quality. Quality/consistency were the
two most important factors of the four
primary issues identified in the study
that have the most influence on market-
ing. The other two factors were ash avail-
ability issues such as loading hours and
additional storage capacity and business
issues such as term of contract,
guarantees and capital expenditures.

The study also defined the total market
for dry fly ash in the Tennessee Valley (a
seven-state area comprising all of
Tennessee and parts of Kentucky, Ala-
bama, Mississippi, Georgia, Virginiaand
North Carolina). This revealed that TVA
was supplying less than a fourth of the
material used in the Tennessee Valley.
Information compiled during these stud-
ies hasallowed TVAtoimprove its CCBP
marketing contracts awarded over the
last two years, significantly increasing
both guaranteed revenues and guaran-
teed tons to be marketed.

Defining Program Benefits

The benefits of CCBP marketing/utiliza-
tion cannot be evaluated without under-
standing the commensurate costs associ-
ated with the handling and disposal of
these materials. Because the collection,
handling, and disposal of CCBPs is inte-
grated into numerous plant systems, it is
often difficult to differentiate these costs
appropriately. However, some of these
difficulties can be simplified by consider-
ing asadisposal costonly those costs that
can be eliminated or reduced through
marketing/utilization. If an activity (and
its associated costs) will be incurred
whether the material ultimately is dis-
posed or is marketed/utilized, then that
cost should not be assigned as part of the
“disposal” cost for that CCBP.

Anexample of this conceptisin consider-
ing how to define the costs associated
with dry fly ash handling and disposal
where a portion of the material is dis-
posed of and the rest is marketed or
utilized. Those costs associated with
collecting, transporting and storing the
material up to the point at which the
(continued, page 6)



There is certainly no scientific consen-
sus supporting the IPCC report. At the
1992 Earth Summit, a group of several
hundred independent scientists released
the “Heidelberg Appeal,” warning the
assembled statesmen notto be stampeded
by hyped stories of global disasters. (the
number of signers is now well over 4,000
worldwide, including some 70 Nobel
Prize winners.)

Recently, a group of some 100 climate
scientists signed the ‘Leipzig Declara-
tion’ which calls for completion of on-
going research and urges against hasty
and economically damaging policies:
“We consider the Global Climate Treaty
... to be unrealistic ... Inaworld in
which poverty is the greatest social
pollutant, any restriction on energy use
that inhibits economic growth should
be viewed with caution. For this
reason, we consider ‘carbon taxes’ and
other drastic control policies - lacking
credible support from the underlying
science — to be ill-advised... “

material is discharged into a vehicle for
marketing or for disposal will beincurred
regardless of what the ultimate disposi-
tion of the material is. Therefore, these
costs cannot be avoided by marketing.
However, the costs of transporting mate-
rial to a disposal site, placement, com-
paction, permitting of the disposal site,
closure and postclosure care of the
disposal site can all be affected positively
through marketingand are appropriately
assigned as “disposal” costs.

In attempting to assess the benefits of a
marketing programitisimportantto con-
sider that disposal costs are generally not
reduced until marketing reachesathresh-
old amount of material that allows a
significant change to occur in the
disposal operation. Marketing will

need to remove enough material to
result in reduced manpower, hours of
operation or equipment or reductions
in other operating and maintenance
expenses for a disposal cost reduction
to occur. Until this threshold is reached,
it is quite possible that disposal costs
on a per ton basis will actually increase
due to marketing, not decrease. This
effect can also be noted in comparing
plants in a utility system that have

similar disposal operations in terms of
manpower, equipment and siting. The
plant producing less ash will generally
have a higher cost per ton for disposal
than the plant that produces more ash.

Conclusions

Over the next five years, TVA'’s Fuel
By-Products and Properties Depart-
ment projects that program benefits
will be significantly improved by using
these methods. Tons of CCBPs mar-
keted/utilized are projected to double
and revenues plus avoided disposal
costs are expected to more than double.
The life of several disposal facilities will
be significantly extended resulting in
deferral of capital expenditures.

The continued long term benefits of this
program to TVA will, however, be
dependant on the agency’s ability to
maintain uninterrupted supplies of
high quality/consistent quality CCBPs
on which customers depend. This is the
programmatic area that will require the
most attention by TVA in the near term.

Cheri Miller has been with TVA for sixteen
years. She is currently a Market
Development Specialist in TVA's Fuel By-
Products and Properties Department.
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