Fig. 4. STM image of helically-arranged fullerencs on the
nanotube ower wil (scanned area =10 nm x 16 nm).

growih. It is known that both metal and carbon atoms
are crucial for tube production [2]. In the usual arc-
discharge method tube growth is initiated by submicron-
sized catafytic metal particles 116} and, in the catalytic
method, free carbon atoms aggregate around metal
particies and start to grow with a neddlelike structure [4].
In our cxperiment, metal and free carbon atoms could be
provided as follows: on ils way to the substrate,
sublimated Nd@Cg, has to pass through the filament
coils whose temperature is up 0 1500°C during
evaporation. Some moleeules of Nd@Cy; have a chance
to collide with the hot filament and may be broken up 10
produce metal and free carbon atoms for the tube
growth. This interpretation is supporied by the absence
of nanotubes when the hot filament coils were shiclded.
Unlike transmission electron microscopy (TEM),
STM cannot reveal the inner structure of nanotubes. It is
not clear whether the twbe we measured is a single-layer
twhe or & muhi-layer tube, or whether it is a hollow tube
or there are metal atoms caged inside.  These
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unceriainties prevent us {rom identifying which parts
contribute to the metallic nature of the twbe,

In summary, we have success{ully grown
isolated nanotubes for STM swdy whose surface
structure and electronic properties have been snalyzed,
The wbe surface was found to be identical to that of
graphite but with a chiral angle of 6.4£0.5°. The index
of helical structure of the {ube has been deduced and the
tube has been lound to be metallic. Also, we have
observed a helical arrangement of fullerenes on the outer
wall of the nanotube,
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Activated carbons have important commercial uses for
the removal of organic molecules from air and water
streams.  Removal is accomplished as a result of
attractive interaction of the molecules with walls of
micropores having dimensions comparable to those of
the molecules. The extent of interaction depends upon
the velume of micropores and their size distribution
between about 0.4 and 2.0 nm.

An activated carbon is usually produced by the
partial gasification of a micreporous char in CO, and/or

H,O.  This gasification, resulting in the removal of
carbon aloms, initially increases the number of open
micropores and their size. Al some point in the
gasification process, pore walls begin to be broken
through. TFhe number of pores and the micropore
surfuce area go through maxima.

The volume of micropores and their size
distribution produced as a result of activation to a
particular carbon burn-off will depend upon a number of
viriables including: character of starting carbonaceous
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precursor, activating gas, rate of gasification, rate of
diffusion of activating gas(es) into and product gas{es)
out of carbon sample, extent of product inhibition of the
gasification rate, amoumt and nature of inorganic
impurities in char, and amouni and pature of oxygen
surface complexes present following gasification.

The Spanish school at Alicante has been
patticularly interested in comparing the virtues of CO,
and H.O as activating agents [I, 2. In their first paper,
peteoleum  pitch-based activated carbor  fibers  were
prepared by their gasification in cither 0.1 MPa CO; or
0.05 MPa HaO at 1160 K. The gasification rate in H,O
(up to 50% carbon burn-off) was about two times faster
than that in CO;.  Activated carbons prepared by CO-
gasification exhibited a larger micropore velume and &
narrower micropore size distribution than those prepared
from H,O sctivation {11, Also, CO, activation led to &
smatler decrease in fiber diameter than that found
following HaO activation [1}.  Similar experimental
results were found in reference [2] for development of
microporosity upon activation of olive stones. Alcafiiz-
Monge, ct al. [13 attribute the enhanced development of
microporosity when using CO; to its more uniform
zasification rate in the radial direction of the carbon fiber
than that found when using H,0. They consider two
possible explanations for differences in the uniformity of
reaction in the carbon fiber: (i) differences in the extent
of product inhibition in the C-CO; and C-H.O reactions
and (i) differences in diffusion coefficients of HoO and
CO, within the carbon fibers. They discard the first
explanation, saying that even though the C-H,0 and C-
CO; reactions are severely limited by product H, and
CO, respectively, differences in the inhibiting effect
would not jusiify the differences noted. Ratlier they
accept the second explanation for the greater uniformity
of gasification in COs, that is a much greater diffusion
coefficient for CO, than for H.O.

We do not agree that the findings of Alcafiiz-
Monge, et al. [1] can be attributed to CO; having a much
greater diffusion coefficient than H,O. TFo the contrary,
Koresh and Soffer, from their studies on diffusion in
moleculur sieve carbons, conclude that HaO has a smaller
critical molecular dimension than does CO; [3]. Thus,
activated (or configurational) diffusion of H.O would be
larger than that for CO,;  As activation (gasification}
proceeds, resulting in pore enlargement, and diffusion
changes from activated to Knudsen, again H,O is
expected to have a higher diffusion coefficient because of
its lower molecular weight compared to CO, [4].

We attribute differences in activation results for
CO; and H,O primazily to iwo explanations. The
simplest, and most dircct explanation, is that activation
(gasification) in CO; proceeded at a less rapid rate than
that in H.O (see Figure 1 in reference [1] and reference
f5]). The sccond explanation is explanation (i) above.
Consider it in more detail. The C-CQ, and C-HO
reactions can be deseribed as follows {5]:

c-Co,
C,+CO, ¢ CO+C(O) (O
ClO) - €O @)
C—H,0
C,+ H,0 &> C(Oy+ H, 3)
Clo)— Co (2)

2C, + H, +> 2C(H) {4

where C; is a carbon-free active site, C(O) is oxygen
surface complex, and C(H) is chemisorbed hydrogen.
Carbon monoxide inhibits the C-CO; reaction by
removal of oxygen complex from the carbon surface
(described by reverse eqn. {1)). Hydrogen inhibits the
C-H,0O reaction both by removal of oxygen complex
from the casbon surface (reverse eqn. {3)) and by
dissociative chemisorption of Ha on the carbon surface
{(forward eqn. (4)).

Austin and Walker [6} have shown, both
experimentally and theoretically, that the build-up of
small concentrations of CO can lead to non-uniformity of
carbon gasification in CO, at gasification rates where the
assumption that the reaction is of integer order
{negligible retardation by CO) would lead to uniform
gasification. Using Langmuir-Hinshelwood kinetics, the
steady state rate of the C-CO, reaction is given by

k, Peo,

Ratep_pg & ——e—
R kypoo+ kapeo,

if the reaction is described by egns. (1) and {2) above
{5, 7.

For the C-H;O rcaction, workers [ind that
inhibition by H; is caused overwhelmingly by
dissociative chemisorption of H; onto carbon-free active
sites and not by the reverse of egn. (3} above {8-10].
Under these conditions, the rate of gasification in H.O is
given by

ki
Rate - i', H.0
e 1"'!"2:";1’: R Pio

‘To compare the extent of inhibition by CO for the
C-CO;, reaction with that by H, for the C-HaO reaction,
ka's for the two reactions need to be compared. This
was done by Biederman, et al. in our laboratory as
foltows [11]. The gasification of a high purty natural
graphite was studied at temperatures between 1233 K
and 1393 K at CO; pressures below 108 millitorr. For
CO, depletion up 1o at least 90%, in a batch reactor,
gasification rates were first order in CO, pressure with
no inhibition by product CO observed. Now, consider &
run at 1373 K in which a pressure of H, was injected
imo the gaseous mix following depletion of about 50%
of the CO, (Figure 1). Al the time of injection of about
32 millitorr H,, the €O, pressure had fallen from about
65 to 31 millitorr; and the CO pressure had built up to
abous 68 millitorr, The seaction rate abruptly decreased,
with a first order reaction again observed. The rale
constant decreased from a starting value of about 670
units to about 54 units. That is H; is a much stronger
inhibitor than is CO, or k,,, >> &, .

If inhibition by H, is attributed to its dissociative
chemisorption onto carben-frec active sites, the rate
constant, k, ., will equal the equilibrium conslant, K,
for egn. {(4) above. Bicderman, ct al. {11] confirmed
this to be the case. The adsorption isotherm of Hy on
their graphite sample was measured at 1373 K, from
which K was determined. The equilibrium constant was
also calenlated from the equation

klpco,

Ratee_cp, = L+ Kp, "
s



Hydrogen Added

E-Y
(=]

<

Pressure cerbon dloxide, millitorrs
3

iflll!l!lli\ql

1. L] 1 I L }. i 1
01 2 3456728 95101 1213141511718 320
Time, howrs

10

Fig. |. Effect of addition of 32 millitorr of H, on the rate
of the C-CO, reaction at 1373 K [EEL

Close agreement of cquilibrium constant values was
found [11].

In conclusion, H, is a much stronger inhibitor of
the C-H:O reaction than is CO for the C-CO, reaction.
Therefore, H, is expected (o cause greater non-
uniformity of gasification in the C-HyO reaction than is
CO in the C-CO; reaction. To achieve greater
uniformity of carbon gasification in the particle or fiber

1299

radial direction, it is clear that sufficient inhibitor, CO or
1. needs 10 be added to the original reaction mixture to
swamp out the cffect of inhibitor concentration praduced
during carbon gasification. This would be expected 1o
lead to improved uniformity of carbon gasification and
superior development of microporosity.
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A new type of fluidized bed, chemical vapor deposition
{(CVD) coating process is proposed. Instead of using
conventional gaseous reagents, the articles to be coated
are immersed in a Hquid reagent and, unlike curremt
liguid CVD coating processcs, are fluidized. The
substrate articles are heated inductively and become
coated since they are surrounded by a region of
vaporized reagent. The process should be applicable to
the coating of particles, chopped fibers or whiskers, or
farger anticles such as components for mechanical heart
valves or other prostheses.

Previously, gascous [luidized bed coating

processes have been used extensively to coat nuclear fucl
microspheres 111, nuclear waste [2], and larger articles
such as heart valve components [3]. Typically, a
particulate {luidized bed is established inside a CVD
coating furnace by the upward flow of a gas stream
containing the CVD reagent and perhaps hydrogen or an
inert gas such as helium or argon. The gas stream serves
1o fluidize and mix the particle bed. The desired product
may be the coated particles or larger parts contained
within the particle bed. A disadvantage of the process is
that it is not casily scaled to large sizes since particle
circufation and coating uniformity are not as good for
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large size reaclors. Other disadvantages are that the
reagents must be metered accurately and the walls of the
reactor become coated and require frequent cleaning and
replacement.

The ncw liquid reagent process offers the
promise of overcoming these disadvantages. Non-
fluidized-bed liquid reagent CVD coaling processes have
been used previously. Basche and Fanti [4) coated
continuous fibers of carbon, tungsten, tantatum, and
stainless steel with crystalline SiC by heating them 10
900-1500°C  while immersed in  liguid
methyldichlorositane. Very high coating rates of up 10
1000 pm/min were achieved. They suggested that other
silanes including methyltrichlorositane could be used as
the Hquid reagemt. Houdayer et al, [5] and Thurston
ct al. [6} have performed chemical vapor infiltration
(CVD) of carbon using liquid cyclohexane as the reagent,
Mixtures of cyclohexane and methyltrichlorosilane have
been used to deposit a matrix consisting of a two phase
mixture of carbon und SiC.

The proposed new fluidized bed process is
shown schematically in Figare 1. The articles w be
coated are immersed in the liguid reagent which is
contined by the reactor vessel, Depending on whether
the vessel is an electrical insulator or conductor, an
induction coil s located outside or inside the vessel, The
articles w0 be coated must have a sufficiently high
clectrical conductivity to permit their being heated
inductively. Alernatively, it might be possible (o use
microwave or other heating methods, The heated articles
vaporize the immediately adjucent iquid reagent resulting
in deposition of a coating via CVD, The liquid reagent
might be circulated, as shown in the figure, to permit
cocling, addition of reagent, removal of any particulate
coating debris, and to provide a Hguid stream 1o effect
fuidization and mixing of the bed. Cooling of the

T Vent
o

Reactor Vessel
Liguid Reagent
induction Coil

Articles to be
Coated

Particuiate

inert Gas

i

Liquid Reagent
Recirculation

Fig.l. Schematic of the Hquid reagent f{iuidized bed
coating process.

reactor vessel and a reflux condenser could be uscd 10
minimize global heating of the reagent and loss of
feRgent vapor.

Il the desired product is particles, chopped
fibers, or whiskers, these materials, and perhaps some
other "mixing"” articles, would be immersed in the liguid
reagent. When it is desired to coat larger articles they
would be immersed in the liquid, cither alonc or with
particles or other mixing articles. The {luidization of
particles in a liquid is a well devetoped wehnology [7]. IF
the particles and mixing articles were made of a material
that is an clectrical insulator they would not be heuted
and therefore would not become coated. Therefore they
could be reused. A mechanical agitalor or auger could
also be used since, if made of an insulator, it would not
overheat or become coated.

Mechanical heart valves are typically made by
coating graphiic substrates with a mixture of carbon and
SiC by immersing them in a particulate, gascous,
{luidized bed. The particles become coated and their
purchase and disposal contribute to the manufacturing
cost. This cost should be avoided with the new process
since particles may not be needed and, if they wre
required, they will not become coated i they are made of
glass, Al20O3, or other insulators.

Fluidization and circulation of larger parts may he
simplified by usc of a liquid rather than a gascous bed
hecause of the added buoyancy provided by the liquid.
This may permit the coating of larger parts and more
parts per recactor than currently possible with
conventional Muidized bed coating processes. Use of
more piris per reactor will also likely be possible if it can
be shown that it is not necessary to add particles to the
bed, i.e., use of only the large parts. A further
advanatage of the liquid process when coaling very small
particles or fibers is that they should be less likely to
tecome lost by entrainment in the exhaust gas stream,
Higher coating rates might alse be possible compared 1o
the canventional gaseous fluidized bed process since an
abundance of reagent is in close proximity to the
substrate.
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