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Abstract

The reaction of fullerene molecules with soot was studied by contacting subliged C fullerenes with commercially
available carbon black particles at different temperatures in the range 1023-1273 K. Fullerene mass data collected both pre-
and post-reaction were fit to a simple first-order kinetic model and yielded a temperature-dependent reaction rate expression.
The calculated collision efficiency of the reaction is of the order®10  and the activation ener§yBi&cal mol * , which
would be consistent with a surface diffusion reaction or a heterogeneous reaction. Simple extrapolation of the observed rate
to the conditions of a fullerene forming flame would give a consumption rate six orders of magnitude too small to account
for the rate of fullerene consumption observed in the post-flame zone of a fullerene-forming benzene/oxygen/argon flame.
Extrapolation of the reaction rate to flame conditions also shows that the rate of consumption calculated here is too small to
account for observed oscillations in the fullerene concentration profile which can be related to changes in the relative rates of
consumption and formation. Calculation of activation energies required for the extrapolation of rates observed here to match
those observed in flames yields significantly larger values than those obtained in the present study and are so large as to
suggest that mechanisms other than those studied here control fullerenes consumption in flames. Other mechanistic
possibilities for the consumption of fullerenes in flames include reactions of fullerenes with other flame species and
fullerene—soot reactions in which soot reactivity depends on soot reactions with other flame species.

O 2003 Elsevier Ltd. All rights reserved.
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1. Introduction Fullerenes can also be found in premixed hydrocarbon

flames under reduced-pressure and fuel-rich conditions.

Fullerenes are ball-shaped all-carbon molecules discov-
ered in 19891] in graphite vaporization under inert gas at
low pressure. Fullerenes have many properties different

They were first detected in flames in ionic form by the

Homann gr¢89] and later isolated in macroscopic

quantities by Howard EtOall2]. Higher fullerenes

from either diamond or graphite. Potential applications [13], derivatives containing hydrogen and oxygdd,15]

include high-temperature  superconductors, sensors,
catalysts, optical and electronic devices, polymer compos-
ites, high-energy fuels, biological and medical materials,
and single-gate electron transistors. Other interesting
classes of fullerenic or curved layer carbon, as opposed to
graphitic or planar-layer carbon, that can also be found in
fullerene-producing systems are nanostructures with tubu-

and fullerenic nanostri¢foyEs] and soot[6,7] have
also been detected in premixed flames. Similar structures
have also all been detected in diffusion[#i@mes

Some evidence from previous flame studies can be
interpreted to mean that fullerenes might be consumed by
reaction with soot material in situ. In premixed flames,
Grieco Ei8hlobserved a severe drop-off in the flame

lar, spheroidal, or other shapes and consisting of onion-like
or nested closed shell2-5] and soot particles with
considerable curved layer contdét7].

concentration of fullerenes at relatively long residence
times in the post-flame zone of a sooting flame. The region
of fullerene loss occurs within a region of continued soot
production, suggesting that fullerenes might be consumed
by soot. Similarly, Hebgen et al17] found that fullerene
concentrations in diffusion flames peak at the stoichio-
metric surface of the flame just prior to the onset of
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significant soot formation. This observation can also be
interpreted to mean that fullerene molecules might be
consumed by soot material.

Other studies have drawn conclusions about fullerene
consumption by soot that might appear to be conflicting or
might be indicative of different behavior under different
conditions. Mochida et a[19,20] found that fullerenes are
carbonized at temperatures in the range of 473—-2673 K by
heat treatment of fullerene-containing soot produced by
graphitic carbon vaporization in an electric discharge. This
result would be consistent with the occurrence of fullerene
consumption reactions involving the soot. However, Fuller
and Banhart[21] and Burden and Hutchinsof22] ob-
served the formation of fullerene molecules from the
electron irradiation of soot also produced in an electric
discharge.

To determine the behavior of fullerene molecules in the
presence of combustion-generated carbon particles perti-
nent to soot and to test the hypothesis that a consumption
reaction occurs, fullerene molecules were exposed to a
commercially-produced carbon black, used as a well-char-
acterized soot surrogate, at temperatures pertinent to the
post-flame zone of sooting flames. The resulting data were
analyzed quantitatively to determine the rate coefficient of
the observed fullerene—soot reaction. This rate coefficient
was evaluated by comparing it to the theoretical upper
limit from simple collision theory and it was used to help
interpret previous evidence that fullerenes may be con-
sumed by reaction with soot during combustion synthesis
of fullerenes.

2. Experimental

The set-up for the heat-treatment experiments is shown
in Fig. 1. The reactor consists of a quartz tube (17-mm
I.D.) which contains a combustion boat with pure,,C
fullerenes upstream from a quartz wool plug containing an
approximately uniform distribution of carbon black. The
fullerenes were 99.5% pure,C from Hoechst. The carbon
black, Regal 330, from Cabot, had an average particle
diameter of 33 nm. The bulk density of carbon black in the
plug of quartz wool in the reactor was 0.0083 gfcm , so

Edges of furnace

Probe Water-

cooling

[——

|
I R s ——

41

Combustion
T boat with Cg, Quartz wool

with soot

|

Gas inlet Gas outlet

Fig. 1. Schematic of equipment for study of fullerene—soot
reaction.
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the specific surface area of the carbon black in the bed,
SA_.. Was 7551 crh /crh . The porosity of the quartz
wool with deposited carbon black in the quartz tube was
98% and a new bed was used for every experimental run.
Commercial carbon black was used as a surrogate for
lab-generated soot because its physical properties are well-
characterized and it is commercially-available for re-
production or extension of the experiments. An experiment
time of 9 min was used to ensure maxjjpum C  sublima-
tion at all temperatures studied.

The quartz tube was positioned inside a 305 yam long
50 mm I.D. tubular furnace whose edges are indicated in

the figure. Fullerenes sublime into the argon gas stream
and are carried through the soot-laden quartz wool. The
fullerenes react with the soot along the length of the bed

and any unreacted fullerenes physically condense, and are
collected, on the water-cooled glass probe.

The combustion boat was placed sufficiently upstream
of the quartz wool to allow for radial diffusign of C  prior
to reaction. This arrangement ensured a uniform cross-
sectional profilg,of C concentration at the beginning of
the reaction zone. The temperature in the system was
monitored with a thermocouple located inside and midway
along the furnace, between the quartz tube and the furnace
tube. The residence time of fullerenes inside the reaction
bed was calculated as the ratio of the bed length to the

argon gas velocity. The initial mass of fullerenes was
measured gravimetrically while the post-reaction mass was
determined by high-performance liquid chromatography
(HPLC) applied to the deposited probe material. The
HPLC system was operated with a Cosmosil Buckyprep
column (4.6<250 mm with 1.0-mImin* toluene flow)
with a variable wave-length detector calibrated fo,C ata
wavelength of 330 nm.

Prior to experimental runs, base case runs were per-
formed with no quartz wool and with soot-free wool to
determine the extenfpf C loss due to reactions other than
those with the soot, none of which were observed. Addi-
tionally, it was observed that the sublimation of gure C

resulted in a 20% residue of non-volatile material, con-
sistent with previous 4&8JieEhe initial weight of the
fullerenes in each subsequent run was corrected by this
factor.
Experiments were run with a constant 4-s residence time
at different constant furnace temperatures in the range of
1023-1273 K. The reaction bed length was 6.1 cm and the
argon flow-rate for the different experiments was in the
range 50-60 cth min* (at 273 K and 1 atm).

3. Results

It is assumed that the gas flow through the reaction cell
is plug-flow, thus allowing the bed length to be correlated
directly to residence time. To obtain from the data a rate
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coefficient for the reaction of fullerenes with soot, the
following first-order reaction rate expression was used:

1)

where [Cy/] is the concentration of ¢ t,is time, k is the
rate coefficient, an®A,,,, is the soot surface area per unit
volume. To simplify the expression, it is also assumed that
the fullerene—soot reaction is heterogenous wifh C being
the limiting reactant and soot surface area constant. This
allows the incorporation of the soot surface area into the
rate constant, giving

d[Cy,)/dt = — K[C,]SA

soot

d[Cqol/dt = —K'[Cqd (2

wherek’ = kSA_,.. Integration of Eq. (2) and writing the
solution in terms of fullerene mass instead of concentration
gives

In[M(Cq0) o/ M(Cgo) | =K't (3)
whereM(Cy,) , is the initial mass of fullerenedd(C,,) ; is

the mass of unreacted fullerenes collected downstream
from the reactor, and is the gas residence time in the
reactor bed. Defining’ = A exp(—E,/RT) and taking the
natural log of both sides, the final rate expression is

4)

According to Eq. (4), a plot of the left side of the equation
against 1T should give a straight line with a slope of
— E,/R and ay-intercept of InA.

A plot of the collected data is shown Fig. 2.1t can be
seen that the data fall into a linear trend, thus allowing the
parameters of the reaction rate coefficient to be calculated

IN IN[M(Cyp) o/M(Cyo) ] — It = In A-E JRT

from the graph. Using the above value 8A_, ., and
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Fig. 2. Fullerene—soot reaction rate plot; day 1 dal (vith
regression (long-dashed line), day 2 datk) (with regression
(short-dashed line), and full regression (solid line) with equation.
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accounting for the scatter of the data with error limits of 1
S.D., the following expressignigasbtained:

k = 0.0042¢-0.0002) expf-4914(x580)/TJcms *  (5)

The data in these experiments were collected over 2
different days and the daily data sets are represented
individually in Fig. 2.1t can be seen that data collected on
the same day are perfectly collinear but the slopes of lines
are somewhat different between the 2 days’' data. The
reason for this difference is unknown. Thus the two sets of
data analyzed separately yield similar but not exactly the
same kinetic rate coefficients. The parameters givdrign
2 are obtained from a regression of all the data together.

4. Discussion

Consistent with previous studied7,18], the results
from the plot shown inFig. 2 indicate that fullerenes are
indeed being consumed by soot and that the reaction is
dependent on temperature in a manner that is consistent
with first-order kinetics. It might be possible that the
decline in fullerene mass is due in part to fragmentation of
the fullerene molecules in addition to consumption by the
soot. However, previous studies have shown thgj C is
thermally stable in inert gas up to temperatures of 1720 K
[24,25]. As the temperature in these experiments did not
exceed 1300 K, it is unlikely that any unimolecular
fragmentation occurred. Similarly, Whetten and Yeretzian
found that fragmentation of fullerenes due to surface
collision, independent of the surface or temperature,
required an unusually high impact enelf@p]. This makes
it unlikely that any collisional fragmentation of the ful-
lerene molecules occurred. The exclusion of these two
mechanisms leaves reaction with soot as the apparent
mechanism for observed fullerene consumption.

In order to determine whether the fullerene—soot re-
action observed in this experiment could explain the rates
of fullerenes consumption previously observed in flames
and tentatively attributed to a possible fullerene—soot
reaction[18], the present data were used in the following
analysis. From simple collision theory, the collision rate of
Cq, With the surface of soot particles is:

Keon = [ka T/(2m)] " Cecl (6)

wherek; is Boltzmann’s constant and is the mass of one
molecule of G, . IfT is expressed in degrees K and{C ]
in mol/cm®, Eq. (6) can be expressed as

K., =135.5*"?[C,JJecms™* (7)

Using the collision rate as a basis for expressing the
reaction rate and defining asthe fraction of the collisions
resulting in reactions, or collision efficiency, the reaction
rate can be written

coll
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d[Ceol/dt = — Ko ¥SA o0t (8)
Eliminating k., between Egs. (7) and (8), we have
d[Cyol/dt = — 135.5T *Z[Co ] ¥SA (oo (9)
Comparison of Egs. (1) and (9) reveals that
k=135.57"2y (10)

Eliminating k between Egs. (5) (without the uncertainties)
and (10) and solving fory:

y=3.1X10"°T “?exp[-4914T] (11)
Collision efficiencies computed from Eq. (11) are less
than unity as they should be and they rise with tempera-
ture, qualitatively as might be expected but with a mag-
nitude that is very small at any temperature of interest. The
efficiency is only 2<107° at the upper temperature limit
of this experiment, i.e. 1273 K. This rate would be
insignificant on the time scale of flame reactions. If the

observed temperature dependence remained valid up to

flame temperatures, the indicated collision efficiency
would still be insignificant at flame temperatures, e.g.
y=6x10"% at 2000 K, as described below.

The measured collision efficiency was applied to ful-
lerenes data from a premixed flame (pressure, 40 Torr;
equivalence ratio, 2.4; cold gas velocity, 25 cnfs argon
diluent, 10%) well-characterized in previous studies
[18,27]. Soot particle size data obtained by McKinnon et
al. [27] were utilized in conjunction with fullerene con-
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centration, temperature, and soot mass concentration data
from Grieco et al[18] to see if the measured reaction rate
could explain the rate of fullerenes consumption corre-
sponding to an observed decline in fullerene concentration
in the post-flame zongl8] which can be seen ifrig. 3.
Although the soot particle size data only extend to 50 mm
above the burner while the drop-off in fullerenes con-
centration is observed in the region e70-80 mm, size
information in the latter region was obtained by extrapola-
tion. Soot surface area per unit volume of flame gases at
different distances from the burner was computed from the
profiles of soot mass concentration and particle size, taking
into account approximately the reduction in surface area
due to particle agglomeration using electron microscope
images of the soot.
The consumption rateg of C  at different heights above
the burner were computed using Egs. (9) and (11) and the
experimental temperature profl@gs The results are
shownFig. 4. Although the validity of Eq. (11) and
hence the accuracy of the calculation are unknown at
temperatures above 1273 K and flame temperature varies
freBD00 to~1350 K over the region 20-80 mm above
the burner where the main fullerenes formation and
consumption oc€ig.(3), the results are nevertheless of
interest for orientation. In the region of the fullerene
concentration drop-off at 70—80 mm above the burner, the
net rate of fullereges C consumption calculated from the
dataFim 3 is ~2x10 ' mol cm® s which is a
factor of 10 larger than the rate calculated for that region
of the flame based on the data of this dtigly4§.
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Fig. 3. Flame gas concentrations of fullerenes in a premixed benzene/oxygen/argon flame at different axial distances from the burner
(¢=2.4, pressure 40 Torr, velocity 25 cm's , argon dilution 1G%8).
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Fig. 4. Predicted consumption rate of fullerenes by soot in a
premixed benzene/oxygen/argon flame =(2.4, pressure 40
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Evidence for fullerenes consumption can also be seen
earlier in the flame where fullerenes concentration is
increasing in the region 20—-70 mm above the burner.
Although the net rate of fullerenes reaction in this region is
clearly formation, it can be assumed that consumption
reactions such as those that are clearly evidenced at 70—80
mm are also occurring in the earlier region where they
compete with, and are overshadowed by, formation re-
actions. As shown by Kronholm and Howaf2i] in the
case of soot formation, analysis of the competition be-
tween formation and destruction can account for oscilla-
tions in the concentration profiles such as those seen for
fullerenes inFig. 3in the region between about 40 and 70
mm above the burner. Accordingly, the net rate of ful-
lerene formation is a relatively small difference between
two large rates, i.e. the sum of all consumption reactions
and the sum of all formation reactions. Subtle changes in
either of these summed rates can result in significant
changes in the net fullerenes reaction rate and account for
the observed concentration oscillations. It can be calcu-
lated from the G, concentration data kig. 3 that the
increase in G, consumption rate that would be required to
explain the decreased net rate of formation betwedf
and ~60 mm above the burner, and hence to account for
the oscillation in the G, concentration profile in that
region, is a factor of X10° larger that the consumption
rate estimated for that region based on the present data.

Thus the fullerenes—soot reaction studied in this experi-
ment is much too slow and its observed temperature
dependence is much too small to allow the rates predicted
for the flame to be of any significance in the region of
major net fullerenes consumption or the earlier region of
smaller changes in the net rates of fullerenes reaction. If a
fullerenes—soot reaction were to be responsible for the
fullerenes consumption rates in the flames, it would have
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to be a mechanism whose rate increases by a factor f 10
or more in going from the conditions of the experiment to
flame conditions. For example, calculations show that
temperature dependence of the mechanism would have to
be equivalent to an overall activation energy ofl60
kcal mol™* to increase the rate of the fullerenes—soot
reaction observed here to the incrementgl C  consumption
rate possibly reflected by the above-mentioned oscillation
in the G,, concentration profile in the region 40-60 mm
from the burner Fig. 3) where the temperature is1700

K. Similar calculations for the 70-80-mm region where
C4, concentration dropsF{g. 3) and the temperature is
~1380 K show that the required overall temperature
dependence would have to be the equivalent of a 490-
kcal mol™* activation energy to increase the fullerenes
consumption rates observed in this experiment to that seen
in the flame. The latter value is so large as to suggest that
the mechanism of the fullerene—soot reaction studied in the
present experiment would not play a significant role in the
fullerenes consumption observed in the region of the large
decrease of concentration.

The mechanism of fullerenes consumption by soot under
the conditions of the present experiment has not been
established. The magnitude of the observed activation
energyEj.e.9.8 kcal mol'* , would not be inconsistent
with surface diffusion. Such a process might involve a

reversible chemisorption of fullerene molecules on the soot
with simultaneous surface diffusion to active sites where
reactions with the soot material occurs. Given that the
observed reaction rate is a minute fraction of the collision
rate, =2 x10™° at 1273 K, most of the fullerenes
arriving at the soot surface would be either reflected or
quickly desorbed according to this mechanism. An alter-
native explanation of the data might be a heterogeneous
reaction between fullerenes and soot. In this interpretation,
the observed activation energy would be the energy barrier
for chemisorption, and this value along with the small
magnitude of the observed collision efficiency would
imply that a substantial fraction of the collisions have
sufficient energy for reaction but that the probability of
colliding at a suitable site in the soot structure is exceed-
ingly low. In either mechanism, one might expect the
population of radical centers or active sites in the soot
structure to be important, and therefore the role of re-
actions between the soot and flame radicals could be
important. Accordingly, one might expect the temperature
dependence of the concentration of radicals, which can be
the equivalent of overall activation ener@s- %
kcalmol in fuel-rich flames of interest in fullerenes
formation, to give rise to a higher temperature sensitivity
than was observed in this work. Therefore, if the mecha-
nisms being considered were to be important, the overall
activation energy of the fullerenes—soot reaction would be
expected to exceed substantially the value observed here.
The possibility of such higher activation energies and
possibly a higher reactivity of in situ flame soot as
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compared to the collected carbon black used here might References
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