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ABSTRACT

Fullerenes, the family of large, aIl-carbon, cage-like molecules, promise to launch

an array of new products. However, the development of such products is

hindered due to unavailability of large quantities of fullerenes and the present

high cost of production. Fullerenes are produced commercially via the arc

vaporization of graphite, a method which is limited to low production rates and

low scale-up potential. In this work, a new process was developed in which

fullerenes are produced via the thermal plasma dissociation ofhydrocarbons. The

process is attractive due to its potential for large scale fullerene production.

Tetrachloroethylene (~CI4) was selected as the carbon source for fullerene

synthesis, due to the instability of C-Cl bonds in the high temperature zone

predicted for fullerene formation.

The effect of input electrical power, ~C14 feed rate and reactor pressure on

fullerene formation and collection was studied. The temperature profile and its

effect on the residence time of reactive species in the temperature zone required

for fullerene formation was found to play a critical role in the production of

fullerenes. With the present reactor configuration, an input power in excess of

55 kW was required for the treatmcnt of up to 0.54 mol/min of CzCI4. High

c;Cl4 feed rates resuIted in a lower conversion of c;CI4 ta fullerenes. Lower

reactor pressures (200 and 300 torr) resulted in higher fullerene YieIds as

compared to results obtained at 400 tOIT. The maximum concentration of

fuIl.erenes in soot was 5.3% and the maximum conversion of CzCI4 to fullerenes

was 2.8%, based on carbon input.

Fullerenes produced by the process were purified using conventional extractive
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and chromatographie techniques. Although suecessful, purification by

chromatography proved to be difficult due to the presence of perchlorinated,

aromatic by-products. Sorne of these perchlorinated aromatic by-products were

identified and were found to have structures reminiscent of fullerene precursors,

and thus, may provide cIues as to how fullerenes form. in this plasma process.
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RÉSUMÉ

4s fullerènes, famille de grosses molecules de carbone en forme de cages, est

une source de toute une gamme de nouveaux produits. Malheureusement, le

developement de ces produits est retardé en raison de la non-disponibilité de

fullerènes en grande quantité et de leur coût de production elevé. Actuellement,

les fullerènes sont produits commercialement par vaporisation du graphite à l'arc

electrique, une methode qui est limitée par un taux de production tres faible et

qui est difficile à rendre à grande échelle. Dans le cadre de cette thèse, un

nouveau procédé a été mis au point pour produire les fuIlerènes par la

dissociation d'hydrocarbures dans un plasma thermique. Ce procédé est

avantageux grâce à son potentiel de production des fullerènes à grande échelle.

Tetrachloroethylène (CzCI4) a été choisi comme la source de carbone pour la

production des fulIerènes due à l'instabilité des liens de C-Q dans la zone de

temperature où les fullerènes devraient se former.

L'effet de la puissance électrique dans le plasma, du débit de Cz04 et de la

pression du gaz sur la formation et la récupération des fullerènes a été étudié.

Le profile de température dans le réacteur ayant un effet sur le temps de

residence des réactifs dans la zone de température prévue pour la formation des

fullerènes, joue un rôle important dans la production des fullerènes. Etant

donnée la géométrie de réacteur utilisée dans ce travail, une puissance électrique

de 55 kW est requise pour le traitement de 0.54 mol/min de CzCI4. Les hauts

débits de CzCI4 donnent de faibles conversions de c;04 en fullerènes. Les

basses pressions (200 et 300 torr) donnent un taux de production de fullerènes

superieur à celui obtenu à 400 tOIT. La concentration maximum de fullerènes

dans la suie est de 5.3% et la conversion maximum de c;Cl4 en fullerènes est de
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2.8% par rapport au carbon injecté. Les fullerènes produits par le procédé sont

purifiés à l'aide de techniques chromatographiques conventionnelles. Quoique

réussie, la purification par chromatographie est difficile en raison de la présence

de sous-produits aromatiques chlorés. Certains de ces sous-produits ont été

identifié comme ayant une structure voisine de celles des précurseurs menant à

la formation des fullerènes; cette obselVation peut suggérer comment les

fullerènes sont formés dans notre réacteur à plasma.
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General Introduction

INTRODUCTION

Fullerenes are large, alI-carbon, cage-like molecules, named after the American

architect of the geodesic dome structure, Buckminster Fuller. The molecules

containing 60 and 70 carbon atoms are the mast abundant among the fullerenes.

Because of their extraordinary properties, fullerenes promise to Iaunch an array

of new compounds, with possible uses in electronics, polymers, catalysts, diamond

film production, optical sensors and pharmaceuticals. However, many of the

potential applications will remain untapped due to the exorbitant prices for pure

fullerenes. In 1996, C60 and C70 sold between $45-$180 (U.S.) and $350-$375

(U.S.) per gram, respectively, depending on the purity and quantity purchased.

At such high prices, it is doubtful whether fullerenes will ever become industrial

commodities. Fullerenes are presently produced commercially in two steps, both

of which lead to high production COSts. The first step consists of the production

of a fullerene-bearing soot by the arc-vaporization ofgraphite and the second step

involves the purification of fullerenes by column chromatography.

In 1992, research at PERMA, a division of PyroGenesis Inc., led to a novel

process in which fullerenes are produced via the thermal plasma dissociation of
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hydrocarbons. This process was named PyroGenesis. In a preliminary

investigation, a varlety ofhydrocarbons, including CH4, C;H2, CF3Br, and CCl2F2

were investigated. Although, at the time, the concentration of fullerenes in the

soot was extremely low, less than 0.5%, the process was still considered very

promising. Because thermal plasma technologies have been demonstrated in

industrial processes for the production of chemicals, such as acetylene [Gladisch,

1962] and Ti02 [Orfeuil et al., 1988], it became the Company's vision that the

PyroGenesis process could potentially be capable of producing industrial quantities

of fullerenes at a fraction of the present priee. However, much work was

required in order to understand the effect of the process parameters on fullerene

production and to characterize the PyroGenesis soot.

The work undertaken as part of this PhD thesis focusses on the following goals:

• ta perform a thermodynamic analysis of potential hydrocarbon precursors for

fullerene synthesis via the PyroGenesis process;

• to study the effect of operating parameters on fullerene production;

• to investigate the temperature profile within the reactor for various operating

conditions, using the model developed by Bilodeau et al. [1996]; and, finally,

• ta characterize the PyroGenesis soot via conventional extractive and

chromatographie techniques.
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LITERATURE REVIEW

CHAPTER 1: FULLERENES

1.1 Introduction to Carbon Structures

When they were first discovered in 1985, fullerenes were described as the third

allotrope of carbon, the other two weIl known forms of carbon being graphite and

diamond. As described herein, each carbon form has a characteristic molecular

geometty which is responsible for the unique properties of each allotrope.

Graphite, is an aIl-carbon materiai consisting of a two-dimensional network of

fused six-membered rings, similar to benzene rings, as can be seen in Figure l.

The individual carbon atoms in graphite are heId together by rigid sigma, u,

bonds, giving graphite its overall flat structure. However, graphite, like other

aromatic compounds, aiso possesses pi, Tr, electrons, which are shared by

neighbouring carbon atoms. This type of bonding configuration is known as sp2

bonding. The layers in graphite are heid together by Van der Waals forces, thus

the energy required to slide the layers over one another is low. This feature

makes graphite a soft materiai which can be used as a Iubricant. Graphite is aiso

a good conductor of heat and electricity.

3
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Figure 1: Structure of graphite.

•
Diamond is a crystalline material having an sp3 bonding configuration, resulting

in a regular three-dimensional network of a-bonds. The structure ofdiamond can

be seen in Figure 2. The configuration of the carbon atoms in diamond provides

a rigid, stable structure resulting in a material which possesses high strength,

hardness and resistance to chemical attack. Diamond aIso exhibits high heat

conductivity and excellent electrical insulation.

•
Figure 2: Structure of diamond.
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In 1985, a new class of carbon compounds, the fullerenes, was welcomed into the

history of carbon science. Fullerenes are essentially hollow carbon caged

molecules which may contain as few as 32 and as many as 600 carbon atoms

[Maruyama et al, 1991]. The first of such molecules to be discovered was carbon

sixty, C60' named buckminsterfullerene, after the geodesic domes of the famous

American architect and engineer R. Buckminster Fuller.

The molecules containing 60 and 70 carbons, shawn in Figure 3, have received

thé most attention due to their higher abundance and relative ease of isolation.

Support for the shape and structure of C60 and C;o has been given mostly by

mass spectroscopy and 13e nuclear magnetic resonance [Kroto et al., 1985].

C60 has a shape reminiscent of a soccer baIl. The carbon atoms of C60 are

arranged in an array of 12 pentagons and 20 hexagons; each atom existing at the

juncture of two six-membered rings and one five-membered ring. C60 has a

diameter of about 7Â [Kroto et al., 1985]. C;o has an oblong shape which is

reminiscent of a rugby baIl and has dimensions of 7Â x 7Â x 9Â [Diederich and

Whetten, 1992].

Fullerenes have been described as being halfway, structurally , between diamond
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and graphite. The bonding of fullerenes is neither sp2, like graphite, nor sp3 like

diamond, but an intermediate between these two hybridizations. As a result, this

characteristic would strongly affect chemical reactivity, thermal and electrical

conductivity, superconductivity and optical properties of fullerenes.

Larger fullerenes have also recently been isolated and characterized. These

inciude C,6' c's' C82, C84' C90 and C96 [Kikuchi et al., 1992] and are shown in

Figure 4. Furthermore, microtubules comprising of graphite sheets terminated

with fullerene end caps have also been discovered and are aiso shown in Figure 4

[Iijima, 1991J. These microtubules are often referred to as buckytubes.

Microtubules having diameters and lengths in the order of microns have been

synthesised in 1960 [Bacon], however tubes with diameters of a single C60

molecule have only recently been reported [Ajayan and Iijima, 1992].

•
Figure 3: Structures of C60 (left) and <;0 (right).
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C78 isomers

•
Figure 4: Structures of higher fullerenes and buckytubes.
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Due ta the higher relative abundance of C60' most work on characterization of

fullerenes has been done on C60. As a result, Most of the information presented

in this section is based on C60.

Solid C60 is a molecular solid held together by van der Waals forces. The mass

and molecular densities are listed in Table 1. Because of the weak intermolecular

forces, C60 solids are highly compressible [Fisher et al., 1991], although the

molecular cage structure itself is highly incompressible [Duclos et aL., 1991]. The

bulk modulus has been measured to be 14-18 GPa [Fisher et al., 1991, Duclos et

al., 1991], a factor of 40 smaller than diamond. The Vickers hardness has also

been measured to be 14.5-17.5 kg!mm2 compared to 7,000-10,000 kg!mm2 for

diamond [Li et al., 1992].

Because diamond and graphite are infinite lattices, the breaking of covalent bonds

is required to release atoms or Molecules. By contrast, fullerene crystals consist

of molecular solids held together by van de Waals forces. As a result, dissolution

and evaporation processes are simplified since they do not require the cleavage

of covalent carbon-carbon bonds to release Molecules. Thus, fullerenes are

soluble in organic solvents and have a relatively high vapour pressure for a pure

8
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The solubility of C60 in various organic compounds is

•

•

summarized in Table 1. The heat of sublimation and vapour pressure of C60 as

a function of temperature is aIso presented in Table 1.

Table 1: Selected properties of C60

Mass Density 1.65 ± 0.05 g/ml Kratschmer et aL.
[1990]

Solubility in mg/ml colour Ruoff et al. [1993]

hexane 0.04 magenta
dichloromethane 0.26 magenta
toluene 2.S magenta
CS., 7.9 magenta
1,2~3,5-tetramethylbenzene 20.8 yellow
I-methylnaphthalene 33.2 olive green

Heat of Sublimation 33.1-43.3 kcal/mol Mathews et al. [1992]
Pan et al. [1991, 1992]

Vapour Pressure at:
1.2 x 10-10500 K torr Mathews et al. [1992]

600 K 1.8 x 10-7 torr
SOO K 1.6 X 10-3 torr
1200 K (extrapolated) 15 torr

The hybrid bonding pattern of fullerenes, as mention is Section 1.1, is partially

responsible for the reactivity of C60 [Taylor and Walton, 1993]. C60 has been

modified to give halogenated materials, alkylated C60' C60 epoxide, C60 ethers

and other interesting compounds.
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Researchers have aIse studied the oxidative behaviour of fullerenes compared

with graphite and diamond. In an atmosphere of air, fullerenes decomposed at

444 oC, whereas the decomposition of diamond and graphite occurred at 629 oC

and 644°C, respectively [Saxby et al., 1992]. Other researchers have found that

in the presence of oxygen, C60 powder decomposes at 200 oC into an amorphous

carbon-oxygen compound [Chen et al., 1991].

In the bulk solid, fullerenes are black, but thin films are coloured. C60 and ~O

thin films are a yellow and red, respectively. Solutions of fullerenes in organic

solvents are also coloured, for instance magenta (C60), wine red (<;0), greenish

yellow (~6)' brown (~8) and greenish yellow (C84) [Kikuchi et al. 1992].

1.3 Methods of FuIlerene Soot Production

1.3.1 Vaporization of graphite

1.3.1.1 Laser vaporization of graphite

The discovery of C60 in 1985 resulted from experiments by Kroto (University of

Sussex) and Smalley CRice University) in which graphite was subjected ta a pulsed

laser for the purpose of studying carbon clusters [Kroto et al., 1985]. In pulsed

lasér vaporization, all of the energy is deposited enta the surface of a target in
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a short period of time. For the typically used lasers, such as Q-switched Nd:YAG

and excimer, this period of time ranges from 5 ta 25 nanoseconds. Typical pulse

energies vary from 0.1 to 1 Joules. The production of fullerenes via laser

vaporization of graphite resulted in a soot containing up to 40% fullerenes.

However, this technique is limited to the production of milligram quantities of

fullerenes. As such, the Kroto-Smalley apparatus holds its place in fullerene

history for contributing to the discovery of fullerenes, however such a technique

is used only for fundamental research in studYing the formation of fullerenes and

for the production of milligram quantities of endohedral fullerenes, such as

La@C60·

1.3.1.2 Arc vaporization of graphite rods

Various methods used ta vaporize carbon for the production of fullerenes include

resistance heating [Kratschmer et al., 1990], and a.c. or d.c. arc discharge [Haufier

et al., 1990 and 1991, Koch et al., 1991, Pang et al., 1991]. Currently, fullerenes

are produced commercially using the carbon arc discharge method.

Figure 5 presents a cross-sectional view of a typical carbon arc C60 generator

[Uautleret al., 1990]. The electrodes are two graphite rads, 6 mm in diameter,

which are usually screw-fed ta maintain a constant arc distance and tum in
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opposite directions to help maintain even erosion as the ends of the rods are

vaporized in the arc. When sufficient current is applied, a sudden increase in

power dissipation at the anode results in the vaporization of the anode materiaI,

resulting in the production of a cloud of volatile carbon species. As the carbon

cloud cools by radiation and through the introduction of a carrier gas, the

coridensation of carbon species results in a soot which contains fullerenes. In

fullerene production experiments by Haufler et al. [1991], the arc voltage

maintained at 10-20 V and the range of current used was 100-200 A. The surface

temperature of the electrodes was measured to be 3,150-3,700 K, depending on

the arc CUITent [Huczko et al., 1995].

The first version of the reactor shown in Figure 5 did not have a water-cooled

shroud. The weight percent of fullerenes in the soot produced via this device was

6-8%, whereas when a chimney was added, the weight percent of fullerenes in

soot increased to 15-22%. The authors did not fully understand why the overall

weight percent of fullerenes in the dust increased upon addition of the water

cooled chimney. The authors believed that reducing the ambient temperature

may he beneficial to fullerene formation or perhaps that beneficial fIow patterns

were created. The convection patterns in the reactor, as suggested by Huczko et

al. [1995], play a major roIe in explaining the differences in fullerene yields as a

12
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function of location.
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Figure 5: Apparatus for producing fullerenes via the arc
vaporization of graphite [Haufler et al., 1990].

The first step in optimizing fullerene production was in the determination of the

optimal pressure of the buffer gas. With the apparatus in Figure 5, the optimum

pressure in the chamber was found to be between 100-200 torr, when helium,

argon or nitrogen were used as the carrier gas. However, the nature of the

carrier gas seems to be an important parameter. When helium was used as the
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carrier gas, the yield of C60 in the soot was between 10 and 15%, whereas argon

and nitrogen resulted in·maximum yields of 5% and 0.8%, respectively. Since the

purpose of the carrier gas is primarily ta adjust the rate of diffusion of the small

carbon radicals away frOID the point of vaporization, it has been suggested that

the optimum gas pressure should depend on the nature of the carrier gas and the

rate of its hydrodynamic flow past the carbon vapour [Raufler et al., 1991].

Using variations of the apparatus shawn in Figure 5, researchers have reported

the percentage of fullerenes in soot ta vary from 0.5% to 30%, however typical

production mns yield 12-15% fullerenes [Koch et al., 1991]. The fullerene

content in the soot is typically 80-85% C60, 15-20% C70 and 0.5-2.5% higher

fullerenes. The ratio of C,oIC6o ranges from 0.02 to 0.18 [Ajie et al., 1990].

Attempts have been made ta scale up the device shown in Figure 5 by increasing

the- electrode diameter and the input power. When the electrode diameter was

increased from 6 mm ta 13 mm, the maximum percent of fullerenes in the soot

was found to be 5% [Haufler, 1994]. Chibante et al. [1993] speculated that the

decrease of fullerene content with increasing electrode diameter is due ta the

higher UV and radiation flux resulting from the higher power consumption. It

was thought that the fullerene yield in soot decreases due ta photochemical
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destruction of fullerenes by reactions of electronically excited fullerenes. In

contrast, RaufIer et al. [1994], argue that the effect of temperature and residence

time are critical in the formation of fullerenes. Growing carbon clusters must

experience a sufficient period of time in an appropriate temperature zone in

arder ta facilitate bonding rearrangement and annealing. The temperature range

has been predicted ta be 2,000-3,000 oC [Haufier et al, 1990]. If growing clusters

are kept at this temperature too long, polymerization and continued growth to

large, unextractable species occurs. As a result, as the power consumption

increases approximately ta the square of the electrode diameter, it is possible that

larger electrodes resulted in a undesired increase in residence time of the growing

carbon cluster in a "hot" zone.

The temperature profile and residence time of carbon clusters in the "hot zone"

are controlled by the arc current, pressure and type of buffer gas. Higher

pressures and buffer gases with high molecule weights increase the residence

time. Increasing the arc current increases the overall temperature.

Researchers at MER Corp. investigated the effect of arc current frOID 70-250 A

on fullerene production using a 1J4 inch rad. They reported that the lowest

current resulted in a higher yield of fullerenes in soot but in very low production
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rates of soot [Koruga et al., 1993]. Thus, there seem to be an inverse relationship

be~een the rate of soot production and fullerene yield, which was not explained

by the authors. Furthermore, the use of a d.c. cUITent, rather than a.c., seems to

increase the yield of fullerenes [Huczko et al., 1995]. This result may be due to

the more stable arc obtained when d.c. is used, resulting in very low rates of

spallation of the electrodes.

Although the production rate of soot is not reported in the papers reviewed,

sorne information on the soot production rate was obtained from patent

No. 5,227,038 [Smalley, 1993]. Using electrodes 6 mm in diameter and arc

current and voltage of 150 A and 26 V, respectively, soot, having a fullerene

concentration of 13%, was produced at a rate of 0.5 g/OOn. The reported data

seems to suggest that an equivaient of 0.92 grams of fullerenes may be produced

per kWh of energy input, via the arc vaporization of graphite method. However,

an important disadvantage of this process, as expressed by Haufler [1994], is its

difficulty ta scale up due to the adverse effect of electrode diameter on fuIIerene

production yields.

1.3.2 Arc vaporization of other soUd carbonaceous materials

Pang et al. [1991] attempted ta produced fullerene soot by replacing graphite rads
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by demineralized coal formed into electrically conducting rods, 18 mm in

diameter. The arcing of demineralized coal resulted in a soot containing 2-8.6 %

fullerenes. The presence of minor mineraI matter and hydrogen does not inhibit

fullerene formation but does have an adverse effect on the total yieId of

fullerenes in soot when compared to vaporization of pure graphite. Other

researchers [Koruga et al., 1993, Tohji et al., 1994] attempted ta use a variety of

carbon materials, including low quality coke, carbon black and spent soot for

fuHerene synthesis, however, as expected, higher quality of carbon precursor

resulted in higher yields of fullerenes.

1.3.3 FuIIerenes via combustion of hydrocarbons

The first attempt at producing fullerenes from a gaseous carbon source was

performed by researchers at the Massachusetts Institute of Technology studying

benzene flames [Howard et al., 1992]. 1t was found that fullerenes could be

produced from flames of premixed benzene and oxygen with argon as a diluent.

Reactor conditions such as temperature, pressure, carbon/oxygen ratio and

residence time were the key parameters affecting the production of fullerenes.

With this process, up to 0.26% of the fuel carbon was converted iota fullerenes.

The authors have predicted this value to be as high as 0.5%. The low conversion

of· carbon ta fullerenes is expected, from thermodynamic caIculations, since
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approximately 5/6 of the carbon input forms CO, leaving a maximum of 1/6 of the

carbon for fullerene and soot formation [pope and Howard, 1996]. The fullerene

content in soot ranged from 0.003% ta 20%. The largest yields of fullerenes

occurred when the CIO ratio was maximized. However, when using a combustion

process, there is an upper limit in the CIO ratio which may be possible since an

adequate amount of O2 must he supplied in arder ta maintain the temperature

at a desired leveI. McKinnon [1991] proposed that fullerenes fonD. between

2,200 K and 2,600 K from the combustion of ~H2. Using this method, the

highest production rate of fullerenes was 0.45 g/hr, corresponding to a soot having

a fullerene content of 12.2%. The fullerene yield increased with increasing

temperature and decreasing pressure [Howard et al., 1992].

One important characteristic of tbis process compared ta the vaporization of

graphite technique is the ability ta vary the ratio of ~o ta C6D • The ~oIC60

ratio varied from 0.26 ta 8.8 [Howard et al. 1992], compared ta 0.02-0.18 for

graphite vaporization [Ajie et al., 1990]. The relative abundance of C;o increases

with increasing pressure in the combustion experiments. In addition, isomers of

C6D having adjacent five membered rings in their structure were ohserved in soot

produced by the combustion of benzene. Such isomers of C6D have not been

reported to exist in the soot produced by vaporization of graphite.
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1.3.4 Plasma pyrolysis of hydrocarbons

1.3.4.1 Plasma pyrolysis of carbon black and acetylene

y oshie et al. [1992] developed an alternative process for fullerene production

involving the vaporization of carbon black in an r.f.-d.c. plasma reactor. In this

process, carbon black (less than 10 /Lm) was introduced into a plasma flame. It

was found that when commercial grade carbon black, which contains 2 mol%

hydrogen and 3 mol% oxygen was used as the starting material, the fullerenes

weight percent in soot was 4%. However, when a purer grade of carbon black

was used, with no hydrogen present, the weight percent of fullerenes in soot

increased to 7%. It was suggested that the presence of hydrogen and/or oxygen

reduces the yield of the fullerenes. An attempt was also made ta use ~H2' as

the carbon source, however, no fullerenes were found in the soot. It was also

found that decreasing the pressure in the reactor chamber from 760 torr to 260

torr reduced the yield of fullerenes from 7% to 3%. Such a pressure dependence

is different from that in the carbon arc C60 generator, where the optimal pressure

was found ta be 100-200 torr [Haufler et al., 1990].

1.3.4.2 Pyrolysis of aromatic hydrocarbons

The formation of C60 and C70 by pyrolysis of naphthalene at 1,000 oC has been

reported [Taylor et al., 1993]. C60 and C70 are formed by the "patching together"
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of six and seven naphthalene molecules (C1oHg), respectively. The reaction was

carried out in a silica tube, 1 cm in diameter and 40 cm in length. Two plasma

torches were used to evaporate and subsequently pyrolyse naphthalene. The mass

percent of fullerenes in the soot collected at the exit of the tube was less than

0.5%. The proposed mechanism of fullerene formation via the addition of

naphthalene molecules is shown in Figure 6.

Figure 6: Possible route ta C6D formation via
addition of naphthalene molecules [Taylor et al.,
1993].
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The production of fullerenes via the use of benzene or naphthalene in a low

temperature plasma chemical vapour deposition apparatus was reported by

Inomata et al. [1994]. In their work, benzene or naphthalene vapour was fed into

an Ar-He plasma. A low temperature plasma was generated by applying r.f.

voltage across two electrodes. The temperature of the plasma was measured

during the experiments and it was found that the electron temperature was 1.4­

2.2 eV, whereas the gas temperature was 255-455 oC. The authors s'.tggest that

due to the low temperatures of the plasma, thermal decomposition of the

aromatic compounds is not required for the formation of fullerenes. Instead,

high energy electrons in the plasma contribute to the synthesis of fullerenes from

the hydrocarbons. The production rate of fulIerene soot and the concentration

of fullerenes in the soot obtained during this study were not reported.

1.3.4.3 Plasma pyrolysis of halogenated hydrocarbons

A thermal plasma process, named PyroGenesis, was developed at PERMA, a

division of PyroGenesis Inc. (Montreal, Canada), for the synthesis of fullerenes

via the dissociation of hydrocarbons [Tsantrizos and Grenier, 1992]. A plasma

reactor, equipped with a non-transferred d.c. plasma torch, was used to dissociate

hydrocarbons. The hydrocarbons investigated include CH4, ~H2' CBrF3 and

CQ2F2' By controlling the reactor conditions, sorne carbon atoms recombine to
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forro fullerenes in a soot which condenses on the water-cooled reactor wall.

When CH4 and ~H2were each used as feed materials, the resulting soot did not

contain a significant amount of C6D (less than 0.05%). Go was not detected in

the samples produced during these experiments. However, when CBrF3 and

C02F2 were investigated as starting materials, both C6D and ~D were present in

the soot produced. The pyrolysis of CCl2F2 provided higher yields of fullerenes,

resulting in a soot containing up to 0.5% C6D and a small quantity of ~O. As

part of this PhD thesis, the PyroGenesis process was further developed through

the use of tetrachloroethylene, ~Cl4' as the carbon source.

1.4 Theories of Formation

Of the many interesting scientific questions raised by the discovery of fullerenes,

the most intriguing remains that which concems the mechanism by which small

carbon molecules combine ta form large hollow cages. Despite the great progress

in experimental research on fullerenes, there still exists no generally accepted

theory on the formation of fullerenes. The main reason for tbis is the extreme

complexity of the composition of carbon gas at high temperatures.

Silice the discovery of fullerenes, many mechanisms for fullerene formation have

been proposed. Among the earlier steps in defining a mechanism of formation
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was the determination of the nature of the carbon species initially expelled from

the graphite rads during arc vaporization. Initially, it was thought that fullerenes

wete formed from graphitic fragments derived from the graphite rads. These

graphite fragments would have ta undergo structural rearrangement in order ta

include pentagons, which are required for curvature of the structure. This

hypothesis was put to the test by isotopic scrambling experiments [Meijer and

Bethune, 1990, Ebbesen et al., 1992]. In these experiments, the graphite rads

used for fullerene synthesis were constructed sa as ta have regions of pure 13C

and regions of naturally occurring 13C. If the results of these experiments were

ta show that the 13C atoms are randomly distributed throughout the C6D network,

then this would suggest that a small-molecule synthesis of fullerenes is most-likely

oecurring, rather than the synthesis via large graphitie sheets. A meehanism

based on the formation of fullerenes from large graphitie fragments would result

in two distinct groups of C6D molecules, one group having a higher proportion of

13C atoms than the other group. The results for the isotopie seattering

experiments provided strong evidence that carbon-arc fullerene synthesis

originates from atoms or, at most, fram very small carbon clusters CC;, C:3).

A four-step chemical model for fulIerene synthesis bas been proposed [Smalley,

1992, Heath, 1992]. A general diagram of this type of ehemieal model is shawn
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in Figure 7. It has been suggested that the growth process which generates

fullerenes begins with an initial condensation process resulting in the formation

of linear chains of carbon (en' n< 10). The next step involves the formation of

monocyclic rings, which are predicted to be the most dominant intermediates for

species in the size range of CIO to ~O' The two-dimensional monocyclic rings

then undergo a rearrangement of atoms ta forro three-dimensional structures

(~1-C:;1)' Since these open graphite-like sheets would have many peripheral

"dangling bondsll
, or unsatisfied valances, the graphitic sheets would rearrange to

incorporate pentagons as weil as hexagons in the bonding pattern. The pentagons

wouid cause the sheet ta cud and enable sorne of the peripherai bonds to join.

Snch species are predicted to be unstable due ta these IIdangling bonds ll and as

a result, these species are expected to readily react with carbon atoms and

clusters until a reiatively stable closed fullerene structure is reached. Haufler et

al. [1991], suggest that the energetically most favoured forro of any open graphitic

sheet is one which i) is made solely of pentagons and hexagons, ii) has as many

pentagons as possible, while iii) avoiding adjacent pentagons. This is referred ta

as the pentagon mIe, and C60 is the first pentagon mIe structure that forms a

closed structure.

Another model, proposed by Goeres and Sedlmayr [1991], suggests that the
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formation of fullerenes occurs via the addition of elementary bricks of clustered

carbon compounds, Cn, which are already two-dimensional structures. Based on

the evidence that carbon chains tend to form monocyclic rings and that CIO is the

most prominent structure in a carbon gas [Raghavachari and Binkley, 1987], CIO

is assumed to be the elementary brick. During addition reactions of CIO rings

with intermediates, it is predicted that the monocyclic CIO rings collapse to form

a naphthalenoctyl structure, thus favouring the formation of a connecting

pentagon which produces the CUlVature of the intermediates.

Using experimental techniques, Chang et al. [1992] attempted to trap sorne

possible intermediates responsible for the synthesis of fullerenes. The standard

arc vaporization procedure was modified to allow for the introduction of

hydrogen donors to saturate the carbon clusters, thus trapping possible

intermediate species. Intermediates included CI2Hg, CnHID (12<n<18). The

authors describe a number of possible synthetic routes for fullerene formation.

Other authors [Brabec et al., 1992, Lafleur et al., 1993] have identified

corannulene as a precursor for fullerene formation.

Although theoreticians are actively searching for answers relating to the

mechanism by which fullerenes form, the mechanism of fullerene formation still
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remains a controversial area in fullerene research.

1
:~:

1·

Figure 7: A ehemieal model for the generation of fullerenes
from atomie and dimerie carbon vapour (Heath, 1992].
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1.5.1 Extraction of fullerenes from soot

The first step required in virtually all types of fullerene purification methods

involves the extraction of soluble fullerenes from the insoluble carbon soot. The

solubility of fuIlerenes in different solvents was presented in Table 1 (Section 1.2).

Solvents which are typically used for the extraction of fullerenes are toluene,

benzene and CS2. Various techniques may be used for extraction, two of which

are described herein.

In a SOXHLET extraction apparatus, as shown in Figure 8, the carbon soot is

placed in a "thimble" or filtering cup and solvent is evaporated from the holding

flask. The solvent vapour traveIs ta the condenser, where the solvent recondenses

and is allowed to percolate through the carbon soot, resulting in the dissolution,

or extraction, of soluble compounds including fullerenes. The extract solution is

then retumed to the boiling soivent vesseI where the soivent is re-evaporated and

recycled in the extraction process. This type of extraction is used because it

permits continuous extraction of material using a very small volume of solvent.

Such a process is desired for the extraction of fullerene due to their very low

solubility in organic soivents. The SOXHLET extraction is typically ron for 24-48

hours. It should aiso be noted, that this step does not preferentially dissolve
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fullerenes over any other soluble compounds present in the soot, and as a result

the extract may contain a variety of by-products depending on the process used

to produce the fullerene soot.

A simpler approach for the extraction of fullerenes involves the dispersion of

carbon soot in solvent through the use of a sonication bath. Sonication of the

mixture enhances the dissolution of the fullerenes in the solvent. This process

requires the use of more solvent than in SOXHLET extraction, however, the

extraction process using sonication may be completed in less than 30 minutes,

depending on the quantity of solvent used. Following the extraction process, the

mixture is filtered to yield a fullerene rich filtrate.

The crude extracts vary in composition, depending on the soot production process

employed. Crude extracts from soot produced via the arc vaporization of

graphite consist of: SO-85%C60, 15-20% ~O and up ta 2.5% higher fullerenes

[Ajie et al., 1990]. The crude extract must then be further purified to yield pure

C60 and <;0'

1.5.2 Purification of fullerenes by chromatography

C60 and ~o are presently purified commercially by column chromatography. In
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Figure 8: SOXHLET apparatus for the
extraction of fullerenes.
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chromatography, a solution containing severa! solutes is eluted through a packed

column. The solutes interact with the column packing to varying degrees

depending on their polarity, molecular size, ionization energy, adhesion and other

properties [Hamilton and Sewell, 1977]. Solutes having a greater interaction with

the packing material move more slowly down the column than the solutes that

intëract ta a lesser degree. If the column is long enough, the zones for each

individual solute will draw apart from one another sufficiently to be recovered in

the effluent as separate solutions. Chromatography can be performed either in

bulk mode or trace mode. In the bulk mode, a mixture of compounds is fed in a

relatively large amount onto a packed column. In the trace mode, used for

analytical purposed, only a minute amount of solute is admitted ta the column.

In a standard, bulk-mode chromatography used for the purification of C60 and

~O' a small sample of crude extract is eluted with hexane, or a mixture of hexane

and toluene (95:1) through a chromatography column packed with neutral

alumina. As fullerenes are separated within the column, the coloured bands

move down the column and spread apart. C60 yields a violet band while ~O gives

a wïne-red coloured band. Solvent is added to the top of the column manually.

The column is run until each band reaches the bottom of the column and is

colIected in separate flasks. The process takes about 8-12 hours.
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AIternatively, a SOXIll.,ET type chromatographie column, using alumina as the

sta~onary phase, may be used [Khemani et al., 1992] in which the solvent is

recirculated by evaporation and condensation. This method is similar to that used

for extracting the rnixed fullerenes from the soot (Section 2.7.1). AIthough this

type of column requires minimal supervision, it takes several days for purification.

For example, this technique takes 20 ta 30 hours ta elute pure C60 and another

50-70 hours ta elute ~O.

Recently, purification of C60 and ~o has been achieved on chromatography

columns packed with graphite [Vassallo et al., 1992] or a mixture of activated

carbon and silica gel [Scrivens et al., 1992], using toluene as the mobile phase.

These methods offer significant improvements over purification on alumina since

the rime required for purification is greatly reduced due ta the higher solubility

of fullerenes in toluene. Furthermore, the packing material is much less

expensive than alumina. Ta improve the elution rate, the columns may be ron

under Nz or air, referred to as flash chromatography. AIthough flash

chromatography reduces processing rime, the purity of the samples is sometimes

compromised.

For the analysis of C60' ~O and higher fullerenes, trace-mode chromatography
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is performed using a high pressure (or performance) liquid chromatograph. In

high pressure liquid chromatography (HPLC), on1y milligram quantities of crude

extract are injected into the column. HPLC differs from standard chromato­

graphy in two ways: (1) the type and mesh of the packing material and (2) the

feed pressure [Hamilton and Sewell, 1977]. There are various alternative types

of HPLC packing materials that can be used: alumina, silica gel, reverse phase

silica gel, activated carbon, ion exchange resin, permeation gels, and others. The

main advantage, however, of HPLC is the density with which the stationary phase

material are packed and the effective surface area/gram of packing material.

HPLC has a much denser packing, resulting in a high surface area/gram of

packing material. As a result, the pressure drop through the HPLC packed bed

is much higher, thus requiring a high pressure pump ta deliver the mobile phase.

The advantage of having a denser packing with a higher effective surface area is

that the resolution of separation is greatly improved using a very short column.

1.5.3 Purification of fullerenes by sublimation

Another possible method for separation of fullerenes frOID soot is sublimation.

Fullerenes are known to sublimate at temperatures as low as 400 oC under

vacuum and the sublimation temperature seems ta increase with molecular

weight. Sïnce the raw soot contains several different types of fullerenes having
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very close sublimation temperatures, fractional sublimation may be useful in

purifying the fullerenes.

Averitt et al. [1994] report of a purification method in which fullerene extract is

introduced inta one end of a distillation column, lined with a series of evenIy

spaced baffles with circular perforations. The starting materials are heated under

high vacuum to 970 K while a linear temperature gradient is established along the

length of the column. C60 having a purity of 99.97% has been obtained, however

the recovery of C60 in the pure fraction was only 16.2%.

A thin film fractional sublimation, developed by Gillot and Goldberger [1969] for

the separation of zirconium tetrachloride and hafnium tetrachloride, was adapted

as a batch process for the purification of fullerenes in a research study at Pegasus

Refractary Materiais [Manoliadis, 1995].

In this process, inert, non-volatile solids are fed in the top of a heated column

and move down, counter-currently to the saturated fullerene vapours. Since the

solids enter at a temperature below the condensation temperatures of the

vapours, a thin film of volatile solids condenses on the surface of the inert solids.

This coating acts as a reflux for the enriching section of the condenser and is
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carried down along with the solid packing. A carrier gas is fed from the bottom

to keep the flow of gas moving up, counter-current to the solid phase. Best

results provided a fraction of C6D with a purity of 95%, however the recovery of

C6D in this fraction is very low. This process is promising since continuous

operation would result in a higher recovery of C60, since pure C60 would be

removed from the top of the column continuously.

Although research in the use of fractional sublimation for the purification of

fullerenes is on-going, there is no process available at this time which is capable

of purifying fullerenes commercially.

1.5.4 Purification of fullerenes via reactive techniques

A number of reactive techniques have been developed to selectively and

reversibly react with either C60 or ~O' thereby providing a means for purification

[Huang et al., 1993, Atwood et al., 1994]. Only the reactive technique based on

complexation with calixarene compounds is described briefly below.

Fullerenes can be separated from crude mixtures by selective complexation with

calixarenes, bowl-shaped macromolecules with hydrophobie cavities [Atwood et

al., 1994]. The researchers used 1-tert-butyl-calix[8]arene to selectively reactwith
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C60. The calïxarene-C60 complex precipitates out of the toluene solution and thus

can be isolated by crystaIlization and filtration. Once isolated t the complex is

decomposed in chloroform, yielding purified C60 as the final product. The

authors ciaim that a high recovery of C60 having a purity of 99.9% may be

obtained after several recrystallization and filtration steps.

1.6 Applications

Despite its fame as the "Molecule of the Year" on the cover of Science Magazine

in 1990 and the "Most beautiful molecule", in the book by Aldersey-Williams

[1994], C60 has yet to find any commercial applications. However, since the

commercial availability of C60 in 1990, researchers worldwide have been focussing

on the development of fullerene-based products. Fullerenes promise ta launch

an array of new compounds, with possible uses in electronics, polymers, catalysts,

diamond film production, optical sensors and pharmaceuticals.

Currently, the most commercially important properties of fullerenes relate to

electronics applications. C60 molecules readily accept electrons and thus can

easily be doped with alkali metals or other atoms to form fullerides. Different

fullerides act as conductors, semiconductors and superconductors [Hebard, 1992].

AT&T Bell Laboratories discovered that when C60 is doped with potassium to
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produce the metallic salt, known as K3C60 or potassium buckide, the buckide

becomes superconductive when cooled below 18 K. When rubidium is substituted

for potassium, the critical temperature (TJ for superconductivity was found to be

29 K [Rosseinsky et al., 1991]. At present, the organic superconductors having

the highest Tc is CS3C60 with a Tc of 40 K [palstra et al., 1995]. Although the

superconductive limits of doped fullerenes have not yet been established, it is

hoped that they will be as good as, or better than superconductive ceramics

(oxides of thallium, calcium, barium and copper), whose critical temperature for

superconductivity may be as high as 160 K under pressure [Calestani, 1994].

Researchers at Japan's Institute for Molecular Sciences were first to detect the

non-linear optical properties of fullerenes. A material exhibiting non-linear

optical properties demonstrates a non-linear change in its refractive index as the

intensity of light changes, and becomes opaque above a critical intensity. A

number of research groups have demonstrated that fullerenes are excellent optical

limiters in solution [Heflin and Ganta, 1992, Tutt and Kost, 1992] and as thin

films [Diehl et al. 1993]. To date, the opticallimiting effects of fullerenes have

only been demonstrated against laser light, however, if the optical Iimiting

behaviour of fullerenes is general for all wavelengths, fullerenes could find

applications as light shields for electronic devices, light-activated sensors and in
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eye wear.

The use of thin films of C;o for the synthesis of diamond coatings may become

a very important application of fullerenes. Researchers at Northwestem

University [Meilunas et al., 1991] have recently reported that diamond films grow

readily on a specially prepared layer of C;o. The substrate is first coated with a

film of C;o and then bombarded with carbon and hydrogen atoms. This

pretreatment results in breaking the cage structure and exposing the free ends of

the fullerene network. These free ends seem to provide ideal templates for

nucleating diamond growth.

C60 crystals may aIse be transformed into diamond at room temperature by being

subjected ta high pressures, as reported by Regueiro et al. [1991]. The energy

barrier inhibiting a C6o-diamond transformation is evidently low enough to allow

this conversion by non-hydrostatic compression of C60 at pressures of 50 ± 5 GPa

at room temperature.

The chemical modification of fullerenes will be the source of many long-term

applications. Fullerenes have been modified to give halogenated materials,

alkylated fullerenes, fullerene epoxides, fullerene ethers and fullerene-based
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polymers [Taylor and Walton, 1993]. The chemistry of metal complexes,

especially endohedral complexes is also an area of great interest, since these

materials are predicted to have interesting electronic and optical properties

[Taylor and Walton, 1993]. In addition, a water soluble derivative of C60 was

found to be active against the HIV viroses which cause AIDS [Friedman et al.,

1993]. Potential commercial applications of chemically modified fullerenes are

fullerene-based composite materials, photoconducting polymers, medical

diagnostics and therapeutics, catalysts, and conductive plastics.

Despite the extraordinary properties of fullerenes, many of the potential

applications will remain untapped due to the exorbitant prices for pure fullerenes.

In 1996, the prices for C60 and ~o were between $45-$180 (U.S.) and $350-$375

(U.S.) per gram, respectively, depending on the purity and quantity required.

1.7 Market

C60 was first introduced into the marketplace in 1991 at a price of $1,200 U.S.

per gram. As can be seen in Figure 9, the price of e60 has steadily decreased

from $1,200 ta less than $100 U.S. per gram. The decreases in the price of

fullerenes is due partly to automation of fullerene soot production and

purification processes and partly to direct competition between suppliers. The

38



•

•

•

Literature Review

selling price of pure c'o has remained quite high due to the difficulty relating to

the purification of <;0. The present selling priee of ~o is $800 U.S. per gram.

In Figure 10, the current fullerene consumption worldwide is shown. Although

there is a significant increase in the consumption of fullerenes since 1991, the

present market is only 10 kilograms per year.
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CHAPTER 2: PLASMA PYROLYSIS
OF HYDROCARBONS

2.1 Properties of Plasmas

2.1.1 Definition of plasma

Plasma is a physical state of matter obtained when a gas is iornzed. A plasma

consists of positively charged ions, free electrons, as weil as neutral atoms and

molecules. In a plasma, the electrons produced by the partial ionization of the

gas act as the chief agent for transferring energy from the electric field to the gas.

This transfer process is effected through electron-molecule collisions. Most

plasmas are only partially ionized, where ionization may approach 5%.

Plasmas have been divided into two categories, cold plasmas and thermal plasmas.

In cold plasmas, the temperature of the heavy particles forming the gas (Tg) is

significantly lower than that of the electrons (Te). The ratio of Tg to Te is

between la and 100, with an electron temperature of about 10,000 K. Cold

plasmas operate at low pressures, typically less than 100 torr. In thermal plasmas,

the electrons and heavy particles (ions, atoms) are at the same temperature,

which may be as high as 20,000 K. Gas enthalpy is the main factor in

applications for thermal plasmas [Boulos et al., 1983].
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The remainder of the discussion on plasmas will be focussed on thermal plasmas

since this work relates to the thermal plasma production of fullerenes.

2.1.2 Thennodynamic properties of thermal plasmas

Specifie enthalpy and specifie heat

The specifie mass enthalpy and specifie heat of Ar, H2 and He as a funetion of

temperature are shown in Figure 11. For Ar and He, the variation in enthalpy

with temperature is linear up to the point when ionization occurs (above 14,000 K

for Ar and 18,000 K for He). For H 2, there is a steep variation in enthalpy

occurring between 2,000 and 5,000 K due to dissociation. The specifie heat at

constant pressure, cp' of Ar and He is constant below their respective ionization

temperatures. For H2, the cp is not constant due to dissociation which occurs at

approximately 4,000 K and ionization at 16,000 K.

2.1.3 Transport properties of thermal plasmas

Viscosity

The viscosity of plasmas are significantly higher than the viscosity of the same

gases at room temperature, approximately ten times higher. The consequences

of this fairly high viscosity is the diffieulty to introduce products into thermal

plasmas [Boulas et al., 1983].
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The dependence of the viscosity of argon, hydrogen and helium on temperature

is shown graphically in Figure 12. The viscosity of plasmas increases with

temperature, up to a maximum at the ionization temperature. Above the

•
ionization temperature, the viscosity decreases as a function of temperature.
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Figure 12 aIso demonstrates that He has a higher viscosity that Ar and HZ'

especially at higher temperatures.
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Figure 12: Molecular viscosity, p., of Ar, H.,
and He as a function of temperature [pateyron
et al., 1992].
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ElectricaI Conductivity

In the presence of an electric field, transport within a plasma occurs by electric

charges which constitute an electric current. The electrical conductivity of a gas

is influenced by its ionization energy. Since Ar and HZ have similar ionization

energies, they consequently have comparable electrical conductivities, in the order

•
of 30 {O-cmt! at 10,000 K. At the same temperature, He bas a low electrical

conductivity of 5 cû.cmr! due to its high ionization energy [pateyron et al., 1992].
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Thermal Conductivities

At high temperatures, dissociation and ionization phenomena occur, resulting in

a large contribution to energy transport. When a diatomic gas is dissociated and

ionized in a high temperature zone, resulting species diffuse to the cooler regions.

This results in a transport of chemical energy which is accounted for as reaction

conductivity. In addition to the reaction conductivity, thermal conductivity is also

comprised of the internai thermal conductivity of the gas (vibrationaI, rotational,

electronic excitation) and the translational thermal conductivity. The thermal

2Or-----------------.

conductivities of pure Ar, Hz and He are shawn in Figure 13. 1t can be seen that

the thermal conductivity of Hz is by far the highest due to dissociation at 3,700 K.
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Figure 13: Thermal conductivity of AI, Hz
and He as a function of temperature [pateyron
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Plasma Dissociation of Halogenated Hydrocarbons
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As seen in the previous chapter, the synthesis of fullerenes is essentially

accomplished via the utilization of plasma. Fullerenes have been produced

through the vaporization of graphite in electric arcs and by the plasma pyrolysis

of.acetylene, benzene or naphthalene. In this section, recent work relating only

ta the plasma dissociation of halogenated hydrocarbons will be discussed since

snch information is ofvalue for understanding possible reactions which may occur

in the PyroGenesis process.

2.2.1 Pyrolysis of chloroOuorocarbons

The pyrolysis of chlorofluorocarbons (CFC's) has become an area of intense

scientific research due to their prevalence in toxic wastes emitted by high­

temperature incinerators. The thermal plasma approach for the decomposition

of CFC's is very attractive since plasmas provide very high temperatures, high

energy densities, along with an ionized and reactive medium which can increase

the kinetics of sorne reactions.

The plasma decomposition of CQlFl has been actively investigated by Sekiguchi

et al. [1991], using a thermal argon plasma generated by a d.c. discharge. The

authors performed a thermodynamic analysis for severaI reaction systems,
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including C-Cl-F-Ar (0.3 mol C02F2, 10 mol Ar). According to their

calculations, CClZFZ is decomposed inta atomic species, C, F and 0, above

5,000 K. CF4, CF2 and solid carbon were found to be major products below

2,000 K. When Hz and Oz were added to the reaction system, there was no solid

carbon formation and no halocarbon (CF, CF2 and CF4) formation. As part of

the same work, experimental evidence confirmed that when Hz and O2 were

added to the reactor, soot was not produced. CO and COz were the dominant

carbon species at Iower temperatures.

In 1989, Wakabayashi et al. studied the decomposition of CC13F by r.f. plasma.

The decomposition of C03F was greatly improved at elevated power levels,

resulting in the production of fine particles of soot, which deposited on the

reactor wall. The addition of water aise resulted in an increase of CCl3F

decomposition, however CO and CO2 were produced instead of solid carbon, as

confirmed by Sekiguchi et al. Based on the information revealed by the

PyroGenesis process for fullerene formation, it is quite likely that fullerenes were

present in the soot produced by Wakabayashi et al. in the absence of H 20.

2.2.3 Pyrolysis of tetrachloroethylene (C2Cl~

The pyrolysis of tetrachloroethylene was investigated by Ballschmiter et al. [1986].

47



•

•

Literature Review

A multitude of organic compounds were found, including mostly aromatic

compoundssuchas, hexachiorobenzene, octachlorostyrene, octachIoronaphthalene

and octachloro-acenaphthene. The authors state that the formation of such

compounds occurs via a free radical mechanism, resulting frOID the cleavage of

C-CI bonds. Furthermore, it seems that the formation of complex mixtures, even

when starting with only one precursor, is typical for the high temperature

chemistry of organohalogen compounds.

Tirey et al. [1990] have aIse studied the formation of chlorinated aromatic

compounds resulting from the pyrolysis of tetrachloroethylene. Tetrachloro­

ethylene was chosen for this study because it has been identified as a common

intermediate in aIl previous studies in which chlorinated aromatic species were

observed.

Tirey et al. observed minimal decomposition of tetracWoroethylene below 800 oC.

The obselVed reaction intermediates were divided into three classes:

(I) Low yield C1-C4 chlorocarbons, such as carbon tetrachloride (C04),

hexachloropropene (~CI6) and C4C16, which formed and

decomposed between 700-900 oC.
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(II) High yield, very stable aromatic species, such as hexachlorobenzene

(C60 6) and octachloroacenaphthalene (CI2a S).

(m) Very low yield, stable aromatic species, such as octachlorostyrene

(CgOg) and octachloronapthalene (CgOIO)

Figure 14 summarizes the concentration of reaction products as a function of

temperature.
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EXPERIMENTAL

CHAPTER3:
APPARATUS AND INSTRUMENTATION

3.1 Fullerene Soot Production

Figure 15 presents a schematic of the overall soot production system. Fullerene

soot was produced in a spherical, water-cooled reactor equipped with a non-

transferred d.c. plasma torch. Using helium as the inert plasma-forming gas, the

plasma torch was operated between 35 and 70 kW. The carbon-bearing gas was

introduced into the plasma at the torch exit through a nozzle. A condenser [not

shown], referred to as the quench zone in the text, is located below the reactor.

The quench zone consists of a water cooled coiI enta which additional products

are removed from the exhaust gas prior to entering the vacuum pump. Leaving

the vacuum pump, the exhaust gas enters a bumer where remaining soot particles

or other organic materiaI present in the exhaust gas are combusted. The exhaust

gas frOID the bumer enters a scrubber where Ha is removed. The system is

equipped with a control console from which the plasma gas tlow rate, current,

torch cooling water flow rate, and reactor pressure are monitored and controlled.

The hydrocarbon flow rate is controlled by a rotameter connected to a peristaltic

pump. A data acquisition system is in place ta monitor aIl of the process
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Schematic of the overall fullerene soot production system.

~
~
§"

âe.

Burner

Scrubber

, Vacuun1
Pump

~

Waler Pump

Reaclor
<":h a r11 ber

COin pulerized
COll t.l'O 1
Panel

00
o

rr-.:.::.;;.:.:::::::.:.:

:. '-Ji" "
"""Il
l'
'1Il Pla9Jn ago,9
/, Input
~:::::::::::::::~~, ,

"
'~

1 -

Figure 15:

~I~

Puwer Supply

~



•

•

•

Experimental

parameters during operation.

3.1.1 Reactor Assembly

A schematic of the reactor assembly is shown in Figure 16. The reaction

chamber, or reactor as referred to in the text, is a spherical, doubie-walled

stainless steel vessel with an internaI diameter of 12 inches. The gas leaving the

reactor then enters the quench zone; a stainless steel receptacle consisting of

water-cooled coiIs, where the products remaining in the exhaust gas condense.

Tne reactor has an extended neck on its lower hemisphere, where the plasma

torch was mounted. Seven ports (0.5 in. ID), used for thermocouples, were

located throughout the surface of the reactor wall. During soot production

experiments (Chapter 6), thermocouples were inserted in ports A and B, whereas

aIl ports were used during the temperature mapping experiments (Chapter 9).

A view port is located on the top hemisphere, but unfortunately the location of

this port was not appropriate for viewing the plasma flame. A photograph of the

system is shawn in Figure 17.

3.1.2 Plasma torch

A non-transferred d.c. plasma torch was used for the dissociation of the

hydrocarboo gas. The hydrocarboo was introduced ioto the plasma at the torch
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Figure 16: Schematic of PyroGenesis reaction vesse!.
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Figure 17:
assembly.

Photograph of PyroGenesis reactor
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exit through a nozzle. A cross-sectional view of the plasma torch and nozzle is

shown in Figure 18. The torch, consisting of tubular type electrodes, was

operated in reverse polarity such that the cathode, instead of the anode as in

Many other torche~ is located at the torch exit. The anode and cathode were

made of molybdenum. and thoriated tungsten, respectively. The arc was stabilized

aerodynamically by introducing the plasma forming gas through a perforated

annular ring, located between the two electrodes. Using helium as the inert

plasma-forming gas, the plasma torch was operated between 35 and 70 kW. The

nozzle, made of thoriated tungsten, was 2.6 cm in length with an exit opening of

1 cm in diameter. The hydrocarbon gas was introduced into the nozzle through

an annular ring having 3 openings, each having a diameter of 2 mm.

3.1.3 Hydrocarbon feed system

The hydrocarbon feed system consisted of the following components:

• a peristaltic pump for CzCl4 delivery

•

•

•

•

•

a rotameter

a liquid vaporizer

a gas heating line for the inert carrier gas

a heated, insulated Hne introducing the mixture of inert gas

and hydrocarbon to the torch nozzle
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~a4 was delivered ta the Iiquid vaporizer, or hot box, by a peristaltic pump,

through a rotameter, which controlled the flow rate from 15 ta 54 ml/min. The

temperature of the vaporizer was approximately 200 oC. Upon exiting the

vaporizer, the <;04 vapour was diluted with preheated inert gas prior ta being

introduced into the torch through a nozzle. The flow rate of the carrier gas

(helium) was maintained at 20 slpm for all experiments. The temperature of the

hydrocarbon gas mixture was maintained at 172 :t 11°C.

3.1.4 Exhaust gas clean-up system

A tubularvessel approximately 46 cm in length and la cm in diameter, lined with

refractory, was used as an after humer for the treatment of chlorinated aromatic

compounds which may have been present in the off-gas. A Honeywell flame

ignition and detection system (Model No. 7795) was used for this application.

The CH4 and O2 flow rates were controIIed by calibrated rotameters.

A scrubber, packed with Intalox ceramic saddIes (25 mm), was used to remove

Hel from the off-gas stream prior to exhausting the off-gas. The water from the

scrubber was neutralized with NaOH prior to discharge. During normal

operation, the exhaust gas was colourless and did Dot smell of chlorine gas and

thus the operation of the exhaust gas clean up system was assumed to be

satisfactory.
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In order to avoid problems during start-up and operation, the torch body was weil

grounded and a contact block disconnected the voltage and ampere signaIs going

from the power supply to the data acquisition system.

400 V

1,000 A (600 A @ 100% duty)

120 kW (100% duty, 200 V, 600 A)

maximum current:

maximum power:

3.1.5 Auxiliary Equipment

3.1.5.1 Power Supply and Arc Ignition

Powerwas supplied to the non-transferred plasma torch by a Hypertherm (H-601)

six-pulse thyristor controlled rectifier. The arc was ignited by providing the arc

gap momentarily with a high frequency pulse from a Miller (2000) spark inductor.

The power supply operates at constant current and has the following electrical

specifications:

open circuit voltage:

•

•
3.1.5.2 Cooling Systems

•

De-ionized cooling water for the torch, reaction system and humer was delivered

by a Gould's 3196 pump. The torch cooling water flow rate was fixed at

32.3 IImin. The reactor cooling water flowed through the coll of the quench zone

first and then entered the reactorwal1 following a spiral path around the reactor.

The flow of the reactor cooling water was maintained at 25.3 IImin. The flow rate
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of each cooling water circuit was regulated by valves and monitored by calibrated

rotameters. Calibration of the rotameters was made using the "bucket and

stopwatch" method.

3.1.5.3 Control Console and Data Acquisition System

The rectifier was connected ta a control console from which the power input was

controlled by varying the arc current through a regulator. The high-frequency

generator was also activated through the control console. The control console

also consisted of a voltmeter, an MKS mass flow meter for controlling the plasma

gas, a pressure controUer (VAT, PM-3), and rotameters for monitoring the torch

cooling water and inert carrier gas flow rates. AIl data, including voltage, cUITent,

pressure, gas flow rate, cooling water temperatures and reactor temperatures were

recorded by a data acquisition system, consisting of a DAS-8 plug-in board with

2 EXP-16 multiplexers for the thermocouples.

3.1.5.4 Thermocouples

During soot production experiments, the temperature near the reactor wall

(4 mm from the surface), was measured by two stainless steel, K-type

thermocouples (Ni-Cr, Ni-Al), protected by a ceramic sheath. The ceramic

sheath was required because Q2 produced during experiments was detrimental

to stainless steel sheaths. The location of the thermocouples is shawn in
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Figure 16.

For the temperature mapping experiments (Chapter 8), when no hydrocarbon was

injected into the system, the temperature of the surface was measured by six,

stainless steel, K-type thermocouples. The thermocouples were bent and securely

tightened ta make contact with the surface. When tightened securely, the

thermocouples did not detach from the surface during operation.

3.1.5.5 Vacuum pump

•

•

A Kinney Liquid Ring Pump (KLRC-75) water ring vacuum pump, coupled with

a VAT Adaptive Pressure Controller, was used to automatically control the

pressure in the reaction chamber frOID 100 ta 400 tOIT. The pressure was

constant within 12 torr during operation

3.2 Extraction and Purification of fullerenes

For the extraction and purification of fullerenes, the following equipment and

instruments were used:

'. a Bransonic 8210R-MT (VWR Scientific) ultrasonic bath, for

promoting mixing of the soot particles with toluene during the

extraction process;
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• a Caframo VV2000 rotary evaporator, for the evaporation of

solvents;

• a standard glass chromatography column (3.8 cm ID) with pressure

adapter, for the purification of C60;

• a SOXHLET type chromatography column (3 cm ID) for the

purification of ~o;

• a high vacuum manifold (10-3 torr), equipped with a Balzers Rotary

Vane Pump, for drying solid samples in analytical work;

• an alumina, vacuum fumace used for the by-product removal

experiments; and,

• a Mettler AE200 analytical balance having a precision of 0.1 mg

and accuracy of + 0.3 mg, used for measuring the weight of

samples.

3.3 Quantification of Fullerenes via HPLC

For the quantification of fullerenes, High Performance Liquid Chromatography

(HPLC) was carried out on a Waters 600EP multisolvent system equipped with

a UVNIS detector. For the quantification of C60 and ~O' an analytical

p.Bondapak reverse-phase silica gel column (Waters) was used for the stationary

phase with a mixture of toluene and methanol as the mobile phase. The
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quantification of higher fullerenes required the used of a Buckyclutcher analytical

column (Regis) as the stationary phase with a mixture of toluenefhexane as the

mobile phase. The system was equipped with a manual sample injector. A

computer was used to ron the Millennium 2000 software program, 'whieh was used

to control the operation of the HPLC.

3.4 Identification of by-products via GC/MS

A Hewlett Packard 5890 Series 2 gas ehromatograph (GC) coupled with a

Hewlett Packard 5970B Electron Impact Mass Spectrometer (MS) was used for

the identification of the by-products present in the PyroGenesis soot. The gas

chromatograph was equipped with an HP1 eapillary column (0.2 mm ID, 29 ID L)

having a film of cross-linked methyl silicon gum phase, 25 f.Lm in thickness.

Data acquisition and analysis was accomplished with the aid of an HP 59970

ChemStation and the accompanying system software which includes on-line NIH­

EPA mass spectrallibrary. Gnly species with molecular weights between 16 and

450 were detected by this system
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CHAPTER4:
PROCEDURES AND ANALYSIS

4.1 Operation of Soot Production System

Before each soot production mn, the reaction system was evacuated by reducing

the pressure to approximately 10 torr and backfilling with argon [Cannox, HP].

The bumer was then ignited and the flows of the torch and reactor cooling water,

scrubber water and NaOH solution were initiated. The pressure in the reaction

system was set to the desired value. A flow of 60 slpm of argon was used for

torch ignition. Once an arc was generated by the high-frequency generator and

a stable arc attachment was obtained, the plasma gas was switched to helium

[Cannox, UHP] and the flow rate was adjusted ta 225 slpm. After the

temperature in the reactor stabilized, preheated <;04 [BDH, >99.%] vapour

diluted with 20 slpm of helium was introduced into the plasma flame by opening

the appropriate valves. The fixed operating parameters are listed in Table 2.

The duration of each experiment was between 1 and 8 minutes, depending on the

purpose of the experiment. Once each experiment was completed, the reactor

was re-pressurised, the ~04 flow was terminated and the torch was tumed off.

The plasma gas flow was terminated and the bumer was shut off. The system was

then allowed to cool before the reactor was opened for inspection. The soot
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deposit on the reactor wall and quench zone was brushed into pre-weighed

containers for extraction and analysis. The soot in the reactor and quench zone

was collected and analyzed separately for all experiments.

Table 2: Fixed parameters during experimental soot production mns

Plasma forming gas Helium

Plasma forming gas tlow rate 225 slpm

Carrier gas Helium

Carrier gas flow rate 20slpm

Torch cooling water flow rate 32.311min

• Reactor eooling water flow rate 25.3 IImin

Run duration 4 min

4.2 Extraction of Fullerenes from Soot

•

The fullerenes were extracted from the soot by placing a suspension (1 mg/ml)

of soot in toluene (BDH, ACS] into a sonication bath for 30 minutes. The

resulting mixture was then filtered over a filtering agent [Celite 521, Aldrich], in

a sintered glass funnel, to obtain a red-brown solution of erude extract. During

the filtration proeess, additional solvent was added until the droplets of filtrate

were clear, thus ensuring complete extraction. The solvent was then evaporated
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via rotary evaporation to yield a brown-black solid of crude extract.

The weight of soot produced during each experiment was measured. AlI samples

of crude extracts were dried under high vacuum prior to taking the weight. The

percent extraction was calculated as follows:

%Extraction = Wel"g/Jt ofcrude extract*100
WelgIzt ofsoot

4.3 Quantification of Fullerenes via HPLC

4.3.1 Quantification of eGO and C70

Once the crude extract was obtained from the extraction process, a known

coqcentration of extract in toluene was prepared for analysis by HPLC. The

following operating conditions were used for the quantification of C6D and C;o.

Solvent system: methanol/toluene (BDH, Onmisolv]

Injection volume: 20 ,ul

Flow rate: 2 ml/min

Detection wavelength: 330 nm

The instrument was calibrated for the quantification of fullerenes using standards

of C60 and ~D [SES, 99.9%]. A typical chromatogram for extract produced via
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this process is shown in Figure 19. Under the HPLC operating conditions listed

above, C60 and Cro elute at 7.4 and 10.4 minutes, respectively. The area under

each peak in the chromatogram, expressed in units of ILV '8, is proportional to the

concentration of a particular compound in the injected sample.

4.3.2 Error Analysis

An estimation of the sampling, analytical and experimental errors was made and

may be found in Appendix A. B~cause only a representative sample of the soot

produced in each experiment underwent solvent extraction and analysis by HPLC,

there was the possibility that sampling error exists. Ta avoid sampling error, the

soot collected from each experiment was mixed thoroughly before a sample of

soot was taken for analysis. From the statistical analysis of variance, shown in

Table A (Appendix A), the sampling error does not seem ta be significant within

a confidence interval of99%. The analytical error, which includes sampling error,

was evaluated in Table B (Appendix A), using three samples of soot taken from

the same experiment. The analytical error was determined ta be 3.5% The

experimental error was determined from three different experiments performed

under the same operating conditions. The error was found ta be 6.8%, as seen

in Table C (Appendix A). Therefore, the maximum total error was estimated to

be 10.3%.
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Tc facilitate purification by chromatography, a number of techniques were

investigated for the removal of by-products frOID the fullerene crude extract prior

to column chromatography. These techniques are described in detail in

Appendix B.

The purification method developed by Scrivens et al. [1992] was used during this

work, for the purification of C6D from PyroGenesis soot. A mixture of activated

carbon [Norit@ SA3, 100 mesh, Aldrich] and silica gel 60 [40-63 /-Lm, Caledon], in

a ratio of 2:1 was used as the stationary phase and toluene was used as the

mobile phase. A glass column (3.8 cm ID) was used for this work. A slight

pressure of argon above the solvent was used to control the flow of toluene at

1.4 cm/min. The column height was varied from 20 to 30 cm. Approximately

4 grams of crude extract was added to the column as a saturated solution in

toluene.

For the purification of ~O' the red fraction obtained from the Norit NSilica Gel

column was loaded onto a SOXHLET chromatography column packed with

neutral alumina [63-150 /-Lm, Selecto Scientific]. Hexane was used as the mobile

phase. The ~o enriched fraction was added to this column by adsorbing the

69



•

•

•

Experimental

sample onto alumina through the use of rotary evaporation.

4.5 Confirmation of C60 and C70 structures

Mass spectrometry and C13 Nuclear Magnetic Resonance (13C NMR) were the

selected analytical methods used to determine, with certainty, the presence of C60

and C;o in the soot produced during this work.

4.5.1 Mass Spectrometry

The presence of C60' C;o and higher fullerenes was first detected by Fast Atom

Bombardment CFAB) Mass Spectrometry. A typical mass spectrometry scan of

PyroGenesis crude extract is shown in Figure 20. The peaks at atomic masses of

720 and 840 correspond to C60 and <;0' respectively. The higher fullerenes

rangjng from ~4-C98 are also present in the soot as can be seen by the atomic

mass peaks ranging from 888 to 1176.

4.5.2 C13 Nuclear Magnetic Resonance (13C NMR)

C13 Nuclear Magnetic Resonance e3C NMR) measurements were made on

sample of C60 and ~o dissolved in benzene. C60 was purified by column

chromatographyas described later in Section 9.3.1, and was over 99% pure. The

NMR spectrum of C60 is Shown in Figure 21. The signal at 143.6 ppm is
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Figure 20: FAB Mass Spectrum of PyroGenesis soot.
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assigned to C60 and is in good agreement with other NMR studies [Ajie et al.,

1990]. The peak at 128.4 ppm corresponds to the solvent, benzene. The signal

at 30.6 ppm possibly corresponds to a ehlorinated by-product or an impurity.

The NMR speetrum for <:'0 is shown in Figure 22. The purity of the C70 sample

was 92%, as purified by the methods deseribed in Section 4.4. Five weak lines

at 151.0, 148.5, 147.8, 145.8 and 131.2 ppm are in good agreement with the 10,

20, 10, 20, 10 intensity ratio published by Ajie et al. [1990]. The peak at

143.6 ppm corresponds to C60, whieh is an impurity in the C70 solution.

The NMR measurements in addition to the mass spectral data confirm that the

produets produced by the PyroGenesis process, C60 and C70' are identical in

structure as the molecules produced via the arc vaporization of graphite method.

4.6 Identification of by-products via GC/MS

For the identification of sorne of the by-produets produced during the PyroGenesis

process, fractions of produets were collected during chromatographie purification

by HPLC. Severa! injections of the same sample of erude extract were made in

order ta collect sufficient quantities of eaeh fraction for analysis by gas

chromatography coupled with mass spectrometry. The fractions collected were

72



e

~

CU

Sa 1..111 1 '"nlono
A.Dhnl "lplr.lurl

'1'"1 'II.CII
uHn,plul~l" "uro,UO"
PUI SI UQUlNCI
'Ulu....." 1. ... Il'
'ull. 3•.• dll""
~~~ih1 :;:.~:~ ~l lU
UJJ ,.pUIlIOn5

OISUVI CU, n.U"'11 "",
PlCOU'Ll "l, ZU .IUIIU "'Il

PO"tr .. da
(onllnuou.l" On
liA' Tl-U .adul....

PATA ,IIPCnUNO
LInl broU_nlng 3.' ",

rT .In 32U.
loul Il•• J. ~ hOuri

Figure 21:

e

13e NMR Spectrum of C60 in benzene.

.......

e

i
~
§'
~
~......



e e e

'"H
!>DIYln' 1 'Innni
A.lllln' ".p"""'1

IIHllvplue-Jn -.0,0.'10·
l'UI SI SlQUIHCI
1I11'~' III"V n.'" ."
Pul.. JI.' IIID""

e~:ill':'M::·~I·1C
UIU rtP'''''Dn.

OISUIII CU, 7'.UU111 11111
DICOUPLI "l, JII.n... u MIll

po..e, •• dll
,ollllnllolli h On
VAUI-li .odulelili

GATA 'IIOCUUHO
llne b,Oldl1\ Inll a.' Hl

Il Ihl 32JU
lO\l1 tin Il.J IIDure

~~t
11111

~...
...
N

ï

.........
ï

~
........
N

:Î..
N

ï

......
~=....
j::
ï

i
§.
~
S'.....

13C NMR Spectrum of C70 in benzene.Figure 22:

150155
~~~t~~~IWM~~~~,,~~',,,~!~~

145 140 135 130 125 12D PP.



•

•

•

Experimental

concentrated via rotary evaporation. Because of the small quantities of samples

collected, this work could only produce qualitative results.

Mass spectral acquisition was initiated frOID the moment of injection of each

sample. Because standards for the "observed" compounds could not be obtained

for calibration of the instrument, the database and manual determination of the

structure of potential compounds was considered adequate. As a result, this work

only provides a qualitative analysis of the types of products obtained via the

thermal pyrolysis of ~C14 and cannot be used ta quantify or conclusively

determine the existence of these products in the soot produced.
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RESULTS and DISCUSSION

CHAPTER 5:
SELECTION OF HYDROCARBON FOR

FULLERENE SYNTHESIS

A thermodynamic analysis was performed in an attempt to understand the

dissociation pattern of hydrocarbons at high temperatures. A good understanding

of high temperature chemistry allows one to predict the starting chemistry which

would most likely favour fullerene formation. The thermodynamic analysis was

made using a Gibbs free energy minimization method. Caleulations were made

using the computational program HSC Chemistry for Windows Version 2.03

(Outokumpu Ine.).

In thermal plasma chemistry, equilihrium ealeulations are usually insufficient for

predicting the composition of products, due to the short residence time of the

reactants in the plasma. Furthermore, the ealculation of equilibrium

•

concentrations implicitly disregards any kinetic limitations which may play a key

raIe in the formation of certain compounds. As a result, the equilibrium

calculations in this work selVe as a guide to understanding the chemistry of

hydrocarbons at high temperatures, rather than providing an accurate prediction

76



•

•

•

Results and Discussion

of product concentrations.

CClZFZ and CzHz were selected as two representative compounds since these

materials were previously investigated experimentally as precursors for fullerene

production via the PyroGenesis process, as described in Section 1.3.4.3. The

equilibrium products resulting from the dissociation of CC12F2 and ~H2 are

shown graphically in Figures 23 and 24~ respectively. A list of the species

considered in the thermodynamic calculations is shown below each figure.

AIthough helium was considered in the calculations, the equilibrium concentration

of helium was omitted in the figures .

Thermodynamic data for C60, obtained from the work of McKinnon [1991] was

added to the database of the program. However, as will be seen from the results,

equilibrium calculations only predict the formation of solid graphite. Diamond

was aiso excluded in the calculations since it is known that diamond is not

produced under the conditions used in the PyroGenesis process. The production

of diamond is a non-equilibrium process requiring a large quantity of hydrogen

for nucleating diamond growth [Martin, 1992].

Figure 23 shows the equilibrium composition, as a function of temperature, of a
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mixture of 1 mol CQ2F2 and 10 mol He at 760 torr. At 5,000 oC, CQ2F2 is

aImost completely decomposed into atomic species, namely C(g), F(g) and CI(g).

Carbon atoms recombine at temperatures below 5,000 oC to form Cz and C:,.

Recombination of carbon and fluorine species occurs in the temperature range

from 1,600 oC ta 3,600 oC, with the major products being CF, CF2 and CF4'

Further recombination occurs below 1,500 oC, resulting in the formation of

CCIF3·

In Figure 24, the equilibrium products resulting from the decomposition of

0.5 mol CzH2 in an atmosphere of 10 mol of He are shown for the temperature

range from 1,000 oC to 5,000 oC. Once again, the hydrocarbon molecules are

shown to aImost completely decompose at 5,000 oC. CzH and CzH2 are stable

species at temperatures between 2,200 oC and 4,300 oC. At temperatures below

2,000 oC, polyaromatic hydrocarbons (PAH's) have been reported to be dominant

equilibrium products, aIong with graphite [McKinnon, 1991]. However, PAR

compounds were not included in these caIculations since such compounds were

not listed in the database of the program used.

Using thermodynamic calculations, McKinnon [1991] proposed that fullerenes

form between 2,200 K and 2,600 K (1,927-2,327°C) from the combustion of CzH2·
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Haufler [1994] reports that the temperature range for fullerene formation is

2,200 K ta 3,200 K. In the wark of McKinnon, it was shown that the cm and

CIO ratios have an important effect on the computed equilibrium concentration

of C60. The highest concentrations were predicted when a maximum C/H ratio

of 2 was used. Furthermore, the maximum CIO ratio resulted in the highest

equilibrium concentration of C60, suggesting the pyrolysis of hydrocarbons should

yield higher concentrations of C60 than the combustion of hydrocarbons.

In the PyroGenesis process, it is conceivable that the presence of hydrogen and

fluorine atoms, when using CClzF2 and CzH2 as starting materials, ·W'ould not be

favourable for fullerene formation due to the stability ofC-F and C-H bonds near

thè temperature range required for fullerene formation. In fact, experiments

using CH4, CzHz, CBrF3 and CClzFz as starting materials resulted in very low

concentrations of fullerenes in soot, as described in Section 1.3.4.3. The highest

concentration of fullerenes in soot was obtained when CCl2F2 was used as the

carbon source. From the thermodynamic results for CŒ2Fz, shawn in Figure 23,

it seems that although Cl is present in C02F2, C-O bonds are not stable at

temperatures above 2,000 oC. As a result, the equilibrium products resulting from

the" dissociation of chlorinated hydrocarbons at high temperatures was explored.
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Figure 23: Computed equilibrium concentrations resulting from dissociation
of CC12F2 as a function of temperature at 760 torr.
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Figure 24: Computed equilibrium concentrations resulting from
dissociation of C2H 2 as a function of temperature at 760 torr.

C, C2, C3, C4, Cs, CH, CH2, CH3, CH4, C2H, C2H 2, C2H 4, C2H 6, C3H4,

C3H6, C3H g, H, H 2, He, Cro, C(s)
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Tetrachloroethylene, c;a4, was chosen as a representative compound for

predicting the equilibrium products formed in an atmosphere of C and a atoms.

The equilibrium products formed from the mixture of 0.5 mol Cza4 and 10 mol

He are shown in Figure 25. As seen in the figure, only C-C bonds seem ta be

stable at high temperatures. As a result, chlorinated hydrocarbons are attractive

precursors for fullerene formation via the PyroGenesis process since C-CI bonds

are not predicted to be stable in the temperature range required for fullerene

formation.

Since the properties of C60 were added ta the database, an attempt was made ta

reproduce the results of McKinnon [1991], which predict the temperature range

required for fullerene formation. In arder to perform these calculations, solid

graphite had to be excIuded from the list of species, as in McKinnon's work. As

was seen in the previous graphs, when graphite is included, equilibrium predicts

that aIl carbon goes to this state. As such, McKinnon suggests that the removal

of graphite from the calculations may be seen as the implicit application of a

kinetic constraint.

The result of these calculations may be seen in Figure 26. C60 is present in the

temperature range between 1,500 oC and 2,400 oC. Interestingly, the formation
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Figure 25: Computed equilibrium concentrations resulting from dissociation
of C2Cl4 as a function of temperature at 760 torr.
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c 2et2 as a function of temperature at 760 torr.
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of c;O and Cz0z radicals is seen in the temperature range frOID 1,500 K to

4,000 K.

The presence of the CzOz radical in the temperature range where fullerenes are

predicted to form raises the question as to whether fullerenes form through a

series of C-C reactions, as in the arc vaporization of graphite process

(Section 1.4), or altematively through free radical addition reactions involving

~az. In the work of Howard et al. [1992], the formation of fullerenes from the

combustion of hydrocarbons is speculated to occur through a series of reactions

in which CzHz plays an active role in the growth of clusters into fullerene

structures. 1s it possible that in the PyroGenesis process, the Cz0z radical plays

a key role in the formation of fullerenes? Although such a hypothesis is difficult

to confirm from the results obtained frOID this work, a discussion of the

mechanism of fullerene formation has been included in Chapter 9.
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CHAPTER6:
MASS AND ENERGY BALANCES

6.1 Overall Mass Balance

Samples of soot produced under three different operating conditions were

analyzed for their carbon and chlorine content (Guelph Chemical Laboratories).

Experiments were performed at 45, 55 and 65 kW ta determine the effect of

input power on the overall mass balance. The C;04 feed rate was 0.29 mol/min

and the pressure was 300 torr except for the experiment at 45 kW, when the

pressure was 200 tOIT. As will be discussed in Chapter 7, the variation in pressure

between 200 and 300 torr did not have an effect on soot and fullerene production

and thus does not affect the overall mass balance.

Carbon and chlorine accounted for 95.5 - 97.9% of the total weight of samples.

Adsorbed oxygen, nitrogen and other contaminants presumably account for the

remainder. The carbon content of the soot collected in the reactor chamber, as

seen in Figure 27, increased from 65% at 45 kW to 82% at 65 kW. The

increasing carbon content of the soot with increasing input power is also evident

in the soot collected in the quench zone. At higher power levels, reacting species

have a longer residence time at elevated temperatures, thus favouring the growth

of large molecules, including graphite, fullerenes and large, polychlorinated
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hydrocarbons. Therefore, at high power levels, the carbon content in the soot

collected in the reactor is expected ta be relatively high. The molar ratio of C

to a is shown in Figure 28, as a function of input power. At 65 kW, the CIO

molar ratio is 18, compared ta a ratio of 6 obtained at 45 kW.

The soot collected in the quench zone has a substantially higher concentration of

a as is seen by the relatively low weight percent of C in Figure 27 and the Iow

CfCl molar ratio in Figure 28. The maximum concentration of carbon in the soot

of the quench zone was 62%, compared to 82% in the reactor. The distinct

difference in the composition of the soot in the quench zone may be explained

as follows:

(i) Chlorinated, organic compounds which may have been formed in

the reactor did not condense in the reactor due to the elevated

collection temperatures and thus were carried by the exhaust gas to

the quench zone, where they condensed on the water-cooled coiI.

(ii) Lower temperatures may favour C-Cl reactions which may lead ta

the formation of additional chlorinated compounds in the quench

zone.

87



•
Results and Discussion

100 r_-------------....,
90

80

~ 70

~ GO
..c
.~50
(1)

== 40
U

30

7050 60
Input power (kW)

o reactor
• quench zone

20

10

0'--------------.....40

88

Figure 27: Carbon content in soot collected
in the reactor and quench zone.

70

oo reactor
• quench zone

4­

2

0'--------------.....40

20 ,---------------_

18

.~ 16
+J

tO 14
~

"'" 12
tO-a 10

E 8-U
........... 6
U

50 60

Input power (kW)

Figure 28: CIO molar ratio of soot collected
in reactor and quench zone.

•

•



•

•

Results and Discussion

The total carbon and chlorine recovery in the soot collected in the reactor and

quench zone, expressed as a percentage of the initial amounts introduced as

c;,Cl4, are summarized in Table 3. The maximum carbon recovery was 50.8%,

which was obtained at 65 kW. Dnly up to 2.6% of the chlorine was recovered in

the soot as chlorinated hydrocarbons. Most of the chlorine presumably leaves the

reactor system as O 2 with sorne portion of the chionne Ieaving as volatile organic

Table 3: Summary of carbon and total mass recovery

Input Carbon Chlorine Total Mass
Power (kW) Recovery Recovery Recovery

45 24.6% 2.5% 27.1%

55 38.2% 2.6% 40.8%

65 50.8% 1.2% 52.0%

6.2 Overall Energy Balance

The overall energy balance may be expressed by the following equation:

QAccumulation = Qrnput - QTorch Water - QReactor Water - QExhaust Gas
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Calorimetrie measurements were performed under the operating conditions listed

in Table 2 (Chapter 4). 1t should be noted that these measurements \Vere made

in the absence of c;CI4 injection into the system since steady state is not aehieved

during soot formation, due to the accumulation of soot on the reactor wall, as will

be seen in Section 7.2. Therefore, there was no accumulation of products in the

reactor during these calorimetrie measurements, resulting in no accumulation of

energy in the reactor (QAccumulation = 0). The temperature of the cooling water

was 22.9 ± 2.8 oC. The results of the calorimetrie study are summarized in

Table 4.

Table 4: Summal)' of results frOID calorimetrie measurements

Input Power Q(Torch Water) QCReactor Water) Fraction of
(kW) (kW) (kW) energy recovered

in cooling water

45 11.4 ± 0.6 26.7 + 0.5 84.5%

55 13.0 ± 0.5 31.5 + 1.3 80.8%

65 15.3 ± 0.5 36.8 ± 1.5 79.7%

Based on the energy balance, up ta 20.3 % of the energy leaves with the off-gas

and the remainder is transferred to the torch and reactor cooling water. From

the energy balance calculations, the torch efficiency was determined by the
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following equation:

Torch E % QINPUT - QTORCH WA:ŒR= -----.;....-.;.;...;.";;;~.......;.;;.,;;;;.;:,,:,,..-

QINPUT

The torch efficiency was found to vary frOID 73-77%, as is shawn in Figure 29.
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Figure 29: Torch efficiency as a function of
input power [200 torr].
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CHAPTER 7:
EFFECT OF PROCESS PARAMETERS ON

FULLERENE PRODUCTION

7.1 Verification of C2CI4 mixing with plasma

The effect of nozzle length was evaluated in order to assess whether there was

adequate mixing of c;CI4 with the plasma. c;04 vapour, diluted with helium,

entered the nozzle through an annular ring, having 3 openings. The openings had

an internai diameter of 2 mm. The CzCl4 mixture entered the nozzle at

172 ± 11°C. For a c;C14 feed rate of 0.29 mol/min, the vapour flow rate at

172 oC was 10.6 I/min, resulting in a total flow of 43.2 I/min of CzCI4 in helium

at this temperature. The estimated velocity of the mixture through each opening

is 77 rn/s. Due to the high viscosity of plasmas, there was a concern whether

CzCI4 was being properly mixed with the plasma. To verify the mixing of c;Cl4

with the plasma, experiments were performed with 2 nozzles, each identical in aIl

aspects except their length. rne longer nozzle had a length of 4 cm, whereas the

smaller nozzle was 2.6 cm in length.

The data for this test was obtained during a fullerene soot production ron and

not as part of the experimentaI program. The conditions of the production ron

are listed below and the results from the test are presented in Table 5.
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Plasma gas flow:

Pressure:

~CI4 feed rate:

Carrier gas flow rate:

Power:

Run duration:

Results and Discussion

helium

225 slpm

200 torr

0.29 moVniin

20 sIpm

65 kW for 2 min, 50 kW for 5 min

7 minutes

•

•

Table 5: Effect of nozzle length on fullerene production

Nozzle Length Soot prod. rate C60 prod. rate C70 prod. rate
(cm) (g/min) (mg/min) (mg/min)

4 2.9 24.4 8.4

4 3.1 23.3 7.16

2.6 3.3 24.0 8.9

The results obtained during this test indicated that there was no significant

difference in the soot and fullerene production rates when the nozzle length was

changed, suggesting that it is likely that good mixing of CzQ 4 with the plasma was

achieved. As a result, the shorter nozzle was used in aIl subsequent experiments.

Although these experimental results were convincing, the evaluation of mixing of
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CzCI4 with the plasma was investigated further using theoretical modelling.

The mathematical model, developed by J.F. Bilodeau, was used ta confirm sorne

of the experimental findings on C;CI4 mixing [Bilodeau et al., 1996]. The

assumptions and equations used in the model and the results from the model are

included in Appendix C. Figure 30 shows the isocontours of the mass fraction of

~a4 in the plasma jet regionst as predicted by the mode!. According to ~hese

results, at an axial distance of 0.08 m from the torch exit, the mass fraction of

~CI4 at temperatures less than 2,000 K is very low, approximately 0.04. As sucht

it is evident that CzCI4 is weIl heated by the plasma jet since most of the

hydrocarbon is heated to temperatures in excess of 2,000 K. Since CzC14

decomposes completely above ItOOO oC [Tirey et al., 1990], it is concluded that in

the present reactor configuration, good mixing occurs bet\veen the plasma and

~CI4' thus favouring complete dissociation of Cz04.

7.2 Study of temperature within the reactor surface

7.2.1 l\'[easurement of temperature near the reactor surface

The temperature near the reactor surface was measured during soot production

runs to determine if the temperature inside the reactor changes with time. The

effect of process variables on temperature was aIso evaluated. The fixed
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Figure 30: MathematicaI modelling of mass fraction of c;CI4 in the
plasma jet region [Bilodeau, 1996].

operating parameters used in the experiments are listed in Table 2 (Chapter 4).

The temperature near the reactor surface was first measured for different torch

power levels. The ~a4 tlow rate and pressure were kept constant at

0.29 mol/min and 200 torr, respectively. The temperature was measured over a

period of 4 minutes during which <;04 was fed into the plasma at a steady rate.

As expected, higher temperatures were obtained at higher power levels, as seen
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in Figure 31. However, the temperature near the reactor wall did not stabilize

during the ron, but increased almost linearly with time, revealing that during the

soot production process, the temperature near the reactor wall does not reach a

steady value.

The effect of Cz04 feed rate on the temperature of the rea:tor surface is

summarized in Figure 32. The temperature inside the reactor was measured for

three different experimental conditions: no CzCI4 flow: 0.29 mol/min Cz04 and

0.44 mol/min CzCI4. The power Ievel and pressure were fixed at 55 kW and

200 torr, respectively. When the plasma torch operated, under the conditions

indicated above, without CzCl4 injection, the temperature near the reactor wall

stabilized at 350°C. However, when 0.29 mol/min of ~C14 was introduced into

the plasma, the temperature quickly increased, reaching 580°C after 4 minutes.

WJJ.en the ~CI4 feed rate was increased ta 0.44 mol/min, a temperature of 690°C

was reached after 4 minutes. Two plausible explanations for this trend are:

(i) As the CzCl4 feed rate is increased, there is a significant increase

in the thickness of the soot layer, which may be acting as an

insulator, thus increasing the temperature near the surface.

It is also possible that reactions occurring near the reactor surface

are exothermic, thus as more Cz04 is fed into the system, the
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temperature near the reactor surface may increase.

Temperatures measurements obtained near ports A and B (Figure 16) are shown

in Figure 33 for different ~a4 feed rates (65 kW, 200 torr). At 65 kW, the tise

in temperature near the reactor surface becomes more alarming, since it exceeds

1,100 oC. At 1,100 oC, the vapour pressure of C6D is expected to be quite

significant [Table 1, Chapter 1], thus it is possible that after sorne time, C6D no

longer condensed in the high temperature zones of the reactor, such as the

location near port B.

The effect of reactor pressure on the temperature near the reactor surface was

aIso evaluated as part of this study and is shown in Figure 34. At 400 torr, the

temperature near the surface seems to be stable at 180-200 oC. It should be

noted that under these experimental conditions, very little soot was formed, as

will be discussed in Section 7.5. The temperature near the surface was highest

at the Iowest pressure investigated, 200 torr. In thermal plasmas, a reduction in

pressure results in the generation of a substantially longer plasma jet, and

therefore, in the present reactor, would result in heating of the reactor surface.
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7.2.2 Verification of insulating etTect of soot layer

To substantiate the concept of the thermal resistance resulting from the growing

soot layer, the first derivative of the temperature versus time CUlVes, shown in

Figures 31-34, was calculated and plotted against the average soot collection rate

obtained frOID the corresponding experiments. The plot of dT/dt versus the soot

collection rate is seen in Figure 35. Although each point corresponds to different

operating conditions, it is quite evident that dT/dt is strongly influenced by the

soot collection rate and thus the soot layer thickness.
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Figure 35: dT/dt as a function of soot
collection rate.
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As observed experimentally, the soot layer which accumulates on the surface of

the reactor wall seems to have an important effect on the temperature near the

reactor surface and consequently, on the temperature of the collection site. Such

differences in temperature during the course of the runs may affect the chemical

reactions occurring near the reactor surface, the types ofproducts which condense

on the surface, as weIl as their rate of condensation. In order to substantiate the

claim that the soot deposit acts as an insulating layer inside the reactor,

calorimetric measurements of the reactor cooling water were performed. The

data was obtained from the experiment corresponding ta the highest energy input

(65 kW) and highest insulating effect (0.54 mol/min of CzC14). The energy

transferred ta the reactor cooling water as a function of time is shown in

Figure 36.

If the soot deposit does in fact act as an insulating layer on the inner surface of

the reactor, the temperature tise and consequently the energy transferred to the

reactor cooling water should decrease with time. Although there is a relatively

large degree of scatter in the data shown in Figure 36, a decrease in the energy

transferred ta the cooling water as a function of time is observed, hence

confirming the insulating effect of the soot layer of the reactor surface.
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7.2.3 Prediction of reactor temperature profiles through modelling

As seen in Figures 31-34, process variables in addition to ron duration strongly

influence the temperatures inside the reactor. The model develaped by Bilodeau

[1996] was ron for the different operating conditions used in the experimental

work in an attempt to determine the effect of operating parameters on the

temperature profile within the reactor.

Figure 37 shows the temperature profiles with the reactor at three levels of input

power (45, 55 and 65 kW). As expected, high input power results in high

temperatures within the reactor. At 45 kW, the reactor temperatures are

significantly lower than those computed at 55 kW and 65 kW, and as a result, the

temperature zone required for fullerene formation, 2,200-2,600 K, as proposed

by McKinnon [1991], seems to be very small under such low power input

conditions.

The effect of the c;a4 feed rate on the temperature profile in the reactor was

computed and is shown graphically in Figure 38. As the CzCl4 feed rate is

increased, at constant input power and pressure, the temperature of the plasma

jet is expected to decrease due to the endothermic energy requirements of CzCI4

for dissociation and heating of its products. The decrease of the reactor
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temperatures with increasing CzCl4 feed rate is evident in Figure 38 for three

~a4 feed rates (0.15, 0.29 and 0.44 moVmin ~Cl4). It should be noted that the

validity of these temperature profiles is limited since the model does not take into

account any chemical reactions which may greatly affect the temperature profile

within the reactor. Furthermore,· as was determined experimentally (Section

7.2.1), as more soot deposits on the reactor surface as a result of higher CzCl4

feed rates, the thermal resistance of the soot layer increases, thus increasing the

temperature near the reactor surface. The growing insulating layer of soot was

also not taken account by the mode!.

The effect of reactor pressure on the temperature profile, as predicted by the

model, is shawn in Figure 39. As the reactor pressure is decreased from 300 torr

to 200 torr, with a fixed ~Cl4 feed rate and input power, the plasma zone is

extended as can be seen by the longer isotherm at 2,000 K Therefore, as the

pressure is increased, the temperature near the reactor surface is expected ta

decrease, as was also shawn experimentally in Figure 34.
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Figure 37: Temperature profiles within reactor for different levels of input
power: 65 kW (top), 55 kW (middIe), and 45 kW (bottom) [0.29 moVmin
~C14' 200 torr].
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Figure 38: Temperature profiles within reactor for different ~CI4 feed
rates: 0.15 mol/min (top), 0.29 mol/min (middle), and 0.44 mol/min (bottom)
[65 kW, 200 torr].
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Figure 39: Temperature profiles within reactor for different pressures:
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Effeet of run duration on fullerene collection

•

e·

7.3.1 Average soot collection rate and soot composition

The variations in soot collection rate and soot composition as a function of run

duration were studied in order to assess the operating consistency of the reaction

system. For this study, the torch power, CzCl4 feed rate and pressure were fixed

at 55 kW, 0.29 mol/min, and 200 torr, respectively. A complete list of all of the

fixed variables may be found in Chapter 4 (Table 2). The soot collected in the

reactor and quench zone was analyzed separately.

Figure 40 shows the average soot collection rate in the reactor and quench zone,

as a function of run duration. Each experiment is represented by one data point

in the reactor and one point in the quench zone. The average soot collection rate

was determined by dividing the mass of soot collected in each experiment by the

run duration. Approximately 70% of the total soot collected condensed on the

water-cooled reactor wall, while the remaining 30% of the soot condensed in the

quench zone. After an initial transition period of 2 minutes, the average soot

collection rate was constant at 3.2 g/Inin. The soot collection rate in the quench

zone reaches a maximum value of 0.7 g/min during the 8-minute ron.

Since the temperature in the reactor increases during the run, as seen in the
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Figure 40: Average soot collection rate as a
function of run duration [55 kW, 0.29 moVminezQ 4' 200 torr].
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previous section, long experimental runs are associated with high reactor

temperatures. As a result of higher reactor temperatures, it is expected that the

formation of graphitic networks will he favoured since carbon species are allowed

to grow inta large graphitic-like compounds at high temperatures. These

graphite-like precursors may either form graphite, polychIorinated aromatic

hydrocarbons or fullerenes. When the temperature in the reactor is relatively

•
low, as in short runs, the residence time of the carbon species in a high
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temperature zone is lower, thus favouring the formation of small, chlorinated

compounds.

The importance of ron duration on the chemistry of the reactor is emphasized by

the data in Figure 41, where the concentration of soluble by-products in soot is

plotted as a function of ron duration. The concentration of soluble material was

determined by subtracting the fraction of fullerenes from the weight of crude

extract, which represents the total soluble material, and dividing by the total

weight of soot.

For short rons, more than 50% of the soot collected in the reactor consisted of

chlorinated by-products, whereas in longer runs, the concentration of these by­

products in the soot collected dropped ta 10%. The drastic difference in the

composition of the soot during the course of the ron is further demonstrated in

Figure 42, where the HPLC chromatograms of the crude extract derived from the

experiments ron during 2, 4 and 8 minutes are shown. The peaks at 7.3­

7.6 minutes and 9.9-10.3 minutes on the chromatogram correspond to C60 and

~O' respectively. The soot produced during the 2-minute run contained a

significant amount of by-products which elute before 7 minutes during the HPLC

ron. As the ron duration was increased, the relative height of the by-product
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peaks to fullerene peaks decreases, as can be seen by comparing the different

chromatograms in Figure 42. In fact, the by-product peaks obseIVed in the soot

produced during the 8-minute experiment were significantly lower than those

obseIVed in the soot produced during the 2-minute experiment.
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Figure 41: Concentration of soluble
chlorinated by-products in the reactor soot,
plotted as a function of ron duration [55 kW,
0.29 mol/min ~Cl4' 200 torr].
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Figure 42: HPLC chromatograms of crude extracts derived from
experiments run for 2 minutes (top), 4 minutes (middle), and 8 minutes
(bottom) [55 kW, 0.29 mol/min c;04' 200 torr] .
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7.3.2 Average C60 and C70 collection rate

The average collection rate of C60 in the reactor and quench zone is plotted

versus ron duration in Figure 43. The average C60 collection rate in the reactor

increased up to 2 minutes at which point the collection rate remained constant

until 6 minutes. After 6 minutes, a drop in the C60 collection rate was observed.

As already discussed in Section 7.2, the temperature near the reactor surface

increases with ron duration, possibly approaching and even surpassing the

sublimation temperature of C60' depending on the reactor conditions. As such,

it is conceivable that newly formed C60 would not condense on the reactor surface

if the surface temperature exceeds the sublimation temperature. As a result of

such elevated collection site temperatures, a decrease in the average C60

collection rate may be seen with time. If the C60 formed is prevented from

condensing in the reactor due to elevated temperatures, an increase in the C60

collection rate in the quench zone should be seen, since C6D Ieaving the reactor

would condense in the quench zone.

This behaviour seems to be confirmed by the two data points obtained during the

8-minute experiments, labelled as 1 and 2 in Figure 43 (top). The collection rate

of C6D in the reactor was higher for Experiment 1 than Experiment 2. However,
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in the quench zone, the collection rate was higher for Experiment 2. Differences

in the reactor cooIing water temperature may explain the discrepancy between the

two replicate experiments.

The total collection rate of C60' which is the sum of the collection rate in the

reactor and quench zone is aIso plotted as a function of ron duration in

Figure 43. The total collection rate from the two highlighted experiments is

equal, as is seen by the superposition of the two points at 8 minutes, thus

suggesting that the overall C60 production was not affected by the elevated

reactor temperatures after 8 minutes. The total collection rate of C60 increased

during the ron, reaching a maximum average value of 112 mg/min after 4 minutes.

The collection rate of C;o, as a function of ron duration, is plotted in Figure 44.

The C;o collection rate in the reactor stabilized at 22 mg/min after 4 minutes,

whereas an increasing trend in the c'o collection rate as a function of ron

duration was noted in the quench zone. The total collection rate of C;o is aIso

shawn in Figure 44. It is difficult to determine whether the total collection rate

of ~o stabilized after 4 minutes or wether there is a slight increase in the

collection rate with ron duration. A slight increase would suggest that higher

reactor temperatures, associated with longer runs, favour c'o production,
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Figure 43: Average C60 collection rate as a function of mn duration in
reactor and quench zone (top), and overall (bottom) [55 kW, 0.29 mol/min
c;Cl4, 200 torr].
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although this conclusion cannot be made based on the experimental data shawn

in Figure 44.

Based on the results presented in this section, it is evident that in the present

reactor configuration, ron duration has an influence on the collection rate of soot,

fullerenes and by-products due to the effect of ron duration on reactor

temperatures. Longer mns result in high reactor temperatures which,

consequently, affect the quantity and type of products collected on the reactor

wall. A decrease in the collection rate of C60 and by-products occurred as a

result of high collection temperatures, whereas C;o was less affected due to its

higher sublimation temperature. The collection rate of products should not be

affected by run duration, and thus, a more suitable reactor design should provide

for a collection zone which is not affected by the high temperature reaction zone,

so as to maintain a better control of the condensation of products.

7.4 Effect of input power and C2Cl4 feed rate

7.4.1 Soot collection yield

The soot collection Yield, expressed as grams of soot per mole of ~Cl4' is plotted

in Figure 45 for different levels of torch power. In these experiments, the soot

collected in the reactor represented 78% to 93% of the total soot collected,
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depending on the reactor conditions. According to Figure 45, the soot yield was.
significantly reduced at 45 kW. At 55 kW and 65 kW, the soot yield was

approximately 12 grams per mole of ~a4 fed, whereas at 45 kW, the soot yield

dropped to 7 grams per mole CzCI4. As was already discussed in Chapter 6,

(Section 6.1), lower power leveIs result in the formation of C-Q compounds.

Small chlorinated compounds tend to have relatively lower boiling or sublimation

points and, thus, would not condense in the reactor due to the elevated collection

temperatures. However, high power levels result in the formation of graphite,
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Figure 45: Soot collection yield as a function
of ezCI4 feed rate and torch power [200 torr].
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fullerenes and large PAH's, which have relatively high sublimation temperatures

and, thus, would tend ta condense in the reactor.

Based on the data generated during this study, it is not possible to conclusively

determine the effect of CzCl4 feed rate on the soot collection Yield, due to the

complex chemical composition of the soot. However, despite the scatter in the

experimental data, the soot collection yields in the reactor and quench zone seem

ta he constant as the ~a4 feed rate is increased from 0.15 mol/min ta

0.54 mol/min, for experiments at 55 kW and 65 kW.

7.4.2 Concentration of C60 and C70 in soot

Figure 46 shows the concentration of C6D and ~o in the reactor soot, as a

function of ~CI4 feed rate and torch power. It is quite evident from Figure 46

that higher power levels result in higher concentrations of C60 and ~o in the

soot, especially at low CzCI4 feed rates. The richest soot, in terms of fuIlerene

content was obtained when 0.15 mol/min of CzCl4 was fed iota a plasma

operating at 65 kW. The soot produced under these conditions contained 4.5%

C6D and 0.83% C70•
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122



•

•

.-

Results and Discussion

Knowledge of the concentration of C60 and C;o in the soot is usefui when

comparing the "quality" of fullerene soot produced by the PyroGenesis process

with the soot produced by other processes. The value of the concentration of

fullerenes in the soot, however, does not give a good basis for comparison of the

technologies, since this point of comparison does not take into account the

production rate of fullerenes and the conversion based on carbon feed.

Furthermore, in the present reactor configuration, the concentration of fullerenes

in the soot is influenced by the collection site temperature, and, thus, this value

cannat be used ta evaluate the technology since a different reactor design would

alter the fullerene concentration in the soot.

7.4.3 Collection yield of C60 and C70

The overall yield of C60 and C;o, expressed in milligrams per mole of Cz04' is

plotted in Figure 47, for different leveIs of power and ~C14 feed rates. The

overaIl yield of fullerenes was determined by dividing the sum of the fullerenes

collected in the reactor and quench zone (nlglmin) by the ~a4 feed rate

(mol/min). It is evident from Figure 47 that higher power levels result in higher

fullerene yields, especially at low CzCI4 feed rates. At 45 kW, there is a drastic

drop in fullerene production, suggesting that at this power level, the temperature

profile is inadequate for fullerene synthesis, since it is likely that the residence
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time of reactive species in the fullerene formation zone, 2,200 K to 2,600 K, is

probably very short.

T'here are aIso distinct trends in the C60 collection yieId, as a function of ez04

feed rate. At 65 kW, C6D collection per mole of CzCl4 decreases, whereas the

C;o yield remains constant, with increasing ~CI4 feed rate. At 55 kW, however,

the C6D yield seems to remain constant while the ~o yield increases slightly with

increasing CzCl4 feed rate. This finding suggests that the formation of C60 and

C;o is optimal under different conditions.

The decrease of the C60 collection yield with increasing CzCI4 feed rate at 65 kW,

suggests that the residence time of growing carbon species in the temperature

zone which favours C6D formation may be adversely affected by variations in the

c;Cl4 feed rate. 1t may be speculated that the residence time of reactive species

in the fullerene formation zone may decrease as the c;Q 4 feed rate is increased,

due to quenching effects, caused by the introduction of a coId gas into the

plasma, as seen by the modelling results in Figure 38. However, such a decrease

in the residence time of carbon species in the hot zone would not explain why the

yield of ~o is unaffected at the same power level by increasing c;04 feed rates.

Experimental measurement of the temperature near the reactor surface
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(Chapter 7, Figures 32 and 33) showed that in fact the temperature near the

reactor surface increases with increasing Cz04 feed rates, due to the increasing

thickness of the thermally insulating layer of soot on the reactor wall and possibly

exothermic reactions. As a result, it seems more likely that the residence time

of reactive species in the high temperature zone increases, rather than decreases,

with increasing ezQ 4 feed rates.

Therefore, it seems plausible that the decreasing trend of the C6D yield with

increasing Cz04 feed rate may be explained by the fact that C6D formation is less

favoured by the higher residence time of reactive species in the hot zone,

associated with the higher feed rates of ~a4' The difference in the behaviour

of C6D and <;0 formation seems to reinforce the importance of residence time of

reacting species in the high temperature zone. The importance of residence time

on fullerene formation is also reported by Haufl.er [1994]. According to Haufler,

growing fullerenes must be exposed ta sufficient temperatures for a sufficient

period of time to facilitate bonding rearrangement and annealing, to increase the

fraction of structures possessing the lowest energy. In Haufler's work, the

temperature range favouring the growth of fullerenes was reported ta be 2,000­

3,000 oC. If growing clusters are kept in this temperature range for tao long,

polymerization and continued growth ta species of sizes tao large ta be
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extractable occurs. Thus, there is a balance between "hot-enough-Iong-enough"

and Ittoo-hot-too-Iong". At the maximum feed rate of ~Cl4' 0.54 mo1/min, C60

formation seems to be on the "too-hot-too-Iong" end of the spectrum.

Other possible explanations for the decrease in the total C60 collection yield as

a function of ~Cl4 feed rate are:

(i) C60 may be carried out of the quench zone with the off-gas; and/or,

(ii) C60 may decompose or react with the soot or other by-products, as

the temperature near the reactor wall increases with increasing

~C14 feed rate, resulting in the formation of new, unidentifiable

fuIIerene products.

These factors may be contributing ta the decreasing yield of C60 with increasing

~C14 feed rate to a varying degree. Sorne C60 and Cro has in fact been detected

on the inner surface of the tube leaving the quench zone, however, the quantity

of soot collected at this location was only a few milligrams, thus it is not likely

that the sublimation or carry-over of C60 frOID the quench zone would explain the

decreasing trend observed. The reaction of C60 with soot and other by-products

during the course of the run is quite possible, and has been confirmed in

sublimation experiments, described in Appendix B. During these sublimation
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experiments, it was found that C60 and ~o react with soot and other by-products

when heated ta 400 oC, in the absence of air. As a result, it is possible that sorne

reactîons do take place on the surface of the reactor during the course of the ron.

However, in the sublimation experiments, the duration of the experiment was

2.5 hours compared with 4 minutes in the soot production experiments.

Furthermore, the reactions in the sublimation experiments were not found to be

selective ta C60, as seems ta be the case in the fullerene production experiments.

It is therefore, evident that in the present reactor configuration, the proximity of

the water-cooled reactor wall to the high temperature reaction zone results in the

simultaneous influence of the operating parameters and the growing insulating

layer of soot on fullerene synthesis. In an optimal reactor configuration, fullerene

formation and condensation should be controlled independently.

7.4.4 Concentration of C60 and C70 in crude extract

When chromatographie techniques are used for purification of fullerenes, the

concentration of C60 and C;o in the crude extract is a critical factor influencing

purification performance. Crude extracts obtained by the procedure described in

Section 2.2.2 were analyzed for C60 and C;o concentration. The percent of

extractable material from soot, and the concentration of C60 and ~o in the crude

extract are presented in Figure 48, as a function of torch power and ~a4 feed
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rate. Extractable material refers to fullerenes and chIorinated polyaromatic

hydrocarbons, \vhereas unextractable material consists primarily of graphitic

carbon soot. 1t is evident that at 65 kW compared to 55 kW, less extractable

m~terial is collected, confirming that as more energy is introduced into the

plasma, more carbon soot is formed. Furthermore, the percent of extractable

material in the reactor soot decreases with increasing ez04 feed rate. Because

chlorinated organic compounds forro at lower temperatures, as confirmed by the

high concentration of chIorine in the soot produced under low temperature

conditions (Section 6.1), these products form near the water-cooled reactor wall.

Law ~C14 feed rates result in lower temperatures near the reactor wall, thus lead

to higher yields of soluble chlorinated organic compounds.

The e60 and C;o concentrations in the crude extract, as seen in Figure 48,

increase with increasing power and CzCl4 feed rate. These conditions correspond

to the highest collection temperature obseIVed. At these operating conditions,

a relatively Ilciean extract", which can he more easily purified by chromatography

is obtained. However, under such conditions, the collection yield of C60 is

reduced due to the elevated collection site temperatures associated with high

CzCl4 feed rates (Figure 47).
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As will he discussed in Chapter 9, efficient purification of PyroGenesis soot

requires that the crude extract he relatively rich in fullerenes. However, in the

reactor design used in this study, conditions resulting in a relatively "cIean" extract

do not produce a high yield of fullerenes in the collected soot. For example, to

obtain an extract which contains 23% fullerenes, a yield of 524 mg fullerenes per

mole of ~a4 is obtained. However, when the yield of fullerenes is higher, such

as 688 mg fullerenes per mole CzQ 4' the crude extract cantains only 12%

fullerenes. Soot resulting in a high quality extract cao ooly be obtained under

operating conditions offering high reactor temperatures. Under such conditions,

there are lasses of C60' due to the collection site temperatures which exceed the

sublimation temperature of C60.

7.5 EfTeet of reactor pressure

The effect of reactor pressure on soot collection yield is shawn graphically in

Figure 49 for experiments run at 55 kW and 65 kW. The ~C14 feed rate was

kept constant at 0.29 mol/min during these experiments. The soot collection yield

was drastically reduced above a pressure of 300 torr. The collection yieIds of C60

and ~o also dropped significantly above 300 torr, as is shawn in Figure 50.

Severa! factors may play a role in the reduced collection rate of soot and

fullerenes at higher operating pressures. Firstly, as shawn previously in Figure 33,
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higher pressure results in lower reactor temperatures, which in tum favour the

formation of smaII chlorinated species. SecondIy, higher pressures May adversely

affect the mixing of <;'04 with the plasma, thus resulting in incomplete pyrolysis

or in the formation of small chlorinated compounds. In fact, in the experiment

performed at 55 kW and 400 torr, the soot was composed of 47% non-fullerene,

organic compounds. At 200 torr, at the same input power level, the soot

produced contains only 32% non-fullerene, organic compounds.
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TheoreticaI determination of residence time in fullerene

formation zone

•

Since the residence time of reacting species in the temperature zone required for

fullerene formation is important in explaining the trends observed experimentally,

the residence time in the temperature zone from 2,200 K to 2,600 K was

estimated using the model of Bilodeau [1996] for different operating conditions.

A plot of the axial velocity of the mainstream (r=O) as a function of location in

the axial direction is shawn in Figure 51, for different levels of power, ~04 feed

rate and pressure, respectively. The velocities were determined at location r=O

between the 2,200 K and 2,600 K isotherms of the temperature profile curves

presented earlier in Section 7.2.3. The residence time of the mainstream between

two isotherms, Tl and T2, was approximated by the following equation:

rt <72-1i)

•

where,

Xl = axial distance of first point

X2 = axial distance of second point

v = average velocity between two points
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The total residence time was estimated as the sum of the residence times

measured incrementally over the whole distance, for each operating condition.

The residence time of the mainstream in the 2,200-2,600 K temperature zone for

the different operating conditions is are summarized in Table 6.

Table 6: Theoretical estimation of residence time in 2,200-2,600 K zone

Power C2Cl4 feed rate Pressure Residence time

(kW) (mol/min) (torr) in 2,200-2,600 K (s)

45 0.29 200 3.0 x 10-5

55 0.29 200 9.1 x 10-5

65 0.29 200 14.1 x 10-5

65 0.15 200 19.0 x 10-5

65 0.29 200 14.1 x 10-5

65 0.44 200 7.9 x 10-5

65 0.44 200 7.9 x 10-5

65 0.44 300 9.9 x 10-5

According to the results shown in Table 6, higher power levels result in longer

residence time in the specified high temperature zone. This resuit correlates weIl

with the experimental findings in which high power level resulted in higher soot
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and fullerene production yieids.

According to the model, higher c;Q 4 feed rates resuit in a shorter residence time

in the 2,200-2,600 K temperature zone. Based on the experimentai work,

presented in Section 7.4.3, it was speculated that increasing the c;04 feed rate,

in the present reactor configuration, May increase the residence time of the

reactive species in the specified hot zone due partIy ta the increase in reactor

temperatures caused by the growing, thermally insulating layer of soot and

possibly by exothermic reactions. Since the model does not take into account

these two important factors which wouid greatly contribute ta the temperature

profile within the reactor, the model does not seem ta accurately predict the

trends observed experimentally for the effect of ~a4 feed rate on fullerene

production.

The residence time of reacting species in the 2,200-2,600 K zone is aIsa affected

by the operating pressure. Lower pressures result in longer plasma jets having

higher velocities, as compared ta plasmas at higher pressures. In this study, the

computed residence time of reactive species in the 2,200-2,600 K zone for

pressures of 200 torr seem ta be slightIy lower that the residence rime computed

at 300 torr. This slight difference in residence times does not seem ta he evident
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in the experimental results, which showed that the fullerene production did not

vary when the pressure was increased from 200 torr ta 300 torr (Figure 50).

Although not computed by the model, a significant drop in the residence time of

reacting species in the hot zone may occur at 400 torr, since there is an important

drop in fullerene Yields.
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CHAPTER 8:
TEMPERATURE MAPPING AND LOCAL

SAMPLING OF REACTOR SURFACE

A preliminary mapping of the collection temperatures inside the reactor was

made by measuring the surface temperature at severai locations in the reactor,

according to the procedure described in Section 3.1.4.4. Sampling of soot from

different locations within the reactor was aIso performed, as a first step to

predicting the deposition patterns within the reactor. The mathematical model

developed by Bilodeau [1996] was compared to the experimental results.

Experiments were performed at 55 kW and 65 kW under the conditions specified

in Chapter 4 (Table 2). The ez04 feed rate and pressure were fixed at

0.29 mol/min and 300 torr, respectively. The temperatures of the reactor surface

reported in this chapter were measured in the absence of CzCl4 injection into the

system. Due to the fact that the presence of soot alters the surface temperature

and that 02 reacts with the stainless steel sheath of the thermocouples, it became

necessaI)' to perform surface temperature measurements in the absence of ez04'

Thus, the temperatures reported in this chapter correspond to the initial

collection temperature during soot production rons.
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For the local sampling experiments, samples of soot were collected from eleven

zones in the reactor. The data of samples obtained from symmetrical fractions

was averaged, resulting in eight fractions, labelled from A to H in Figure 52.

Figure 52: Division of reactor hemispheres in sections, labelled A ta H.

•

The temperatures measured at specifie reactor locations are shown in Figure 53,

for experiments ron at 55 kW and 65 kW. At 55 kW, the surface temperatures

ranged from 392 oC to 680 oC, depending on the reactor location, whereas at

65 kW, the temperature range was 450 oC to 715 oC.

140



•
Bottom Hemisphere

Results and Discussion

Top Hemisphere

680
6760637

658

G 598
W 5890523

603

•

•

T: torch
E: exhaust
W: window

Figure 53: Initial temperatures of variaus collection sites within the
reactor for experiments run at 55 kW (top) and 65 kW (bottom)
[300 torr] .
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W~ll temperatures are expected to be highest in Section D, Iocated near the jet

impact. However, Section D did not have a port for a thermocouple, so it was

not possible to measure the temperature at this location.

An attempt was made by Bilodeau to predict the wall temperatures at different

locations through theoretical modelling calculations. The reactor location is

expressed as the angle 0, relative to the vertical axis in the computational domain,

as shown in Figure 54. Figure 55 shows the calculated and experimental values

of the wall temperature as a function of reactor location.

The model predicts extremely high wall temperatures near the jet impact (9 =90°)

due to the high temperature of the plasma jet and the strong thermal exchange

at this point. 1t is doubtful whether the predicted temperatures at this location

are as high as predicted by the model (up ta 1,600 K), since at such high

collection site temperatures, fullerenes would not condense. Furthermore,

Section D, located at 9=90°, shows a relatively high deposition of fullerenes, as

will be seen later in this chapter, in Figures 56 and 57.

The model shows that the temperature decreases as the location near the exhaust

tube is reached at 8=-35°. The decrease in temperature along this point may be
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due to the enlargement of stream lines, as will be discussed later. There is a

temperature increase near the torch neck, 8=_65°, which May aIso be explained

by the narrowing of the streamlines at this point. In general, the values of wall

temperature predicted by the model are in good agreement with the experimental

values in the range -10°<8< +40°. The increasing trend of temperature with

increasing 8 seen in the modelling calculations, however, is not so evident in the

experimental data. Sînce a temperature measurement could not be made in

Section D, the elevated temperature predicted by the model at (}=90° could not

be confirmed.

~ 1Gas
I~ËE~( Wall
_Water
- Nozzle

C2CI4+He tt i
~

_._ _~.~.fr~~~~[~ry_ _ _._._. __ ._ _._._ _._ ~.

•

Figure 54: Definition of 9 in computational demain [Biledeau, 1996].
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• Figure 55: Predicted wall temperatures as a function of angle relative to
vertical axis (300 torr) [Bilodeau, 1996].

Figures 56 and 57 show the concentration of insoluble carbon soot, C60f and c,o

in terms of mass per unit area for experiments ron at 55 and 65 kW, respectively.

The sections of the reactor labelled A to H may be seen in Figure 52, as well as

in Figure 58, which appears Iater in this chapter. The concentration of higher

fullerenes was not taken into account in these measurements. The concentration

of insoluble carbon soot was determined by subtracting the concentration of

•
soluble products froID the total soot concentration.
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Figure 56: Concentration (mg/cm2) of insoluble carbon soot, C60 and c,o as
a function of reactor location for experiment mn at 55 kW [0.29 mol/min
CzCI4, 300 torr].
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The deposition pattern of insoluble carbon soot gives a great deal of information

on the fIow pattern within the reactor. The insoluble carbon soot fraction

consists mostly of graphite, with a small amount of large, insoluble, chlorinated,

poly-aromatic compounds. Therefore, the collection of this group of products is

not expected to be sensitive to temperature, since the sublimation temperature

of graphite, which is 3,200 oC (Chapter 5, Figures 23-25), is weIl above the

temperature of the collection site. The largest deposit of insoluble carbon soot

per unit area was found in Section D for experiments ron at 55 kW and 65 kW.

Sections C and E, adjacent ta Section D, are expected to show a relatively high

concentration of carbon soot. However, only Section E shows a large deposition

of insoluble carbon soot, the deposition in Section C being significantly lower.

Section H shows a significant deposition of insoluble material, particularly at

65 kW. The lowest concentrations of insoluble carbon soot were found in

Fractions B and G. The concentration of carbon soot in fractions H and A,

located near the torch neck, showed higher carbon soot deposition than Fractions

Band G.

Results of mathematical modelling of the reactor system used in this study

provide a great deal of insight on the flow patterns within the reactor. The

assumptions, conservation equations and detailed results from the model may be
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found in Appendix D.

A plot of the stream functions, as caiculated by the model, is shawn in Figure 58.

The plot shows that the main stream bits the reactor wall facing the plasma jet

and then follows the wall until the exit for the exhaust is reached. The

entrainment of surrounding gas into the plasma results in a large recirculation

around the plasma jet. The flow pattern can also be seen in the plot of velocity

profile shown in Figure 59. In Figure 59, a smaller recirculation is also seen near

the torch neck. Therefore, from the modelling results, it is expected that the

highest deposition of carbon soot would be found in Section D since the main

stream hits the reactor wall at this point with the highest loading of products.

Sections C and E are adjacent ta Section D and thus are aiso expected to show

a high deposition. Experimentally, Section E was found to show a high

deposition of carbon soot whereas Section C showed much lower soot deposition,

which is not predicted by the mode!. The high deposition in Section E, located

on the bottom hemisphere, as compared to Section C, which is located on the top

hemisphere, may be explained by the fact that the exhaust for the reactor was

located on the bottom and thus the tlow may have not been symmetric. In the

2-D modeI, the exhaust is represented by a ring, and, thus, the two hemispheres

are symmetric.
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In the modeI, Sections A, B, G and Fare Iocated at angular positions near the

exhaust, and thllS, are expected to have lower deposition rates of carbon soot than

the other sections. This observation is confirmed experimentally for Sections B,

G and F, although Section A showed a relatively large deposition of carbon soot.

The failure of the model ta predict the high deposition rate in Section Amay

again he due to the fact that in the model, Section A is very near the exhaust

tube, whereas in the real system, the exhaust is located only on the bottom

hemisphere.

The deposition of soot in Section H, as seen from the experimental results, was

high for experiments run at 55 and 65 kW. Section H is located near the neck

of the torch and thus is not impinged by the main stream of the plasma jet.

However, diffusion of products from the main stream to adjacent stream Hnes

may result in the transfer of products from the jet ta the wall of Section H. The

stream lines, as seen in Figure 58 are shown ta be compressed near the torch

neck, thus leading to efficient mass transfer from the plasma jet ta the adjacent

reactor wall.

The deposition pattern of C60 within the reactor is different than the deposition

pattern observed for the insoluble carbon soot. At 65 kW, the highest
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concentration of C60 was found in Fraction ~ followed by Fraction H. This

result is quite interesting since the highest deposit of C60 did not occur in the

same region where the highest deposit of insoluble carbon soot was found

(Section D). In Sections D and E, C60 deposition may be lower due the elevated

wall temperature. The deviation of the C60 deposition pattern from the carbon

soot deposition pattern is less apparent for the experiment at 55 kW since the

temperatures of the wall are lower. At 55 kW, very high concentrations of C6D

were found in Sections D and E, similar to the deposition pattern of carbon soot.

The deposition of c'o, having a higher sublimation temperature than C60, is

influenced by the wall temperature to a lesser degree. The highest deposition of

C;o per unit area was found in Sections D and E for experiments mn at 55 kW

and 65 kW. However, there was a high deposition of c'o in Section A in the

experiment at 65 kW, which may also be explained by elevated wall temperatures

in locations facing the plasma jets.

Local sampling experiments in conjunction with the mathematical model,

developed by Bilodeau [1996], have provided an insight on the f10w pattern and

temperature profile within the reactor. Such information is expected ta he

valuable in the design of an optimal reactor for the production of fullerenes via
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the PyroGenesis process.
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Figure 58: Stream functions predicted by mathematical modelling (65 kW,
0.29 moVmin c;04' 300 torr) [Bilodeau, 1996].
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Figure 59: Velocity profile in reactor as predicted by mathematical
modelling (65 kW, 0.29 mol/min c;a4, 300 torr) [Bilodeau, 1996].
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CHAPTER 9: IDENTIFICATION OF
BY-PRODUCTS AND PURIFICATION OF

PYROGENESIS SOOT

The work presented in this chapter is focussed on the characterization of the

Py,:oGenesis soot in tenns of its composition and its ability ta be purified by

conventional extraction and chromatographie techniques.

9.1 Identification of by-products

The identification of by-products produced by the PyroGenesis process was carried

out for two reasons. Because the purification of fullerenes by chrornatography

proved ta be difficult due to the presence of by-products, a better understanding

of the composition of the crude extract became essential. In addition, the

identification of sorne by-products may give sorne valuable cInes as ta the

mechanism by which fulIerenes form in the PyroGenesis process.

A variety of cWorinated compounds were identified by GC-MS. Sïnce the

samples of compounds, obtained from HPLC runs as described in Section 4.6,

were very small and due to the multitude of components in each sample, no other

technique was used for the confirmation of the structure of these compounds.

The identification of compounds via Ge-MS, alone, does not constitute conclusive
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proof of the structure. However, for the purpose of this discussion, these results

were deemed satisfactory.

The observed products derived from PyroGenesis soot may be classmed in two

categories: Class l, consisting of cWorinated, non-aromatic compounds and Class

II; comprising of percWorinated aromatic species.

The only compound identified in Class l was tetrachloroethylene (CzCI4), which

is also the carbon source for fullerene synthesis in the PyroGenesis process. ~C14

was identified in a sample derived from soot collected in the quench zone. It is

difficult ta say whether the ~C14 found in the soot was present due to the

incomplete treatment of ~CI4 introduced into the process or whether CzCI4was

reformed after pyrolysis of the starting material. According to Tirey et al. [1990],

CzCI4 begins to pyrolyse at 800 oC and is completely dissociated at 1,100 oC.

Since there seems to be good mixing of the hydrocarbon with the plasma flame,

as discussed in Section 7.1, it is unlikely that there was incomplete pyrolysis of

CzCl4 by the plasma. ~C14 presumably formed in a cooler regioll in the reactor

or quench zone. The boiling point of C;Cl4 is 121°C, and thus expIains its

presence only in the quench zone, since the collection temperatures in the reactor

are much higher.
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A number of different perchIorinated aromatic species (Class II) were observed

in samples collected from the reactor and quench zone. The structures of

possible species formed during the PyroGenesis process are found in Figure 60.

HexachIorobenzene (C60 6, MW=284), octachlorostyrene (CgCIg, MW=308),

octachloronapthalene (CIOClg, MW=404), octachloroacenaphthalene (eI2CIg,

MW=428), Cl4Clg (MW=452) and Cl8CI IO (MW=547) were identified in a

sample of soot collected in the quench zone. Quantification of these compounds

was not possible due to the lack of good separation on the HPLC column which

was used to obtain the samples, since this column was primarily purchased for the

quantification of C60 and ~O. The output frOID the GC-MS scans are included

in Appendix D.

The formation of small, chlorinated by-products in the PyroGenesis process was

found ta be promoted in the reactor under low temperature conditions resulting

from low input power conditions or in the quench zone where temperatures are

low for aIl operating conditions (Chapter 6, Figure 26). It was aiso found that

shorter experiments resulted in a higher concentration of chlorinated products in

the soot (Chapter 7, Figure 41). In addition to low temperatures, surface

reactions May aise explain the formation of these chlorinated species. Taylor et

al. [1994] reported that surface catalyzed reactions, of the type shawn below,
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result in the termination of the free-radical chams, thus inhibiting molecular

growth.

Tirey et al. [1990] have obsexved that perchlorinated aromatic compounds are

more readily formed than non-chlorinated aromatic hydrocarbons from the

pyrolysis of chlorinated mixtures. In this work, as shown in Chapter 1, Figure 14,

the highest concentration of C6CI6 was found between 850-1,000 oC. Cl2CIs was

found in high concentrations between 875-1,050 oC. CsCIs and Claels were

detected between 750-900 oC, however the concentration of these compounds was

significantly lower than C6CI6 and C12CIs" It should be noted that aIl of these

compounds were aise found in the PyroGenests soot collected from the quench

zone.

According to Tirey et al. [1990], many complex acetylenic and olefinic pathways

may be devised to result in the formation of higher molecular weight aromatic

species. These pathways, summarized in Figures 61 and 62, show chemically

activated chlorine displacement and isomerization reaction channels for the

formation ofhexachlorobenzene and octaclorostyrene, and octacWoronaphthalene

and octachloroacenaphthylene, respectively. OctacWoroacenaphthylene is an
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Figure 60: Structure of Oass II chlorinated compounds
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interesting compound since it composed of one pentagon and two hexagons,

similar to portions of the fullerene molecules.

From the mechanisms shown in Figures 61 and 62 for the formation of large

polychlorinated aromatic compounds, the question is raised whether fullerenes

may be formed through a series of reactions involving chlorine displacement and

isomerization in the various steps. According to Heath [1992], in the fullerene

production process based on the arc vaporization of graphite, linear chains of

carbon rearrange to form 3-dimensional structures consisting of 6-membered and

5-memhered rings which eventually forro closed fullerene structures. In the

PyroGenesis process, the formation of fullerenes may follow a similar mechanism

or, altematively, could the formation of fullerenes produced via the PyroGenesis

pro.cess proceed through a series of reactions involving c;Cl2, similar to those

shown for the formation of large polyaromatic hydrocarbons? In the

thermodynamic study presented in Chapter 5, the presence of ezCl2 was observed

when the formation of graphite was inhibited (Figure 26). The presence of <;Cl2

in the temperature range where fullerenes are predicted to form may raise the

question as to the implication of this intermediate in the fullerene formation

process. Although these questions are fascinating, they cannot be conclusively

answered based on the work presented herein. One comment that can be made,
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however, is that the reactions resulting in the chlorinated PAH's described by

Tirey et al. occurred in the temperature range of 850-1050 oC, which is

signifieantly lower than the temperature range which has been predicted for

fullerene growth, 2,200-2,600 K [McKinnon, 1991]. Therefore, it seems feasible

that the formation of fullerenes via the PyroGenesis process proceeds through the

growth of carbon clusters, similar to the mechanism by which fullerenes form in

the vaporization of graphite methods. The presence of the chlorinated aromatic

compounds identified in this work may be due to termination of fullerene

precursor molecules (Cn), which were notgjven an adequate residence rime in the

high temperature fullerene formation zone.

9.2 Purification by Chromatography

Column chromatography is the most widely accepted and used technique for the

purification of C60 and C70. Various chromatographie methods using a variety

of packing materials and solvents have been investigated for the purification of

fullerenes. These methods have been described in Section 3.5.2. Two such

chromatographic methods have been adopted in this work for the purification of

C60 and C70 from PyroGenesis extract. The composition of PyroGenesis extract,

compared to fullerene extracts produced from different processes, is unique due

to the presence of chlorinated by-products. As such, it is expected that the
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purification of fullerenes from PyroGenesis extraet would be more difficult.

Chromatographie proeesses are typically very slow, require the use of large

quantities of solvents and are expensive because the packing material in many

cases must be replaeed after each rune Furthermore, due ta the irreversible

adsorption of fullerenes ta the paeking material, chromatographie techniques

result in the loss of fullerenes. For these reasons, column chromatography is only

useful in the lab scale, and beeomes quite difficult ta seale-up for industrial use.

Nonetheless, eolumn chromatography was usefui in the present work for assessing

the ease with which fullerenes could be purified from PyroGenesis soot.

9.2.1 Purification of C60

The purification of C6D from PyroGenesis extract was performed on

chromatography columns packed with a mixture of activated carbon (Norit A) and

silica gel, according to the procedure of Scrivens et al. [1992], using toluene as the

mobile phase. This method has been shawn to offer significant improvements

over purification on alumina, with hexane as the mobile phase, since the time

required for purification is greatly redueed due to the higher solubility of

fuIIerenes in toluene. Furthermore, the packing material is much less expensive

than alumina. Ta further improve the elution rate, the columns may be ron
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under a pressure of air or inert gas.

Using a mixture of activated carbon and silica gel as the stationary phase and

toluene as the mobile phase, the purification of C60 was investigated. A column

with an internai diameter of 3.8 cm was used for the study. An argon pressure

of 10 psi was used above the mobile phase ta provide a flow equivalent to

1.4 cm/min. The crude extract used for all experiments was first washed with

ether according to the procedure described in Appendix B prior to being

introduced onto the column.

Two factors are considered to be very important in purification via

chromatography, namely:

(i) the purity of a compound in a particular fraction, and,

(ü) the recovery of a compound in a high purity fraction.

For example, a sample of C60 which is 99% pure, but only accounted for 50% of

th~ C60 originally present in the extract is considered unacceptable. Similarly, a

sample having a C60 recovel)' of 99% and a purity of 50% is also considered

unacceptable.
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The height of the packing material plays a key raIe in the operation of the

chromatography column. When a column is tao short, insufficient separation of

C60 from the by-products and Cto may occur. On the other hand, longer columns

may result in a lower recovery of C60 and C;o due to irreversible adsorption ta

the paeking material. Results from two chromatographie runs in which the

column height was 21 and 25 cm are shown in Table 7. There was no significant

difference in the purity nor the recovery of C60 obtained from the

chromatographie runs in Table 7. It is highly likely that if the column height was

varied below 21 em or above 25 cm, the chromatographie separation of C60 would

have been affected. However, since the results obtained in the ch.romatographic

runs shown in Table 7 were considered to be satisfactory, no other experiments

were performed to optimize the height of the column. Sirice crude extracts

Table 7: Effect of column height on C60 purity and reeovery

Column height Purity of C60 in Recovery of C60 in

(cm) C6o·rich fraction C60·rlch fraction

21 98.8% 75%

25 98.0% 74%
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derived from PyroGenesir soot may vary greatly in composition, in subsequent

chromatography experiments, the column height was fixed at 25 cm in order to

ensure proper purification of C60•

The amount of material which is loaded onto a column, referred to as column

loading, is known to have an effect on the operation of the column. The loading

of the column has been defined as follows:

mass of crude extractCoJumn Loading = ------------
cross-sectional area of column

The loading of ether-washed extract per cross sectional area was varied from

0.3 g/cm2 to 0.5 g/cm2. in an attempt to increase the throughput through the

chromatography column. The purity and recovery of C60 in the C6o-rich fraction

are shown graphically in Figure 63, as a function of column loading. It should be

noted that each point on these graphs corresponds to an extract derived from

soot obtained under different operating conditions. However, the fullerene

content of the extracts used for this study was equivalent. The extracts contained

31.0% - 37.2% C60 and 9% - 11.7% ~O'
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Figure 63: Purity (Ieft) and recovery (right) of C60 in C60-rich fraction as a
function of column loading

Within the range of column loadings used, the purity of C60 was not sensitive to

the column loading. The colour of the effluent from the column was monitored

visually and only solutions which were purple in colour were collected in the C60-

rich fractions. Once the colaur of the effluent solution changed, the flask was

changed to collect subsequent fractions. Furthermore, since the composition of

each extract differed slightly due to the fact that the extracts were obtained from

different soot production experiments, it is likely that the purity in the C6D

fraction would aIso depend on the by-products present in the extract. As a result,
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the purity of the samples relates more to the rapidity with which the flask was

changed during the operation of the column and to the initial composition of the

extract, and does not, in this case, relate to the column loading. However, if the

column loading was increased above 0.5 g/cm2, it is likely that at sorne point, the

purity would be compromised.

The recovery of C6D in the C60-rich fraction seems to show a strong decreasing

trend when the column loading is increased. A column loading of approximately

0.3 g/cm2 resulted in a C60 recovery of 80% in the pure fraction, whereas column

loadings approaching 0.5 g/cm2 resulted in a C6D recovery of only 50%.

The composition of the extract loaded onto the column has a significant effect of

on the purification process. When the crude extract consists of a high

concentration of C60, high purity and high recovery of C60 can be obtained.

However, when the extract contains a relatively low concentration of C60' a lower

purity and recovery is expected, irrespective of the length of the column and

sample loading. For example, when an extract containing 18% C60 (Ioading = 0.3

g/cm2) was used for purification, the C6D fraction was 95% pure, with a recovery

of only 60%. A similar loading of extract having 32% C60, resulted in an 80%

recovery of C60 in a fraction which is 99% pure. For this reason, the partial
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removal of by-products by solvent extraction with diethyl ether, as described in

Appendix B (Section B.3) is an essential step for the purification of fullerenes

froID PyroGenesis soot. Under the best operating conditions, using a column 3.8

cm in diameter, approximately 1 gram of pure C60 is eluted in 2 hours.

During the C60 purification process, two red fractions were collected after the

elution of C6D from the column. The first fraction typically consists of 50-75%

C60 and 14-25% ~O. This fraction was further purified on an activated carbon

/ silica gel column. The second red fraction, consisting of 18-35% C60 and 45­

67% C;o, was purified using a modified alumina column, as described below.

9.2.2 Purification of C70

An alternative chromatographie technique is a SOXHLET type chromatographie

column in which the solvent is recirculated by evaporation and condensation

[Khemani et al., 1992]. This method is similar to that used for extracting the

mixed fullerenes from the soot (Section 3.2.1). Although this type of column

requîres minimal supervision, it takes severa! days for purification. For example,

this technique takes 20 to 30 hours to elute pure C60 and an additional 50­

70 hours to elute C;o.
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<;0 rich fractions were obtained by loading the red fractions obtained from the

Norit NSilica Gel column onto a SOXHLET chromatography column packed

with neutral alumina. The typical composition of the red fraction was 18-35%

C60 and 45-67% C;o. The internai diameter of the SOXHLET alumina column

was 5.8 cm. Hexane was used as the mobile phase. The column loading of the

red fraction varied frOID 1.05/em2 ta 1.12/em2• The highest purity of C70 obtained

from this column was 84% with a <;0 recovery of 81% in the C 70-rieh fraction.

A c,o fraction which \vas 92% pure was obtained, however, the C70 rich-fraction

frOID the first alumina column was further purified on a second alumina column.

It is quite clear than the purification of <;0 from PyroGenesis extract is difficult,

requiring at least three chromatographic steps. Many chromatographie steps are

undesired because of the cast associated with chromatography, as weIl as the loss

of material in each step. The low yjeld of C7D in soot coupled with the difficulty

in purifying c,o explains the elevated price for pure C70, as compared to C6D in

the marketplaee.

It is evident that although the extract produced via the PyroGenesis process, using

the present reactor configuration, contains a variety of by-products, conventional

purification techniques may be used to isolate C6D and C;o. The purification of
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PyroGenesis soot, however, is more difficult than the purification of soot produced

via the arc vaporization of graphite which does not contain any by-products, other

than graphite.

170



•

•

•

Resu/ts and Discussion

CHAPTER 10:
COMPARATIVE STUDY OF FULLERENE

PRODUCTION METROnS

The development of the PyroGenesis process was greatly influenced by the low

scale-up capability of existing fullerene production technologies. Currently,

commercial production of fullerenes by companies such as MER Corp. [Tuscon,

Arizona] and SES Inc. [Houston, Texas] is realized by methods based on the arc

vaporization of graphite electrodes. In addition to the arc vaporization of

graphite rads, other fullerene production technologies are based on the

vaporization ofcarbon powder in thermal plasmas and the combustion of benzene

or other hydrocarbons. The PyroGenesis process, in its present reactor

configuration, is compared to these fullerene production technologies in Table 8.

The various production technologies have been compared based on the quantity

of fullerenes produced per kilowatt-hour or per mole of carbon fed into the

process.

According to the Table 8, the production of fullerenes per kilowatt-hour of

energy via the PyroGenesis process, in its present reactor configuration, was found

to be 0.28 glkWh. This yield based on energy input seems ta be much higher

compared to the vaporization of carbon powder [Yoshie et al., 1992], yet

171



e e

Table 8: Comparison of various fullerene production processes

e

Process Soot C60+C70 C60+C70 C60+C70 Concentration Difficulty Difficulty

g/h g/h per energy per carbon of C60+C70 in in in

(g/kWh) input (70) soot purification scale.up

PyroGenesis 440 15.5 0.28 2% 5.6% yes no

264 10.7 0.19 2.8%

Carbon arc 30 3.6 0.92 <20% 13% no yes

[Smalley, 1993]

Carbon powder in 30 2.1 0.08 7% 7% no yes

plasma

[Yoshie et al., 1992]

Combustion of 3.7 0.45 0.5% <20% yes . no--

benzene

[Howard et al., 1992]
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significantly Iower that the arc vaporization of graphite method [SmalIey, 1993].

When comparing the production of fullerenes per unit mole of carbon fed, the

carbon arc method seems ta show a higher conversion from carbon ta fullerenes

as compared to the PyroGenesis process. The vaporization of carbon powder aiso

results in a higher conversion of carbon to fullerenes as compared ta the

PyroGenesis process. In an atmosphere where only carbon atoms are present in

an inert gas, a high conversion of carbon to fullerenes may be expected. In the

PyroGenesis process, competing reactions of carbon with halogen atoms may result

in a lower conversion of carbon ta fullerenes. Competing reactions may aiso

explain the low conversion of carbon to fullerenes in the combustion synthesis of

fullerenes, where hydrogen and oxygen are present, along with the carbon atoms.

The PyroGenesis process, however, results in a much higher carbon conversion

when compared to the combustion synthesis method.

A comparison of the concentration of fullerenes in the soot produced by various

methods is often cited by authors. The PyroGenesis process, in the reactor

configuration used in this study, produces a soot which contains up to 5.3%

fullerenes, while the arc vaporization method has been reported ta yield up to

30% fullerenes [Koch et al., 1991]. However, commercial soot by the carbon arc
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method only yields 8-10% fullerenes. The combustion synthesis of fullerenes is

reported to yield 0.0026-20% fullerenes in soot. Although the various

technologies are often compared by the concentration of fullerenes in soot

achieved, this point of comparison is not very useful in evaluating technologies,

since the concentration of fullerenes in soot does not give an indication of the

production rate of fullerenes or the scale up-potential of the technology.

The production of fullerenes via the vaporization of graphite or carbon powder

is advantageous since no soluble by-products are formed during the process, thus

rendering a more facile purification of C60 and C70. The PyroGenesis process, as

weIl as the combustion synthesis process, bath involve competing reactions which

result in the formation of undesired by-products. Process optimization should

however lead ta the reduction of by-products formation.

As has been seen repeatedly throughout this thesis, the PyroGenesis process, in

its present configuration, is far from optimal. It has been shown that in the

present reactor, fullerene synthesis is affected by the cooling effects of the

surrounding water-cooled wall, which is in close proximity ta the high temperature

zone. This factor alone accounts for the relatively low yield of fullerenes per

kWh and per mole of carbon fed. In an optimized reactor configuration, heat

174



•

•

•

Results and Discussion

losses can also be minirnized through the use of a refractory lined reactor, as

opposed to a water-cooled reactor. Furthermore, proper design of the high

temperature reaction zone and low temperature condensation zone would lead

to maximum fullerene production and minimum by-product formation.

Oearly, the main advantage of the PyroGenesis process is that it can be scaled up

to produce industrial quantities of fullerenes. Even in the lab-scale unit

presented in this work, an equivalent of 15 gIh of fullerenes were produced, a

factor of 4 higher than the arc vaporization of graphite method. This work has

resulted in a better understanding of conditions under which fullerene synthesis

is promoted in the PyroGenesis process and therefore, may be used as starting

point from which the process can be scaled up and optimized.
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CONCLUSIONS

A technology, based on the thermal plasma dissociation of halogenated

hydrocarbons, was developed as part of this work. ChIorinated hydrocarbons, in

particular tetrachloroethylene CCzQ 4), resulted in higher fullerene yields when

compared to hydrogenated and fluorinated hydrocarbons, due mostly to the

instability of C-Q bonds at high temperatures.

In the present reactor configuration, the temperature of the collection site was

str.ongly affected by the deposit of soot during the production run. The deposit

of soot on the reactor surface acted as a thermally insulating layer, thus, reducing

the heat losses to the cooling water. As a result, the temperature lise in the

reactor affected the rate of fullerene deposition on the wall. The temperature of

the collection site also influences the rate of by-product formation and collection.

An adequate residence time in a high temperature zone is required for fullerene

formation. The operating parameters, such as input electrical power, CzCl4 feed

rate and reactor pressure, influence the residence time in a high temperature

zone and thus affect fullerene formation. In the present reactor, an input power

in .excess of 55 kW was required for the treatment of up to 0.54 mol/min of
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CzQ 4· High CzCl4 feed rates resulted in a lower conversion of CzCl4 to

fullerenes. Lo\ver reactor pressures (200 and 300 torr) resulted in higher

fullerene yields, as compared to results obtained at 400 torr. Local sampling

experiments, in conjunction with the mathematical model developed by Bilodeau

[1996], provided an insight on the tlow pattern and temperature profile \vithin the

reactor.

Various perchlorinated aromatic compounds present in the PyroGenesis soot were

identified. The structure of these compounds is reminiscent of the fullerene

structure, which may offer sorne insights as to how fullerenes form via the

PyroGenesis process. Due to the low temperature of formation of these

compounds, it is believed, however, that fullerenes form through a series of C-C

reactions, similar to those proposed for the formation of fullerenes via the arc

vaporization of graphite method.

C60 and C;o were purified by conventional chromatographie techniques, however

the presence of by-products resulted in a longer and multi-step purification

process.

In summary, the work undertaken as part of this PhD thesis, has led to the
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suc~essful development of a technology which can potentially be used for the

large scale synthesis of fullerenes. The work, therefore, serves as a basis on which

an optimal reactor configuration can he designed for fullerene production via the

thermal plasma dissociation of halogenated hydrocarbons. It is clear that the

reactor used in this study did not offer optimum conditions for the production

and collection of fullerenes. The residence time of reacting species in the

fullerene formation zone was difficult to control due to the proximity of the

surrounding water-cooled walls to the hot reaction zone. Furthennore, fullerene

collection was also inadequate due to the increase in the collection temperature

with time, caused by the deposition of the insulating soot layer. An improved

reactor would be characterized by an optimum residence time of reactive species

in the high temperature formation zone and by a controlled temperature

collection zone.
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FUTURE WORK

In order to optimize the PyroGenesis process, a new reactor must be designed and

fabricated in which the fullerene formation and fullerene collection zones can be

controlled effectively. Future developmental work may include the following:

• Argon should be investigated as the plasma-forming gas, due

its significantly lower cost over helium.

• The design of a new Dozzle for the injection of ez04 into the

plasma is required in order to enable continuous operation

over several hours.

• The formation of larger fullerenes and other molecules, such

as endohedral fullerenes and derivatized fullerenes, should be

investigated.

• Alternative purification techniques should be investigated for

the purification of C60' <;0 and potentially other fullerene

compounds frOID the PyroGenesis soot.
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CONTRIBUTION TO
KNOWLEDGE

A novel method for the production of fullerenes was developed in which

halogenated hydrocarbons may used as starting materials for fullerene synthesis.

Such a process may be scaled up to produce industrial quantities of fullerenes.

The effect of the process parameters on the residence time of carbon species in

the high temperature zone required for fullerene formation was understood. This

body of information, contained in this thesis, forms a basis on which an optimized

reactor configuration can be designed for the large scale synthesis of fullerenes

via the PyroGenesis process. It is believed by the author that in the future, should

a commercial market for fullerenes develop, the world's supply of fullerenes will

be produced via the thermal plasma dissociation of halogenated hydrocarbons.
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.
Analytical and Sampling Error Analysis (BSO)

(4 min, 65 kW, 0.29 mol/min C204, 300 torr)

800t %C60 %C70 C60 C70
collected in 500t in soot collected collected
(g/min) (mg/min) (mg/min)

Sample 1 3.69 3.43% 0.88% 126.57 32.47
3.32% 0.80% 122.51 29.34
3.35% 0.85% 123.62 31.37

SampIe Mean U4.23 31.06
Sample2 3.69 3.51% 0.88% 129.52 32.47

3.47% 0.83% 128.04 30.63
3.45% 0.86% 127.31 31.73

Sample Mean 128.29 31.61
Sample 3 3.69 3.45% 0.85% 127.31 31.29

3.35% 0.82% 123.62 30.26
3.31% 0.79% 122.14 29.15

Sample Mean 124.35 30.23
Sample 4 3.69 3.25% 0.79% 119.93 29.15

3.32% 0.83% 122.51 30.63
3.37% 0.87% 124.35 32.10

Sample Mean 122.26 30.63
Overall Mean U4.95 30.90
Overall Standard Deviation 2.65 1.08
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Analysis of Variance

Source of Degrees Sumof Mean F
Variation Freedorn Squares Square

Between dfb= 3 SSb 19.25 M5b= 6.42 1.45
samples

Within dfw 8 SSw 35.40 MSw 4.43
samples

Total dft= Il SSt= 54.65

The F values obtained from literature for 0.05 and 0.01 levels of significance
at dfb=3 and dfw=8 are 4.07 and 7.57, respectively

Since the calculated F value is less than bath the literature values [Elzey, 19651,
then we ca:.! accept the null hypothesis that there is no sampling errar.
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Experimental Error
(4 min, 55 kW, .29 moVrnin C204, 200 torr)

Expt No. Soot %C60 %C70 C60 C70
Collection in soot in soat collected collected

(g/min) (mg/min) (mg/min)

B12 3.09 3.13% 0.66% 96.72 24.35
BIS 3.32 3.18% 0.76% 105.58 28.04
B2Sb 3.43 3.15% 0.66% 108.05 24.35
Mean 103.45 25.58
Standard Deviation 4.86 1.74
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Removal of By-Products
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APPENDIXB
REMOVAL OF BY-PRODUCTS FROM

PYROGENESIS EXTRACT

Ta facilitate purification by chromatography, a number of techniques were

investigated for the removal of by-products from the fullerene crude extract prior

to column chromatography. From experiments in chromatography, described in

Section 9.3, it was found that high purity C60 can only be obtained if the extract

which is loaded onto the column consists of at Ieast 30% C60. As such, the

removal of a portion of by-products became an essential step of the purification

process.

B.1 Variation of solvent to soot ratio during extraction process

The first step required for most purification techniques involves the process by

which fullerenes are separated from the insoluble carbon soot. The extraction

procedure used in this work involved the dispersion of the carbon soot in toluene

through the use of a sonication bath. Sonication of the mixture enhances the

dissolution of the solute in a solvent, by breaking up the aggregates of solid

material via ultrasonic waves.
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The volume of toluene used for extraction has a significant effect on the

composition of the eTUde extract. When a small volume of toluene per gram of

soot is used, the crude extract is much richer in C60 than when a higher ratio of

solvent to soot is used. Two examples are shawn in Table B.l. In the first

example, the C60 content in 78C extract was increased from 20.0% to 29.3% by

decreasing the solvent to soot ratio from 200 mL/g ta 100 mUg. Similarly, the

C;o content was increased from 7.3% ta 11.3% when the solvent volume was

decreased. Even though less solvent was used, the extraction of C60 and ~owas

not affected, as seen in columns 5 and 7 of Table B.l. Similarly, in 78E crude

extract, 50 mLig was sufficient ta extract aIl of the C60 and C70' yet increase the

concentration of C60 in the crude extract from 27.6% ta 45.8% and the

concentration of ~o from 8.3% to 16.3%.

As can be seen in Section 9.1, there is a variety of by-products present in the

PyroGenesis soot, which have very different solubilities in toluene. By-products

having a lower solubility in toluene than fullerenes may not be extracted when a

low solvent to soot ratio is used, since the solution becomes saturated with

compounds having a high solubility. As such, through the variation of the soIvent

to soot ratio, it was possible to remove sorne by-products from the crude extract,

thus enriching the extraet with fullerenes.
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Table B.1: Effect of toluene volume on composition of crude extract

(1) (2) (3) (4) (5) (6) (7)

Extract Volume % %C60 % C70 C60 C70
No. toluene per extraction in in extracted extracted

gram 500t extract extract per gram per gram
(mL/g) of 500t of 500t

(mg/g)

78C 200 8.9% 20.0% 7.3% 17.5 6.5
100 5.6% 29.3% 11.3% 15.6 6.3

78E 200 8.2% 27.6% 8.3% 22.5 6.8
50 4.8% 45.8% 16.3% 22.0 7.8

B.2 Simple sublimation of fullerene extract

Because fullerenes have a high sublimation temperature relative to other organic

compounds, simple sublimation was attempted in order to remove by-products

having a lower sublimation temperature from the erude extraet. A ceramie

vacuum furnace, shown in Figure B.1, was used for this study.
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lèmperature controller

Figure B.l: Schematic of apparatus for simple sublimation experiments.•

Fumace tube

Vacuum pump

Argon

•

The sample, placed in a modified glass vial, was introduced into the fumace, the

chamber was evacuated and backfilled with argon te a pressure of 7.5 torr. The

temperature was varied from 250 oC to 400 oC. Volatile compounds are carried

from the vial by argon, ta the water-cooled collection finger, where these

compounds condense. After each experiment, the vial was weighed ta determine

weight 105s, and all condensed material found inside the alumina tube and on the

cold finger was collected and weighed.
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The first experiments were ron with crude extract derived from commercial soot

produced via the arc-vaporization of graphite, which consists ooly of fullerenes.

Three experiments were ron in which the temperature of the fumace was 300 oC,

350 oC, and 400 oC. The experiment performed at 300 oC did not result in any

loss of material, whereas at 350 oC, sublimation of 15% of the material occurred.

At 400 oC, there was a significant weight loss, amounting to 70% of the

fullerenes. The total initial weight of fullerenes was accounted for after each

experiment, in the vial and as a deposit in the fumace.

When PyroGenesis extract, containing 20% C60, was subjected to a temperature

of 250°C, the results were surprising. The weight loss in the sample was 27%,

however, the material which remained in the vial after the ron was no longer

completely soluble in toluene. In fact, only 28% of the extract dissolved in

toluene. Although the soluble portion of the treated extract was enriched with

fullerenes (34% C60), more than 50% of the C60 could not be accounted for. C60

either reacted with other by-products in the extract, or decomposed during

heating. Reaction with other products could lead to polymerization or to the

formation of larger fullerene derivatives which may no longer be soluble in

toluene. Furthermore, decomposition of C60 into graphite would also result in

an insoluble end product.
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B.3 Solvent extraction of by-products with varions solvents

Solvent extraction techniques using different soIvents were investigated as another

method for removing by-products from PyroGenesis extract. Organic solvents

investigated for the selective extraction of by-products from the PyroGenesis crude

extract included tetrahydrofuran, dichloromethane, ethyl acetate, acetone and

methanol. Solvents were chosen based on their low affinity for fullerenes since

it was necessary to minimize losses of fullerenes. Extraction experiments were

performed on commercial soot using a SOXHLET extraction method, as

described in Section 3.5.1. For the first set of experiments, the SOXHLET

extraction was ron for 20-24 hours using different solvents. Results are

summarized in Table B.2.

Table B.2: Extraction of C6D by various solvents

Solvent % of C60

extracted

Tetrahydrofuran 50%

Dichloromethane 28%

Ethyl acetate 17%

Acetone 3%

Methanol 0%
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Tetrahydrofuran and dichloromethane were not suitable for seiectively extracting

by-products, because these solvents dissolved a significant quantity of C60 (50%

and 28%, respectively). Although, acetone and methanol did not readily C60'

they were aise undesired since aromatic compounds have a very Iow solubility in

these solvents. This was aIse confirmed experimentally by the low overall

extraction of products, less than 0.5%, using acetone and methanol. Ethyl acetate

gave promising results and was therefore considered in subsequent experiments.

In addition to ethyl acetate, diethyl ether was aIso investigated further for the

potential removal of by-products from PyroGenesis extract, based on its reported

use by Scrivens et al. [1992] for the extraction of impurities frOID commercial

fullerene extract prior to column chromatography. Controlled experiments were

performed using ethyl acetate and diethyl ether in which a SOXHLET extraction

was monitored by changing the flasks at various time intervals. Each fraction was

collected and anaIyzed by HPLC. Results of the test are summarized in

Figure B.2.

As seen in Figure B.2, diethyl ether removed 22% of the by-products present in

the soot, whereas ethyl acetate only removed 15% of the by-products. The losses

of C60 after 1.3 hours were 2.5% for diethyl ether and 1.9% with ethyl acetate.
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Based on these results, a new procedure was developed, where the crude extract

is dispersed in diethyl ether (mL diethyl ether per gram of extract), using an

ultrasonie probe, and then filtered over a bed of silica gel. Using this procedure,

up to 27% of the by-products were removed from the crude extract. This

procedure was adopted as a required step to be performed prior to purification

of the eTUde extract by column chromatography.
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Abstract

A mathematieal model is developed for the simulation of the PyroGenesis thennal plasma

reactor used for the synthesis of fullerenes (~, and others) via the dissociation of C1C14 • The

reactor studied is a spherical, water-cooled chamber equipped with a non-transferred d. c.

plasma torch. C2C4 is introduced inco the plasma jet. The equation of continuity is soIv~

along with the equations of conservation of axial and radiaI momentum and energy. The K-E

model is used for the consideration of the turbulence effects. The radiation terro is represented

by the net emission coefficient method. The equation of transport for C2CI4 is soIved in order to

estimate the quaIity of the mixing with the hot jet, not taking into account chemicaI reactions.

Fields of the flow, temperature and concentration patterns are presented. The deposition rates

and wall temperatures obtained experimentally are compared to results of the modeI.
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1. Introduction

The PyroGenesis process was recently developed for the potential large scale production of

fullerenes [1]. The process is based on the thermal plasma dissociation of halogenated

hydrocarbons. Using C1C'La as the carbon source, a 3% conversion of cl e4 to fullerenes has

been obtaine<L based on carbon input, and the fullerene yield in soot was 5.3%. The

temperature of the collection site, which is itself a function of the power input and reactor

geomet.ry, has been shawn ta play a critical roIe in fullerene collection. Hence, in order ta

optimize the process for maximum fullerene production and collection, a better understanding

of the flow pattern and temperature gradients within the reactor is essential.

The combination of high temperatures and the presence of chionne make the in-situ diagnostic

of the reactor a difficult task. Also, the presence of high soot concentrations in the gas and the

signifieant wall deposition forbid any spectroscopie temperature and/or concentration

measurements. The mathematical modeling of this process is thus perfanned in arder ta gain

insight on the mechanisms in the reactor. Free and wall confined plasma jet models have been

developed in the past for various applications [2-8].

In the present wark we will first describe the experimental setup of the PyroGenesis process

and the assumptions and development of the mathematical model. The wall temperatures

calculated by the model are compared with the experimental measurements. The model will

also give an estimate of the quality of the mixing of C l C4 with the hot gas stream. FinaIly, the

2



calculated flow pattern, temperatures and mass fraction of C2C4 ?Jill he used to explain the

• deposition patterns for total soat and for 40 and C70-

2. Experimental

•

•

A schematic of the overall reactor assembly is shawn in Figure 1. The reactor is a spberical,

water-cooled vessel (ID=30 cm), equipped with a non-transferred d.c. plasma torch. C!C4 is

introduced into the plasma jet through a nozzle consisting of an annular ring with three

openings. C2C4 is dissociated in the plasma, fonning a reactive cloud of C and Cl atoms and

molecules. Under controlled operating conditions, sorne of the carbon atoms recombine to forro

fullerenes, which condense with soot on the reactor wall. The gas leaving the reactor then enter.;

the quench zone, a stainless steel receptacle containing a water<ooled coiI, where the products

remaining in the exhaust gas condense. The operating conditions used to produce fullerene­

bearing soot for the study reported herein are summarized in Table 1.

WaIl temperature measurements were taken by thermocouples located at various positions in

the reactor. These measures were made only in mns perfonned without Cl C4 injection. due ta

the high corrosivity of this product. Samples of soot were collected from eleven zones in the

reactor. The data of sarnples obtained from symmetricaI fractions was averaged, resulting in 8

fractions Iabeled from A ta H. The soot samples were weighed and analyzed for their 40 and

C 70 content by High Perfonnance Liquid Chromatography (HPLC). Results are reported as

mass per unit area.

3
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3. Mathematica1 Model

3.1 Assumptions

The major assumptions used in the development of the model are the following:

- The plasma is assumed at LTE and the reactor is operated in steady state conditions.

- The reactor is assumed axisymmetric along the plasma jet. Thus three dimensional effects due

ta the exhaust pipe and the hydrocarbon injection by the three nozzle holes are neglected, but

the momentum of these flows is respected. Viscous dissipation is neglected, as weIl as gravity

effects as justified by the strong forced convection.

- The time averaged effects of the turbulence are considered. The K-e model is used to calculate

the contribution of turbulence in the equations of momentum, energy and hydrocarbon mass

conservation.

- The effect of the swirl imparted ta the gas upstream of the torch is assumed to he negligible

within the reaetor.

- Compressibility effeets are neglected. In the case analyzed here the flow is subsonic in ail the

domain except in a small region inside the nozzie, based on sound veIocities reported by

Pateyron et al. [9]. At an axial position of 4 cm downstream of the nozzle exit, the squared

Mach number M2 is below 0.5. It is thus expected that these effects will not influence

significantly the global behavior of the reaetor.

- The plasma is optically thin. The radiation term is represented by the net emission coefficient

method, with Rp = 0.5 mm. The values take into account the proportion of earbon in the gas,

4
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assuming the hydrocarbon in fully dissociated state. This last assumption is quite valid in the

regions where radiation is important

- The effect of the electric field is neglected in the region considered, including the Dozzle and

the spherical reactor.

3.2 Conservation Equations

To obtain the velocity, temperature and concentration fields in the gas phase we need to solve

the equations of continuity and of the conservation of axial and radial momentum~ energy and

hydrocarbon species t which write in cylindrical coordinates:

- Continuitv eguation:

t is the time, z and r are respectively the axial and radial coordinates, p is the density, and v:

and V r are the axial and radial components of the bulk gas velocity.

- Axial and radial momenrum equations:

5



• in which 11 is the effective viscosity, defined larer.

- Energy eguation:

a 1 a a i) (le ah) l a( k dh)-(ph)+--(rpv h)+-(pv h)=- -- +-- r-- -U
at r ar raz:: dz Cp dl. r iJr Cp ar (4)

h is the gas specifie enthalpy, k the effective thermal conduetivity Oamïnar + turbulent), Cp the

specifie heat at constant pressure and U is the radiation loss terme

- Hydrocarbon mass conservation:

a 1 a a i) ( dX) L a( ax)-(pX)+--(rpv X)+-(pv X)=- pD- +-- rpD- -Sdt rdr r (}z l {}z tk rar ar ,. (5)

•
X is the mass fraction of hydrocarbon in the gas and D is the effective mass diffusivity. This last

equation considers only the transport of the hydrocarbon. Evidently the hydrocarbon will

dissociate and reaet, and thus results presented here can only give estimates of the quality of the

mixing between the reactant and the helium plasma jet. Sm is a mass source term that simulates

the condensation of the hydrocarbon at around L600 K. This results in more reaIistic

hydrocarbon concentrations in the je~ since it will eliminate the gaseous hydrocarbon in the

surrounding gas that is pumped by the fast flowing gas.

The effect of turbulence on the transport coefficients is eonsidered using the well-known K-E

model as reported by Murphy and Kovitya [4]. The effective transport coefficients mentioned in

•
the previous equations are:

11=11,+11, with (6)

6



•
in which "e • ke and De are the molecular viscosity, thermal conductivity and diffusivity.

Two additional equations need ta he solve~ for the turbulent kinetic energy (K) and its rate of
dissipation (E):

(7)

The effective diffusion coefficients for K and E are:

(8)

71 1, 71c =1J1 +-
(j~

(9)

•
and G is given by:

(l0)

Using the constants in Table 2, we thus have a closed system of equations.

However a correction is brought in the region outside the nozzle, as suggested by Rodi [10] for

the case ofaxisymmetric jets:

8 (d(VJoCd == 0.09 - 0.04/ , C2 =1.92 - 0.0667f , where / = 2~ ék ~r2 (l1)

•
In this last definition, cS is the jet diameter (defined by the radius at 1% of the axis velocity), tiu

is the velocity difference over the jet radius and (vJo is the axial velocity in the center of the jet

7



3.3 Boundary and specific conditions

•
The computational domain is shown in Figure 2 and consists of the nozzle, the torch tube and

the spherical reactor. The axis of symmetry is taken to he in the direction of the plasma jet The

flow in the plasma tarch is not solved. The equations presented above are applied to the points

in the gas phase that are no~ on the boundaries of the computational domain or adjacent to solid

walls. Specifie conditions are applied in the last mentioned locations:

Nozzle entrance: parabolic velocity and temperature profiles are assumed at the nozzle

entrance, which is located just at the torch ex.it:

• rrror. is the nozzle radius and T....·al the temperature set for the torch waIl. The values of maximal

temperature and velocity CTmaz, vz:.ma.r) are calculated in order to satisfy the energy balance and

the total flow rate obtained experimentally on the torch. Profiles of other fonDS satisfying this

condition have been tested and generated similar results downstream of the nozzle end. Other

conditions at the nozzle entrance are given by:

Vr = 0 1 X = 0 , K =O.OO3v; , E =3KYl
/ rfIDz (13)

These initial estimates of the turbulence parameters have been used by Murphy and Kovitya [4].

Axis of symmetry: Radial gradients are null for all variables except for the radial velocity.

•
dv. ah dX JK JE
--=-=-=-=-=0, v =0 (14)
iJr ar ar ar ar r

Reactor exhaust: Gradients are assumed ta he null in the direction of the flow, and the radial

velocity is adjusted to ensure conservation over the reactor.

8



• . av iJr iJX dK de
~=-=-=-=-=O
dr iJr ar iJr ar (15)

•

Turbulence near walls: The conditions on the grid points adjacent to the walls are within the

computational domain and are not strictly to speak boundary conditions. However in order to

take into account the influence of the walIs on the intensity of turbulence, wall functions are

used to define the values of K and E for the adjacent points, as suggested by Murphy and

Kovitya (4]:

in which ka is the von Kannan constan~ equal to 0.41 and Yp is the distance From the point to

the wall. Ut is the frictional veIocity and is caIcuIated by the fallowing expression, in which Up

is the velocity parallel to the wall and E is the roughness parameter, taken to he 9.973 for

srnooth walls:

U p = _1 In( EpU~Yp )

Ur ka 11
(17)

•

Reactor waIls: Special conditions are also fixed for the walls, which lie within the

computational damain:

v =v =X=K=e=O (18)t r

Heat transfer through the wall occurs by thermal conductivity ooly. AlI the region surrounding

the reactor wall is assumed composed of water. In this region the temperature is fixed at 350 K

and the velocities are not solved. The heat transfer between the wall and water is defined by a

convection coefficient.

9



• 3.4 Details of the solution

The conservation equations are solved by the SLMPLE method described by Patankar [Il].

They are put in the general fonn proposed by this method:

(19)

•

•

in which <p is in tum 1, Vz, Vr, h, X, K and E. r. and S. are the diffusion coefficient and source

term associated to the variable ~. In the general case the equations of continuity (1) and of

hydrocarbon conservation (5) have no source tenn S•. However since the C2C4 injection and

the simulated condensation occue within the computational domain, they are represented by a

term on the right hand side of the corresponding equations, at the concerned locations.

Thennodynamic and transport properties are calculated for pure helium gas at thennodynamic

equilibrium, except for the density which is corrected to account for C2,C4. The thennodynamic

properties (Cp and enthalpy) are given by the equilibrium composition, which is determined by

the internaI partition funetions of He, He+ and electrons. The laminar viscosity and thermal

conductivity are calculated by the method of Chapman and Enskog [12,13J. The laminar

diffusivity of C2CI4 in helium is calculated by the following expression. based on the diffusion

of rigid spheres [14]:
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•
In this last equation les is Boltzmann's constant, p is the pressure in Pa., m.-t and dA are the mass

and equivalent diameter of species A. In order to obtain a conservative estimate of the diffusion

of the hydrocarbon. the molecular weight of C2CI.. in non dissociated fonn was applied in the

last equation. Sorne tests were run with a diffusivity based. on the mass of atoms and led to

simiIar results~ which is explained by the faer that turbulent diffusion is dominant. The thermal

conductivity of the reactor wall is given as 13 W/mK [15] and the thennal conductivity of

tungsten is Interpolated from values given in [16]. The heat transfer coefficient between the

wall and the cooling water is 100 W/(m2K).

An artifice is used in order to obtain a higher number of grid points in the reactor wall without

needing an excessive number of grid points in the overal1 solution. The application of this

• artifice uses the assumption that the dominant component of the heat transfer at each location of

the reactor wall is the radial component, which is verified by the higher thermal gradients in

this direction. In this situation~ in a spherical shell the heat transfer through a wall of thickness

th l and thermal conductivity k l is equivaIent to that of a wall of thickness th! and thermal

conductivity k2 if the following expression is satisfied, in which Rr is the reactar radius [14]:

k 2 kt

UJ-(R r ~thJ (;J-(R r ~ thJ
(21)

A non-uniform grid of 168 x 118 is used for the results presented here. Trials have shawn that

the solution shows no significant influence of the grid definition at this level.

•
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4. Results and discussion

•
The simulations were made with the geometry and operating parameters of the process

described above (section 2). Figure 3 shows a contour plot of the stream function of helium,

normalized by the torch flow rate

JH~ and JC~Cl4 are the helium and hydrocarbon fluxes in the axial direction. The letters around

the reactor in Figure 3 refer to the sections at which deposition rates were measured

experimentally. and a discussion of the experimental results is presented later. The figure shows

that the main stream hits the reactor wall facing the plasma jet and follows the wall until the

• exhaust tube is reached. Entrainment of surrounding gas into the plasma jet causes ?ne large

recirculation around the jet. A small recirculation. which is not seen on the figure, aIso occurs at

the bottom of the torch tube. The orientation of the gas velocities in the reactor can he seea in

Figure 4. It should he noted that the length of the arrows is independent of the intensity. The

study of the turbulent viscosity shows its strong effect on transport coefficients in the reactor,

except in a high temperature conical zone near the jet axis that does not extend past the nozzle

end. Tests without the consideration of turbulence effects have shown results deviating

significantly from these.

•
The temperature field is presented in Figure 5. As can he observed, strong thermal gradients

occur on the reactor wall, just in front of the jet. Combined with the local velocity field, the

12



resulting rate of ternperature decrease just upstream of this region reaches 3 106 K/s. The

• temperature field shows less important gradients on the sections of the wall facing the side of

the jet. A favorable temperature zone for the formation of fullerenes is expected to lie between

1900 and 2300 K [17]. As can he seen. this region is small in the present configuration.

Figure 6 shows the calculated and experimental values of the wall temperature for cases

without injection of hydrocarbon. The temperature is plotted as a function of the angle 8

relative ta the vertical in the computational domain (see Figure 2). The results are presented for

•

two values of the power (55 and 65 kW), and as expected, the temperatures are sIightly higher

in the case al higher power. However the trends observed are the same for bath cases. WaIl

temperatures are higher near the jet impact (angle close to +90 degrees), due to the high

temperatures in the jet and the strong thermal exchange. The temperature decreases gradually

along the wall to reach a minimum near the exhaust tube (angle = - 35 degrees), due to the

enlargement of stream lines and hence the reduced heat exchange efficiency. The temperature

increases again near the corch neck (angle =-65 degrees), which is explained by the narrowing

of stream lines at that point (see Figure 3) and thus the improved heat exchange. Good

agreement is obtained with the experimental values for the points lying in the -10 to +40

degrees range. The temperature drop near the exhaust and increase close to the neck predicted

by the simulation are also observed in the experimental measurements, but to a lesser degree. It

is to he noted that the radiation absorbed by the walls is not considered.

Figure 7 presents the isocontours of the mass fraction of hydrocarbon (C2C~) in the jet region,

• along with the isocontours of temperature for 2000 and 3000 K. The nonnalized stream
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• function isocontour rimiting the mainstream is that valued at 1.09, due ta the addition of 20

slpm of helium with the hydrocarbon injection. This line is also shown on the graph. The values

of concentration are calculated using a laminar diffusivity based on C2C4 in the non dissociated

stare, and thus give conservative estimates of the importance of molecular diffusion and thus of

the quality of the mixing. The observation of the results shows tha~ for x= 0.08 ~ the value of

the mass fraction of C2C4 on the 2000 and 3000 K isocontours are 10% and 30% of the value

on the axis, respectively. These results suggest that most of the hydrocarbon is weIl heated by

the plasma jet and thus good mixing occurs between the helium jet and the hydrocarbon,

favoring a good dissociation of the reactants. Simulations performed with the diffusivity

caIculated assuming the C2CI4 in the dissociated forro give only slightly differing values, and

the qualitative behavior is similar to that of the base case. This is due to the dominance of the

• turbulent contribution in the diffusion. Aiso we can note that the load of hydrocarbon spreads

radially. Streamlines outside the mainstream carry significant proportions of product, and thus

soot and Ct;o, once condensation has occured.

Figure 8 shows isocontours of the hydrocarbon mass fraction over the reactor. As can he noted,

the distribution of hydrocarbon proportion in the gaseous phase spreads gradually along the

flow, and drops rapidly near the 1600 K isocontour due to the simulated condensation in the

mode!.

•
Figures 9 and 10 show the experimental results of the concentration of total soot, C6Q and C70

obtained after 4 minutes of operation, as a function of the location. The concentrations are

expressed as milligrams per square centimeter, for experiments run at 5S and 65 kW,
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•
respectively. The location of the fractions within the reactor is shawn in Figure 3. The Iargest

deposit of total soot pee unit area was found in Fraction D, for experiments run at 55 kW and 6S

kW. This is expected from the analysis of the flow patterns and mass fraction contours, since

the mainstream hits the wall at this location with the highest loading of products and soot.

Fraction E is close to the jet impact and aIso shows high deposition. Fraction C is

approximately symmetricaI to E, and shows the same tendency for 65 kW, however at 55 kW

its yield is smaller. Fractions B, F and G are situated at an angular position near the exhaust

tube and have the Iowest deposition rates. This can he explained, in a similar way as for the Iow

wall temperatures in the same region., by the enlargement of stream fines. Also, the streanùines

following the wail are gradually depleted of soot. The model fails to predict the high soot

deposition at A. This cao he justified by the fact that the exhaust is actually a tube located

• below the centerline and not distributed axisymmetrically as is considered by the model.

Section A is thus considered by the model as very near the exhaust tube, whereas in the

experiment it is not. Section H is close to the torch tube and shows high deposition rates.

Although the mainstream (stream function between 0 and 1.09) does not reach this point., the

analysis of the concentration patterns (see Figure 7) has shown that the diffusion causes a

significant arnount of hydrocarbon (and thus soot) to he transported by nearby strearnlines. The

streamlines tend to compress near the torch tube, as seen on Figure 3, leading to an efficient

mass transfer to the waiIs. Deposition rates of total scot are generaIly higher at 65 kW than at

55 kW, but the above mentioned tendencies are maintained.

The analysis of the concentration of Co<> at 65 kW as a function of the angular position shows a

• different deposition pattern than the total soot. The concentrations of 4,0 are highest near the
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•

•

torch tube (Sections'A and H), due to the combined effect of high total soot deposition and

moderate waIl temperatures. In front of the jet (Sections Cy D, E), the deposition rate is Iower

due ta the high wall temperature that cause its partial sublimation. The rates of deposition are

smaIlest near the exhaust tube (E, F, G)y but the concentrations of 40 in the soot are higher

than in the hot regions. This interpretation seems to he confumed by the experimental

observation that the 40 collection rate in the exhaust section increased with operating time.

Indeed this is justified by the increased wall temperature [1] that causes Coo to stay in vapor in a

higher proportion until its exit of the reactor. This deviation to the deposition pattern of~

from the total soot is less important for the experiment at 55 kW, due to the lower wall

temperatures. C70, which has a higher sublimation temperature than 40, is Jess influenced by

the wall temperature. Indeed it shows a deposition pattern more sinùlar ta that of the total soot,

for experiments at 55 and 65 kW.

s. Conclusions

A two-dimensional model is developed to simulate a reactor for the s}llthesis of fullerenes by

the decomposition of C2Cl4 in a helium plasma jet. The mode1 solves the equation of

continuity, the conservation equations for momentum and energy, and the transport equation for

C2C~. The fields of the stream function, gaseous and wall temperaturey and C!CL mass fraction

are presented. These results, and comparison with experimentai rneasurementsy Iead to the

following conclusions:

- High thennal gradients and velocities occur at the impact point of the jet on the reactor wall.

• These strong gradients result in limited reaction time for fullerenes to he formed from the
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• dissociated state that occurs at the high temperatures of the jet- ft is expected that the complex

chemistry of fonnation of fullerene molecules requîtes a significant amount of time to proceed.

This suggests that the reduction of these gradients by the increase of the distance between the

torch and the wall, or a change to a cylindrical configuration. may he favorable for higher

fullerene yieids.

- The calculated wall temperatures correlate weil with the measured values in the regions

located at angles between -10 and +40 degrees relative ta the vertical. For regions located

outside this range, the prediction of a maximum in wall temperarure near the exhaust is aiso

observed experimentaIly, but ta a lesser degree. As is aIso observed experimentally, the reactor

wall temperature then increases near the torch, mainly due to the narrowing of streamlines, and

thus more efficient transfer in that region.

• - The mode1 predicts that in the present nozzle configuration most of the C2C~ will he

entrained in the high temperature stream CT > 2000 - 3000 K), and that good mixing is

achieved.

•

- The model justifies the high deposition rate of total soot facing the jet by the high product

loading of the gas at this point. The deposition rate chen decreases aIong the wall until the

exhaust is reached, due to the reduction of the concentrations in the gas stream and the

widening of streamlines, reducing the deposition efficiency. The increase of the deposition rate

near the torch is explained by the narrowing of the streamlines in that region, which is also

responsible of the increase in wall temperature. However, the modei does not predict the high

deposition rate in section A, which is explained by the importance of non axisymmetric effects

al this point. For 40 at 65 kW the global deposition pattern is modified by its partial

evaporation from regions of high wall temperature. This results in low yields in front of the jet.

17



For~ al 55 kW, and for C'0 at both values of the power, the effects of evaporation are less

• important.

•

•
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• Table 1: Experimental conditions for fullerene 500t production

•

Torchpower

Helium Dow rate

Clet. feed rate

He carrier gas flow rate

Run duration

~ 55 kW and 65 kW
1

1225 sIpm
!
i 0.29 mol/min
1

!20sIpm
1
1

l
: 4 minutes

•

Table 2: Constants used in the turbulence model

Cl C2 O'k crE Cd O'h O'x

1.44 1.92 1.0 1.3 0.09 0.9 0.9

20



• List ofFigures

Figure 1. Setup ofFullerene Synthesis Reador

Figure 2. Computational Domain

Figure 3. lsocontours orthe Helium Stream Function, nonnalized by the torch flowrate

Figure 4. Direction ofVelocities in the Reactor

• Figure s. Isocontours ofTemperature (K)

Figure 6. Wall Temperature as a Function ofAngle Relative to Vertical (K)

Figure 7. Mass Fraction ofHydrocarbon in the Jet Region

Figure 8. lsocontours orthe Mass Fraction ofHydrocarbon

Figure 9. Collection Rates ofTotal Scot, C60 and C70, Power =55 kW

• Figure 10. Collection Rates ofTotal Soot,~ and C70 , Power =6S kW

21



•
Wmdow

Water..cooled
Reactor Cbamber

rCooling .
/ Wa1erOut

~Cooling

Water In

d.c. Plasma Torch

\
Plasma Forming
Gas InIet

Hydrocarbon
In1et

Soot Product

QuenchZone

/
Thermocouple .•

•
Figure 1 - Bi]odeau, Alexakis et a1, "M::rle.linq- of the Synthesis ••• n



• •

C2CI4+He
He fram torch....... _ ,. • _ • ,. ,. • ~ • _ • _ • _ ~ _ _ • _ • .. r_ • _ • _ _ _ -. • _ • _ • _ • _ •

•

Figure 2 - Bilodeau, Alexakis'et a!, Ilt-Weling of the Synthesis of Fullerenes ••. "



e

r, m

0.10

0.00

-0.10

0.00 0.10

e

0.20 0.30 0.40

e

Z, m

Figure 3 - Bilcx1eau, Alexakis et al., "M:>deling of the Synthesis of Fullerene••• "



e

r, m

0.15

0.10

0.05

0.00
0.00 0.10

e

0.20 0.30

e

Figure 4 - Bilodeau, Alexakis et al., '''lbieling of the Synthesis of Fullerene••• "



e e e

r, m

0.40 Z, m0.30

1500

0.200.10

1000 4000

0.15

0.10

0.05

o.00 !!!I!~5 .-::::c::::::I=:Ei..........---..L--L.--L--&-....&-..a..-..L-....JI.-..&.-=:;:::....&-.....t.-....J.

0.00

Figure 5 - Bilodeau, Alexakis et al., "r.Ddeling of the Synthesis of Fullerene••• Il



e e e

".+ 55 kW, Measure
.. 65 kW, Measure
••••• 55 kW, Model

- 65 kW, Model

800

Wall Temperature, K
1600

1400

1200

1000

600

-50 o
Angle e, degrees

l , , t

50

Figure 6 - Bilodeau, Alexakis et al., "M:xielinq of the Synthesia of Fulleœne••• "



e e e
r, m

0.12

0.03
~

~--- .---".....
,.,.. .",-"

· , 0.1-

0.4

0.080.04

0.2
_ 3000 K- - - - -

~::;~!."..~.~.~~~~=:. rt::IllIIL!.':A••••_ ••••••••_•••__••••_ ••' SF=1.06 .- - -._ .

Mass Fraction C2CI4
Temperature (K)
Stream function (SF)

---

0.005

0.015

0.010

0.000
0.00

Figure 7 - Bilodeau, Alexakis et al., "M::>deling of the Synthesis of Fullerene••• "



• • •

0.40 Z, m0.10

0.10

r, m

0.15

0.05

O.oot "~I ~ ~ ~'0.00 ~ , ,0:0B-:Ô:
Q01

1t 1

Figure 8 - Bilodeau, Alexakis et al., "Mxleling of the Synthesis of Fullerene••• fi



e e e
$"\J"I

, ""
12 1 1 .0.3

f1ill) Soot D C60 IIc10

..
o..

U

o,..
u

"'""M

8
(.)

1ib
8.........

"0
0)
~

(.)
0)--o
(.)

0.15

.10.2

'.! ., 0.1

':jO,OS

H

..... ~ · . '10.25

o

. ....

";-;';'·1 WIQI f.·;·~·;·;·t ... ' 0

F

<4 ~ ! ~ ~ ! ... Il ., ... , '" ~

.. , ......

E

":' III

• !

.~.

D

.... -~ ..... , ... , .. ~ '." , .::.

,'::

:;' ':'

.'l';;;''~:.'..: -~ .:::;:~.;~

"····1

c

• • • .. "·f \fi lo:

.. " ..... :.

BA

t .... !

............ ,

• , ••• 41- .... , • ~ f

8

o

6

2

4

10

"'""fta
~
8
'-'
-a
~uu-(5
u
~

o
o

Ci')

Fraction

Figure 9 - Bilodeau, Alexakis et al., "MJdeling of the Synthesis of Fullerene••• Il



e e e

~S,(h,

12. 1 10.3
Lill Soot D C60 • &1 C70 •

,.-..
....
8
(J

bb
8
'-"

...
o
\0

U

""0
4)...
o
4)--oo

o
r-

U

0.15

0.2

1 ••10.1

.. '·0.05

HGF

... , Il t ~ ...

... ,.~ .•' ~: ••. ,:.~ .. "'04 .... , .:~ ! ...

E

, ~ ~ ',' ~ , ,. • t ~ '"1 t , ~ .-:.....:,. -, 0.25

D
1 1""",1 MW L";';';';I RN "';"';"1 Q!'W:I (:.:.:.:.'1 K;!Jl!I F':':' RI' 0

.,' ,',

cBA

2

6

8 · ..

4

oII·....;..;·;·, iWI' J"-;':';.'

10.· .

...
oo

CI)

.............
8o
bba
......"

"t:I
QJ
~

o
QJ--oo

Fraction

Figure 10 - Bilodeau, Alexakis et al, "t-b:1eling of the Synthesis of Fullerenes ••• n



•

•

•

Appendix D
Ge-MS Output



e e e

91
; Ethane, tetrachloro-

~unaance

,. _.- .. _.. -_ ...... - .
Qua.11ty

~ ID
o
8

_..-- .. -. _...- _,.._-...... ...., .........

Scan 15 13.962 mln)t B53C-2B.D (~)

~
0:

1'6

129

5000 91

28

47 94

llï 1 ~~rrrr" l"" ~~'" 1"" l"" l'" '!" ,. l'" 's"
50~ 150 200 250 300 350 400 450 500 5 0 600 6 a

5000-

~...
~
~

r,
f'1...

!
Ch
~
~

.11)

--500 '-'-ssô--r-r-66ô---'6SO'
482 522542562 568 6E: B

CI) CI
-'(

CI CI

.1252281 Ethane, tetrachloro- (-)

1\12 213 246 298301 34136377 411 436

U6

lSÔ 1 1 200' , 1 250' , 1 300 II· 3Ar; . · ~OO l , 450

129

181 1
59

o 1 .1 1 l~w.L ~1. IL
In/z--> .~ l' 1 'sb' 1 1 100

C)

ln/z--> 0 0
li)
t')
or~

tO...
10...
Pi..,

~

L 1
.

1-
0

'"...
10
C....
t-
H

"N0

~ J\bunâonce

~

S
8
8·



. ;'~'.". •.\ • ,

-----------------------~--_ ...

Library Searched
Quality
ID

C:\DATABASE\WILEY138.L
99
Benzene, hexachloro-

;=\~ïïiJl-IIO::'" -----------·-S~'~n--li50--(2-2~··~;79'-ïrijn):135.3C-2Z.D (l')
,,11

:iq

5000

l·L~
.~ ,l',)

.1'7) .:1-1 1
~ 1,1 ';,", '~il 1J~I' Il I~ III, HU, 'JJl\ 'hl I"d' 1 i, 1.11: 'r 1" ""'~'I 1
O~ 1,",111 1 ".,J~I 1 i , Iii '11'1111 1 ,.--r-t·Tr-r--rï~-' 1 i '" r'-'

ll/~--" 50 100 150 200 250 300 350 400 450 500 550 600 650r ._--_...-------.~----.-----_._ .. -- -~.--- ... --- -'- ...- - ..-- '''.'- .--------- --- .-.------- ._ ..
i\bund:lI1ce fflJ:::G45: B81l:':8n8, h8xa,~·hJ':,r(..- (+)

~ f~ '1

If-r-r-rljj~.....,..-,-., 1 i , 1 rrr'--'-i,-.-,---rrrT-rr-rr-r-l"'-r""'TT-rl
300 350 400 450 500 5S0 GOO 6!)0

5000
,"·l

1,1 '

.: .1 ~1

H

D' 1 Il 1:1 1 U
1 Iii 1 1 1 l ' 1 1 1 Iii i i 1

tl/z--;, 50 100 150 200 250

CI

CI CI

CI

1 ...__. • • .....__•• .. _. __



e e e

Po:>~hhle (O~I>~ .'0
<'1 ( 1<lm rrr\QC~ b-e( -} (",(h(ve H'f'll'f l)~n2eoe-.~ (\

«(~I CI
oet"(h IO(D~i'l(t?ne

1 Cl MW flCl 380( 1
BC

Rerr.o-ul of CI

-1 3-tL\ ~

-2 3Dq
- 3 :n3.')
-l-\ 2.38
- 1) 2D2.5"

-'=' 1~"7 --, - \ C 155
.. .,
- B

Scan 89U (18.234 min) of 053C-1." SCAlED

Altlundance

001101
4011: j 1

1~1.:t 308
. 378

119
47' 238 i8~L1JJ,ld.L~ .Lu.. L.4. tll~' -175 561 615

#91666: Oenzene, penuchloro(trichloroethenyl)- SCAI.ED

Albundance

:~,
!

~
. ,

'::
100o

l
36 ~j3(e8 38'(18OUO. 15.:t

-

4011:1 1 J . 1 •T -JU?4,..."""
200 300 400 500 600

Mass/Chuge



,
If,?~~J\_._~._ ,,·':···:):::':;:!t~\,;,;;·;: :::;J~~zt··/.';:~:\
,",.'

•. '

:'"

.\f':.'::.~::~· ~;.~:

... :.' .':I.>i~i~i·~~t;,~~il~3~~~~}r:·( -'i·:~~~~~::f~\i.~:;~l;\:§\ ,.~'-~
. .'i ~.i >·>.r·;'ç~il~~~.~;.i:\l.!f*a?tl(.~.1*~~~\~~~Y~;z$f.3.W~~.~• ,+, _" "."'~ ·'u'" 't:>1~~.i.:'''' }\.< ~iff..•.~~'!t ..."4'l.f .,\r!I:JJ

:.. ·.;.:.: :;~.~i(;t'.~.{~tli{j;i~~j.!{lloi·fl,'l.e~~. ,Wf~fùr~~:~W;:(i;.·f;i'·.'
.. ' ~ •..!;.lt~.'(•• _.f'.n',ff ,. ,t-'Il ,~,?;.c."'.\ If' \tI4~,J;"c\t" .:.J.' '.l.:<:(~,·{·.;'n~~li~"iif'''~~iJi:'''':",''...,j·,!4··fj~.;;,.J~"h~J.W.\- •

~;lJ~;t!J.~~j~]~~~1~00i~lr~l~i1~;1~I;;
i.'Y:,·

' .. "
' .. '

.', :t f

Library Searched
(}ual i ty
ID

C:\DATAI3ASE\WILEY138.L
9(;

Haphtha lene, octacl •.l·))"o-

.ï" "li.-f::- ....
Sc(\n ~·104 (4:-.~lq7 min) H~)JC-.27..D (')

5000

o ~~~iJL~J~l~~~,-A, 1" L-,l1-,.~Jl r"'~h.l.,-.rT'-'
SO 100 E,O _~ 0 n :~ ~'O :.Hlll J ;,(1 ,1 (1 () 4 ::.0

,"-,. -r--'-~r .,. , 'TT-"-"" 'r-r-r-r,' T'T" -
!·.(1I1 1:,r,(1 ,-"n() j;-.~.(\

: 1 t l,

SOOO·

.. ...L,- . 1
1li r", -r'"'1-·'--"-" 1 "T- 'î --'" ,--., .,. [' '1' • "-,- • '" . ,- -, -, rI" '"1''''''''' " 1 - 1 r r" -'" r ,- l' ,. 1 1 1

, -, , -, 1 -, ., - 1
1

, , , , , ,
~,1) 1UO ] !,tI,) ,.'0\) .. :. () i (J (J :~ ~. CI .) uO ·1 ~'lI ~! 1I l.,1 , , ~, ( 1 •. fll' [,1. '.'1 --------~-----_.__.- _. ",_,_._,. _.__. . __ .__ ,_ ._._ .

CI ("

CI

CI'

; ~I

('1

CI CI



e

........ _ ._. ..._ .. __.',. --"l'>, •

..... 0Ci) t()~")IM~ (~n6

W
ç

, Cl '80
n.... CI I~c...

(/ ~ CI MW1J.B
CI cl -

Od~h\M·Oo. c.enqrhth~kne

RemllJo.\ of Cl

-1 3~2S

-1 351
-?> 3ll,S

-1 ' ~g,

-'5 :150,5

-Co ~15

-1 1196
-8 \ 44

e e

Scan 1624 (34.198 roln) of 863C-2.d SCAlED

Abundance

# 99419: 2,3,9,' O-TETRACHlonO-OENZO( 1,2-0:4,5-0' )OIS( 1,4 )8ENZODIOXIN SCALED

00001
400:

Abundance

" 7B

108 1 2}'l 286

~:',1...u.L.ll.LL __.1.. .... .{..,L

356

.IL . ~ ..[" 'I?;...
5tH

\
6j~

-~t-/ ~,:> \S No
.Ih-e (~\IA,\\ ~

1 \42"
0000

4000
214 309 3~J
r . b ~o , , , l '" l'" 1 ' , , 1 ' , l ' , , Iii

o 100 200 300 400 500 600
Mass/Charge



e • •
./\Jojsi bl~ ComPDul1 d
1 Cl C\

(\

(1

CI

( 1

t?( (

'~L---M~-J Y~2.
.;...;--

TIC uf D53-5A.d

AbundanCB
160UOOO

1400000

1 i
~-~V;"'''''''''''I'''''''''''_~~''400000

200000

oL l' , il' i , 1 i • , 1 ---,.-,.-

10 20 30 40

1200000

100(1000

800000

lime (filin.)

Scan 2039 (39.248 min) of D53-5A.d

Albundance

26

0100UO

~OOUO

20000

10000

o

45(·

345 38(· J
,. l '

" 1 l '", Ji III, T-"'-

40U

___--"". -_ .. _. -....-



e e e
... .:....Ik~ .... ~.,_....~ __._4- ...

..
,/

TIC of D53C-2.d

Abundance

~~~~

3020

~~,A"'f~'

10

1800000

1000000

140(1000

120[1000

1000000

800000

60UOOO

400000

20(1000

0' i i 1 i , i i 1 1 l , " •

40
lime (min,)

Scan 2037 (37.837 min) of 853C-2.d

·15~·

380303

225
,,/

..""m',.' "'._ ',''''. ,~,l

190

200

132

100

Albund.nce

18000

16000

14000

120(10

10000

80UO l~B

6000

4000

2000

o

"180 1)47, . 617

___ 300Ma~s/Char.l. 400 ~~Hlill• 6UO
__ ~ 1r: Set of 2: MS---



e
fi',\ /~/c\ ,(,' (\ (j) ciffe\cl
\.!:;/ C\ '\ ~ q

\ " '\ .~ cle" 1 cI

cl C\." ~ \,1 CI
Cl C1 ( \ tl 'C ,

c:\ecQ(~ \~rDtlllO(a(1ine('e

Abundanco

e

Mw 54 ï]

TIC ur D53C-UNK2 ....

e

1.00e+01
LP)

9.000+06 ~D-\Qo'''P

0.006+06 ~h
1.006+06 /' \efl1e
6.00e+06 1
:::::::: !I.~
3.000+06 ,! ~W
2.000+06 \.J U)~ \1.
1.00e+06~ _ "'-..A...-_-...-_-
D.OOe+OO ---.-~

20 • 40 60 80
lime (min.)

Scan 5700 (1utl.061 min) Dt 853C-UNt<2.d

t
-..L-

.------, • 1

100



IMAGE EVALUATION
TEST TARGET (QA-3)

· 1.0 :; 12
.
8 ~1I25

~ :; I~ 1111
12.2

~ ~ ~

1.1 ~ ~ ~ 11111

2
.
0

1I111~ ..~~ 111111.8

111111.25 111111.4 111111.6

150mm -- ----J-.......,

6" ------_--.1

APPLIED .::i I[\MGE 1_ . ne
~ 1653 Ëast Main Street

_.::i Rochester, NY 14609 USA-==--= Phone: 7161482-0300
__ Fax: 7161288-5989

Q 1993. Applied Image, Ine.. AIl Rights ReselVed


