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Abstract 

Since its first discovery in 1985, fullerenes have captured the eyes of numerous 

scientists around the globe for its unique characteristics and versatility in countless 

applications-most notably in solar cells. However, the expensive and environmentally 

detrimental production techniques that are currently available have been inadequate in 

satisfying the growing demand for the material at a reasonable price. In hopes of 

developing a less expensive and greener solution, the Applied Nanotechnology Lab at the 

University of New Brunswick has been exploring a 3-phase AC plasma method of 

production, which requires high plasma gas and carbon feed consumption to achieve 

parity with the production rate of the competitive systems. In an attempt to minimize the 

expenses associated with the starting materials, this investigation examines the potential 

and the implications of recycling for the cost-efficient production of fullerenes. 
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1. Introduction 

Buckminsterfullerene or Fullerenes in short are a series of pure closed carbon 

molecules varying in the number of constituting carbons as well as in shape-including 

spheres, tubes and onion-like structures. The very first and perhaps the most well-known 

member of this family, C6o (Figure 1), was first discovered in 1985 at Rice University by 

a team of researchers including Harold Kroto, Robert Curl and Richard Smalley 1• They 

were recognized for their ground-breaking work and were subsequently awarded the 

Nobel Prize in 1996 2. Almost immediately after their discovery, fullerenes have caught 

the attention of numerous researchers and industries around the world and have since been 

a popular subject of scientific investigation. Its discovery not only established a new 

family of carbon allotropes consisting of other species of fullerenes-with as low as 18 

atoms and up to hundreds of atoms that were identified shortly after-but it also opened 

doors to an entirely new field of advanced materials science and applications thanks to its 

unique physical and chemical properties. 

Figure 1. C60 Fullerene 

Most notably, over the past decade, in an attempt to reduce heavy dependency on 

fossil fuels, considerable advancements in the field of renewable energy sources have been 

made globally. The Photovoltaic (PV) market in particular has rapidly expanded almost 
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by 40-fold world-wide PV capacity during this time 3• While the silicon-based materials 

for the PV cells have become affordable and hence are predominantly in commercial use 

currently, photovoltaic energy is yet to achieve grid parity due to the overall production 

costs of the PV cells 4• With optimized silicon PV cell conversion efficiencies reaching a 

plateau at around 30%, the prospect of significant additional reduction in costs does not 

seem entirely promising either 5• 

Prospective alternatives, however, to the silicon-based modules are being actively 

investigated. Especially, the use of nano-carbon materials such as fullerenes in the 

manufacture of solar panels is becoming increasingly prevalent 6• A typical organic 

photovoltaic cell (OPV) consists of an active layer placed between two electrodes: Within 

the active layer, it is the combination of polymer donor and the fullerene based acceptor 

that allows the desired photoelectric conversion to produce useful electricity from incident 

solar radiation. Unfortunately, this evolving new method of solar energy generation has a 

relatively low energy conversion efficiency of just over 10% in comparison to the 30% 

efficiency of most silicon-based counterpart 7• However, the solubility of the fullerene 

derivatives allows the potential for a simple, low cost, high throughput roll-to-roll 

production analogous to that of Saran™ wrap along with the deposition of the fullerene 

materials via straying and inkjet printing, which has traditionally not been possible with 

rigid silicon-based cells that require thicknesses of around 160-240 µm 8• OPV functional 

layers are vastly thinner, ranging from 30 to 100 nm to allow flexibility and portability 9. 

Moreover, fullerene-based solar cells will eliminate the need for the environmentally 

detrimental silicon processing: which initially involves the conversion of silica to pure 

silicon via the heat treatment in the presence of coke to produce pure silicon and extremely 

large quantities of CO2 10
• Additionally, expensive and energy intensive vacuum chambers 
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and clean rooms used to prevent contamination in the production of the silicon PV 

modules would no longer be necessary with the OPV cells. The use of fullerene OPV cells 

downstream also has immense health and safety implications as fullerenes are relatively 

non-toxic in comparison to silicone based materials 11
• Such desirable qualities of fullerene 

based materials will offer not only a major reduction of solar-panel production and 

installation costs but will also open the doors to a whole new realm of solar panel 

technologies such as solar power generating windows, roof-tiles and panels made possible 

by their inherent flexibility and lightweight characteristics 12 (Figure 2). 

Figure 2. Flexible Plastic Fullerene OPV cells 

Owing to their symmetry and unique electronic properties as an excellent electron 

acceptor, fullerenes have also been discovered to off er numerous applications in other 

areas of science, including but not limited to diamond synthesis 13
, optics 14, cosmetics 15 

and even pharmaceuticals as a potential HIV treatment 16
. Such versatility allowed the 

perpetual growth of the fullerene market 17
. However, only small yields of this prospective 

material can be obtained using the current production systems available such as the 

combustion method, which only offer low yields of around 10-20% from collected soot. 

Naturally, the primary obstacle that companies and other researchers are currently facing 
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in developing and commercializing fullerene based products is the high cost of fullerene 

starting materials. Especially in the case of OPV cells, despite the optimistic prospects of 

improving the energy conversion efficiencies as an alternative to silicon-based cells, it 

m.ay be difficult to become a viable competitor due to the high costs associated with the 

manufacture of the active-layer 4. 

Ultimately to overcome this predicament, several research teams around the globe 

have tasked themselves with driving the market prices of fullerenes significantly down by 

devising alternative cost-efficient and cost-effective production methods. In an attempt to 

replace the expensive but widely-used combustion process, the option of utilizing 3-phase 

arc plasma to generate fullerenes commercially is being actively explored over other 

thermal processes such as laser ablation, electric arc and solar ablation methods, which 

have all been suggested to be infeasible for industrial production 18
• In the past four years, 

the Applied Nanotechnology Lab at UNB (ANL@UNB) has been investigating the 

prospective 3-phase AC plasma process with relative success. However, it has not been 

able to obtain sufficient yields for a cost-effective production, which has also been the 

case for other researchers in the field. For example, Fulcheri, who is the leading expert in 

this particular area of research in the world, has been able to achieve a maximum yield of 

around 4.5% at the cost of high power input and substantial amount of helium gas 

consumption to sustain the plasma 19
• Fulcheri did attempt a study on fullerene production 

using argon and nitrogen plasma; however, the yields he observed were insignificant 

compared to those he was able to obtain using helium under otherwise identical conditions. 

Along with the data presented by Fulcheri's research corroborated by ANL@UNB 

indicates that high power and high flow helium are requisites in attaining acceptable yields 

of fullerenes. 
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Considering electricity is currently readily available at relatively cheap prices, 

high-power input requirement may not be a key issue in scaling-up for commercial 

production, whereas the high helium consumption rates would most definitely be a major 

limiting factor. Unlike other typical inert gases used in industry such as argon and nitrogen 

readily available in the atmospheric air, helium must be mined and further undergo 

rigorous purification processes. Moreover, helium reserves are being rapidly depleted and 

the consequential increase in its cost is most likely to continue unless additional major 

helium reserves are discovered 20
• With the optimization of a lab-scale fullerene reactor 

nearing completion, the ANL@UNB is therefore studying the feasibility of helium 

recycling for the current system in preparation for the eventual scale-up. 

In addition to helium recycling, a 3-phase AC plasma fullerene manufacturing 

plant can certainly benefit from feedstock recycling especially since the reported 

maximum attainable yield for a similar system is around 5%, and the left-over 95% is 

simply discarded in the current process to prevent the introduction of impurities to the 

reaction. It is most definitely worth exploring then, the potential of recycling the 

remaining 95o/~omposed of unreacted carbon feedstock and other carbon allotropes

to help curtail waste and the expenses associated with its management and disposal while 

also reducing raw material costs. 

This research seeks to explore the viability of feedstock and plasma gas recycling 

for the 3-phase AC plasma fullerene production system in an attempt to reduce production 

costs of fullerenes and catalyze the expansion of the global fullerene market. 
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2. Problem Statement 

The current industrial approaches to the fullerene manufacture are not considered 

to be feasible for satisfying the growing demand for this material as these techniques only 

offer minute yields and require solvent extraction for product separation: Only about 5% 

of fullerenes can typically be obtained from the product collected using the solar, arc and 

plasma processes while the arc and combustion method yields about 10-20% from soot 

collected, out of which fullerenes must be extracted. The conventional extraction of the 

desired fullerenes from the final soot product mixture involves the use of organic solvents. 

Considering that the solubility of C6o fullerenes in these solvents is around 2-3 mg / mL, 

in an industrial scale, approximately over 2000 barrels per ton of fullerenes would be 

required 21
• The use of these solvents in such large quantities poses an immense 

environmental hazard, and the human risk from exposure in processing and recycling 

perpetuates the need for a new solvent-free approach in the near future. In addition to the 

environmental risks involved with the solvents, tremendous quantities of carbon dioxide 

and carbon monoxide as by-products are generated from the current combustion method. 

This can have major repercussions environmentally and fiscally as the Canadian 

government seeks to move forward with its plan to implement carbon taxation in an 

attempt to reduce carbon footprint and slow global climate change. The plasma arc process 

being investigated by ANL@UNB, in theory, is entirely emissions-free but requires large 

quantities of helium, which is becoming increasingly scarce-and as a result, expensive. 

Without an appropriate helium purification and recycling component, heavy dependency 

on the availability and prompt transportation of bulk helium would most certainly interfere 
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with the operation of the reactor. These contingencies can act as a major limiting factor in 

cost-efficient and constant reliable production of fullerenes. 

3. Purpose 

The purpose of this study is to examine if recycling spent carbon feedstock and 

helium plasma gas is a viable option for the cost-efficient and green production of 

fullerenes using a 3-phase arc plasma reactor. 

4. Significance of Study 

Fullerenes are typically produced in bulk quantities via combustion. ANL@UNB 

is in the process of developing and optimizing a novel 3-phase plasma reactor that would 

replace the current combustion 22 method to increase the efficiency and efficacy of 

fullerene production while curtailing the environmental impact and help drive down the 

current selling price ofup to -15 000 USD / kg for 99% pure solvent-free samples 23
• 

The pathway of production using this reactor involves the injection of aerosolized 

carbon feedstock through the plasma under inert helium gas, which facilitates the 

sublimation of the precursor to induce the desired fullerene synthesis 19
• However, recent 

investigations by the ANL@UNB have demonstrated that only up to around 5% of the 

original starting material can be converted into fullerenes while the remaining unwanted 

by-products and the unexpended feedstock are recovered as residue to be simply discarded 

as waste to avoid the introduction of contaminants as the process is highly sensitive to the 

presence of impurities in the system. 

This research project will focus on exploring the potential for a recycling system 

which would facilitate the recovery and reutilization of such depleted materials to alleviate 
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issues arising from low yields such as high production costs and waste disposal in an 

industrial setting. This novel method in theory would ultimately result in nearly 100% of 

the feedstock being converted into fullerenes and eliminate the necessity for 

environmentally hazardous solvent extraction for product collection and purification. 

This investigation will mainly focus on assessing the effect of impurities in the 

helium plasma gas on the fullerene yield, which will help determine whether or not a 

helium purification would be necessary and if so, determine which method of purification 

would be most cost-effective for the fullerene reactor system in discussion. This type of 

study has never been reported in literature and would provide valuable preliminary data 

necessary in developing a helium recycling and purification component to minimize 

helium use in light of the increasing scarcity and costs of the gas. This would also offer 

the opportunity to the recover gaseous carbon by-products, which can be an environmental 

hazard. It is apparent that the positive implications of success of this study are substantial 

from industrial and environmental standpoint, and hence have the potential to attract many 

fullerene and solar-panel manufacturing companies especially with the potential reduction 

in production costs. This will also generate the interests of industries and researchers 

involved in other areas of fullerene study such as materials science, medicine, 

electrochemistry, pharmaceuticals and skin-care products 24 and ultimately catalyze the 

expansion of the market for fullerenes. 
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5. Literature Search 

5.1. Fullerenes Manufacturing 

Pressure 
Mass Flow Fullerene 

Process Principle Rate (soot) Yield (in soot) 
(mbara) 

(g/h) (%) 

Arc 
Carbon rod ablation by 

100-500 10 10 (industrial) 
electric arc 

Laser 
Carbon rod ablation by laser 

100-500 0.1 40 (Lab) 
beam 

Solar 
Carbon rod ablation by 

100-200 20 5 
focused sunlight 

Combustion 
Incomplete combustion of 

50 10 10-20 25 

hydrocarbon 

Plasma 
Carbon powder treatment by 

1000 150 5 (pilot) 
arc plasma 

Table 1. Potential approaches to industrial fullerene production 18 

Since its first discovery in 1985, Fullerenes have demonstrated an infinite 

potential for numerous practical applications such as in medicine, electrochemistry, solar 

energy and cosmetics; however, high selling prices resulting from the lack of efficient 

large-scale industrial processes for viable fullerene production is currently inhibiting full 

commercialization 19 • Some of the current state-of-the-art modes of fullerene synthesis 

used for laboratory-scale production were developed by Kroto, Kratschmer Guillard and 

Howard who respectively devised laser 26
, arc 27 solar 28 and combustion 22 processes 

{Table 1). These methods, however, require unique reaction conditions such as sub

atmospheric pressures to achieve maximum yields that are still considered to be very low 

and most are not feasible for industrial-size upscaling due to power limitations, 

environmental impact and feedstock costs 29
• 
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5.1.a. Fullerene Production by Combustion 

Despite all its drawbacks, combustion method has been demonstrated to be the 

most practical technique to mass produce fullerenes and has been most widely used for a 

relatively successful commercial production. This method most commonly utilizes 

benzene, which acts as both the fuel for combustion and the carbon precursor. Two types 

of flames for combustion have been rigorously studied and implemented for commercial 

production: pre-mixed flame and laminar jet diffusion flame 30
• For the combustion 

method using the pre-mixed flame, precursor fuel and oxygen is fed as a mixture to the 

central region of a water-cooled flat flame burner to be combusted under sub-atmospheric 

conditions, and the resulting condensable material is collected as soot on water-cooled 

collector plates. Higher fuel to oxygen ratio have been found to yield increased quantities 

of soot material as well as higher concentrations of fullerenes. Similarly, the latter 

diffusion flame method is performed under low sub-atmospheric conditions; vaporous 

benzene diluted in Argon is introduced in to the core of a diffusion burner as a laminar jet 

to be combusted with oxygen fed through a large porous plate in a separate stream. Product 

is collected in much the same manner as the former method as condensable soot for 

subsequent extraction. Various other precursors such as naphthalene, butadiene, toluene 

and organics with halogen additives have been studied under same conditions but optimal 

results were achieved using benzene 31
• Albeit practical and relatively facile, one of the 

major issues with this technique is the poor conversion efficiency: only around 2-3% by 

mass of the carbon precursor introduced is converted to soot material containing quantities 

offullerenes up to 20% while the remainder is emitted as non-condensable gases such as 

CO2 and CO characteristic of an incomplete combustion 19
• Furthermore, the soot must be 

solvent extracted to recover the fullerenes with organic solvents such as toluene with 
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extractable yields of around 10-20%. With low solubility (2-3 mg/ mL) in toluene, this 

would translate to roughly over 2000 barrels of toluene per ton of fullerenes in an 

industrial scale 21
• The residual solid non-fullerenic soot leeched with the solvent cannot 

be recycled as the system utilizes vaporous reactant. 

5.1.b. Fullerene Production by Arc Discharge 

Prior to the combustion route of fullerene production, electric arc discharge 

method was patented by Smalley et al. in 1993 and has been widely in use for commercial

scale production ever since 32
• This method does not suffer from the high fuel requirements 

and the detrimental environmental impact of the former technique discussed. Under closed 

static inert gas conditions maintained at vacuum pressures, one of the two electrodes at a 

set gap distance from the other is supplied with either DC or AC current. At least one of 

the two electrodes must be made of carbon while its counterpart may be other electrically 

conductive materials such as molybdenum, tantalum, osmium and tungsten. The gap 

increase resulting from the erosion of the graphite can be automatically compensated by 

drawing the electrodes toward each other using a spring mechanism, maintaining a 

consistent distance between them. Furthermore, to protect the power lines in contact with 

the graphite electrodes from thermal degradation by the heat generated from the arc, the 

portion of the lines exposed to high temperatures should be constantly water-cooled. 

The heat produced from the arc provides the energy required to vaporize the 

carbon precursor, which in this case is the graphite electrodes used to generate the arc 

itself. Once the gaseous carbon leaves the plasma reaction zone at the electrodes, it 

condenses along the water-cooled chimney and the solid-laden gas is allowed to travel 

through the filter to separate out the solid material. The reaction product is scraped off the 
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walls and the filter as soot, which must again undergo the additional solvent processing to 

extract the fullerenes out to achieve up to 10% yield. One of the advantages of this method 

is that theoretically, the only chemicals introduced in the reactor are carbon and argon. 

Hence the system does not emit any carbon byproducts such as CO2 and CO. While it does 

allow for a green fullerene production, this technique is not necessarily the most feasible 

for scale-up as it is solely reliant on the ablation of solid graphite electrode, which in this 

case occurs at a mere 5 mg I s 33• 

5.1.c. Fullerene Production by 3-Phase AC Plasma 

A ground-breaking novel approach to potentially overcome some of the discussed 

drawbacks of the current systems while producing fullerenes in bulk quantities was first 

introduced by Fulcheri et al. in 1999 18• In this study, various types of carbon powders 

including coke, synthetic graphite, carbon black, natural graphite and acetylene black were 

injected into an inert gas thermal plasma generated by three graphite electrodes, each 

drawing up to 220 A and 80 V from a 3-phase AC power source. The general theory of 

operation is much the same as the arc discharge method but the key difference is the use 

of all three phases of AC and the use of powder carbon feed with a constant gas flow. 

Fulcheri introduced the above precursors into the 3-phase AC plasma, which provided the 

heat for the sublimation of the atomic carbon species to ultimately supply the formation 

of fullerenes in the gaseous phase. The resulting gaseous mixture was subsequently 

transported through a cooling pipe and a bag filter where the soot containing fullerenes 

along with the by-products and unreacted starting material were deposited. Standard 

toluene extraction was performed on each sample and of the different types of feedstock; 

acetylene black was found to produce the best results yielding 3.5% of extractable C60IC10 
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fullerenes before optimization 18
• Recently in 2012, Fulcheri extended this study by further 

examining the influence of the various carbon precursors, their feed-rate and the plasma 

gas flow-rates on fullerene synthesis to determine the optimal operating conditions 19• He 

determined that the highest yields offullerenes (4.5%) can be obtained using the acetylene 

black Y50 A carbon precursor with high helium gas flow (20 m3 / h@ 20°C and 1 atm) at 

lower carbon feed rates. The presence of detectable quantities of CO at the exhaust was 

also reported in this paper. 

While the maximum fullerene yields from the collected soot is relatively low at 

around 3-5%, most of the carbon injected into the system is in theory ultimately captured 

as soot. This is possible because the reactor is maintained under inert gas at a high constant 

flow-removing the possibility of oxidation reactions producing non-condensible gaseous 

products such as CO and CO2. This is in stark contrast to the combustion method 

previously discussed in which only 2-3% of the input carbon is converted to fullerene 

containing soot while the remainder is lost into the atmosphere as CO and CO2. While 

Fulcheri claimed that this novel prospective technology could afford the opportunity to 

industrially manufacture fullerenes in an economical and environmentally-friendly 

manner to potentially replace the previous methods discussed, he stated that further 

improvements should be made with the development of an on-line helium purification 

system and a recycling component involving the sublimation of fullerenes especially since 

the proposed method would still require the solvent extraction to obtain the final product. 

5.2. Mechanism of Fullerene Formation 

In properly predicting and investigating the effect of impurities in fullerene 

production, understanding the mechanism of fullerene generation is naturally very 
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important. Unfortunately, a definitive route of formation based on credible empirical data 

has not yet been determined to this day and hence, this particular subject has been under 

much scrutiny in the past two decades. 

After the initial discovery of fullerenes, Smalley and his co-workers postulated 

that the formation of fullerenes follows the 'Party-line Scheme': When carbon is in its 

gaseous phase a above 4800 K 34
, small carbon species such as C2 and C3 conjoin to 

produce linear chains 35
• The resulting chains further react with each other or with other 

smaller metastable carbon molecules to intermediately form a large monocyclic ring 

composed of as many as 25-35 carbon atoms. Smalley theorized that beyond this point, 

such a system would eventually form a more thermodynamically favorable polycyclic 

network, similar to that of an open graphitic sheet. These species are understood to be 

considerably more reactive than other individual rings or linear chains as they consist of 

more dangling bonds on the edges that must be satisfied. Smalley argued in order to fulfill 

the bond requirements, these graphite sheet-like structures develop defects in the form of 

isolated pentagonal rings in a network of hexagonal rings-minimizing the number of 

dangling bonds while forcing curvature to the system. The resulting cup-line structures 

would occasionally incorporate enough pentagons in the appropriate locations to 

ultimately generate fullerenes. This theory remained as the most attractive explanation 

until the discovery of bulk fullerene production. 

The 'party-line' mechanism is heavily reliant on a series of possible but rare 

events; it became inadequate in providing justification for the generation of macroscopic 

quantities of fullerenes. This led Smalley to modify his original theory to what is now 

generally understood to be the most plausible by researchers in the field: The 'Pentagon 

Road' mechanism 36
• This route assumes the curved graphitic species previously discussed 
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are: composed of only hexagons and pentagons; contain maximum number of pentagons 

possible; and all of the pentagons are isolated. The major alteration from Smalley' s 

previous model of fullerene formation is the introduction of the concept that these 

graphitic cups act as nucleation sites where the completion of the closed fullerene structure 

is driven by the addition of C2 species and other small carbon particles to the vacant 

reactive edges. Various researchers have since made observations to support this notion 

most notably in the emission spectra of intermediate carbon vapour from in situ optical 

emission analysis of fullerene production: Their spectra presented swan band peaks 

characteristic of C2 and C3 37. 

5.3. Effect of Impurities on Fullerene Production 

While there have been several researchers who have reported that the presence of 

impurities such as CO2, CO and 02 in a system of fullerene production by arc discharge 

or plasma under inert gas results in reduction of fullerene yields, rather surprisingly no 

literature precedent of a study presenting experimental data or detailed explanation to 

substantiate such a claim is available 38·39. There is, however, a report by Lange studying 

the influence of varying macroscopic quantities ofN2 mixed with helium on generation of 

fullerenes utilizing DC arc plasma 37. In this investigation, the authors did not view N2 as 

an impurity but rather as a potential component to be intentionally utilized and hence, its 

content in helium was varied in large intervals to the maximum of 100 vol% N2. 

Nonetheless, this paper provides a useful insight on what may be observed with 

ANL@UNB's plasma reactor's fullerene yield with increasing concentrations of N2 

introduced with the helium plasma gas. This investigation was also one of the first 

fullerene synthesis study incorporating a quantitative optical emission analysis to 
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determine the concentrations of various carbon and nitrogen species in the system. In 

particular, C2 molecules-the putative primary building blocks in fullerene formation

showed a marked increase in concentration under helium plasma gas with above 25 vol% 

N2. This was rather unexpected because the spectroscopically evident generation of CN 

species resulting from the reaction between C2 and N2 would suggest that the 

concentration of C2 should somehow decrease with increased amounts of N2. Lange noted 

it is possible this may simply be an increase in the local concentration of C2 as a result of 

the heavier N2 molecules hindering the expansion of C2 species near the electrodes. 

Perhaps supporting this claim, they did observe a reduction in C6o fullerene yields 

resembling exponential decay with increasing N2 content in the plasma gas while the 

relative yields of C10 and higher fullerenes increased. This helped Lange to conclude that 

N2 has a deleterious effect on C60 generation but a positive influence on the production of 

higher fullerenes. He did not, however, propose an explanation for these phenomena in 

his report. 

Furthermore, fullerenes are known to undergo oxidation in the presence of oxygen 

and UV-light even at low temperatures and oxidized fullerene species such as C6o0 have 

been isolated and identified 40
• This phenomenon is augmented with increasing 

temperatures until fullerenes begin to sublime at around 550°C. Although the impact of 

oxygen impurity on the actual fullerene production by AC plasma is unknown, the thermal 

behavior of fullerenes strongly suggest that it would have a deleterious effect 41 . 

5.4. Helium Purification and Recycling 

As Fulcheri' s study have demonstrated, high helium gas flow is required for 

obtaining maximum fullerene yields; however, current global helium shortage 42 is a major 
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obstacle in an industrial setting as this proposed production process would be completely 

susceptible to supply disruptions and shortages. Since literature precedence for helium 

purification pertinent to fullerene synthesis is not available, general studies on industrial 

helium purification were examined. 

Smalley's arc discharge reactor patent for example, utilizes a closed-cycle vacuum 

system on a laboratory scale that allows the depleted gas to simply re-enter the reaction 

after being filtered without a purification process 32
• While he does not discuss in detail 

whether this would have an impact on the production efficiency, it suggests plasma gas 

purification may not be an essential component. 

5.4.a. Cryogenic Purification 

Currently in other industries, cryogenic distillation and pressure swing adsorption 

(PSA) is primarily used in conjunction to remove contaminants in high concentrations 

from natural gas to obtain high purity helium. Cryogenic distillation method of helium 

purification must occur at extremely low temperatures around -200°C, at which most gases 

including nitrogen, methane and other gaseous hydrocarbons are condensed out as liquid 

while helium and hydrogen remain in their gaseous form 43
• The gaseous mixture is then 

enriched with oxygen and exposed to a catalyst that combines hydrogen and oxygen to 

form water vapor, which is subsequently condensed and removed. Because of the costs 

associated with maintaining the cryogenic conditions, researchers have been developing 

ways to bypass this energy intensive route by exclusively using the adsorption method. 

Despite all its drawbacks cryogenic distillation remains as most widely used method of 

helium purification owing to its simplicity and ease of operation. 
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Another cryogenic technique utilizes molecular sieve beds or glasswool cartridges 

at low pressures trap and remove various impurities; this method does not require high 

pressure conditions and are typically used for lab-scale applications 44
• 

5.4.b. Pressure Swing Adsorption (PSA) 

Pressure Swing Adsorption (PSA) provides an excellent alternative to the 

cryogenic route of helium purification as its operation does not require extreme 

temperatures and pressures. The operational theory of PSA is based on the distinct 

adsorption properties of impure gases for an adsorbent at different temperatures and 

pressures 45
• At higher pressures, more of the gases passed through an adsorbent bed tend 

to become adsorbed and as the pressure is reduced the adsorbed gases are released or 

desorbed. Operators of a PSA can take advantage of the individual gases' different 

affinities to various adsorbents to separate a gas mixture. In the case of helium 

purification, a series of columns containing different adsorbents or a column composed of 

multiple beds can be employed to selectively remove the impurities from helium, which 

is typically considered to have a negligible affinity to the adsorbents used such as silica 

molecular sieves and activated carbon at the conditions used for a PSA. 

The main advantage of having the 'swing' aspect to this process utilizing a set of 

two columns working in conjunction is the opportunity for a cost-saving continuous 

operation. Initially, one of the vessels becomes pressurized with the feed gaseous mixture 

while the adsorbent bed in the other vessel is regenerated by depressurization to release 

the adsorbed impurities; a portion of the processed outlet gas of the first vessel is used to 

purge the second vessel to help the impurities desorb. Once the pressurized adsorbent bed 

reaches near-saturation with impurities, the two vessels are equalized in pressure to 
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conserve energy by opening the valves connecting one another and closing the inlet and 

the outlet, allowing adiabatic expansion and compression. The two vessels then switch 

roles as the second vessel now becomes pressurized with the gas mixture while the first is 

depressurized to remove the impurities adsorbed in the initial stage, completing the cycle 

46 

An industrial-scale application to this method of helium recovery was studied by 

Das et al. who developed a technique using the adsorbent beds in different stages under 

non-cryogenic conditions to selectively remove N2, CO2, CH4 and heavier hydrocarbons 

to obtain >99.0 vol% purity with 61 % yield from initial gas feed containing as low as 0.06 

vol% helium 45. They recently made improvements to their previous study purifying a 

gaseous mixture containing 55 vol% He, 10 vol% 02 and 35 vol% N2 at 5 barg, 30 SLPM 

and 30°C with lithium exchanged low silica X-zeolite molecular sieves as the adsorbents. 

This purification system afforded more than 89% yield with >99.95 vol% purity 47. A 

definite disadvantage of this system is the significant loss of helium ofup to 40%. 

5.5. Carbon Feedstock Recycling 

In contrast to the combustion method involving the oxidation of vaporous benzene, 

the 3-phase plasma fullerene production utilizes solid carbonaceous materials, which 

makes it favorable for feedstock recycling to theoretically obtain nearly 100% yield. In 

exploring this prospect of carbon recycling, it is essential to study thermal properties of 

fullerenes to determine the feasibility of solvent-free separation of fullerenes and the 

residual non-fullereninc soot, which can potentially be recycled back into the reactor. It 

has been reported the soot containing unreacted carbon materials 48 tend to sublime at 

significantly higher temperatures than C6o, which begins to partially sublime at around 
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550°C 24 and almost completely at 800°C under argon or helium gas at atmospheric 

pressure49
• This known physical property of fullerenes provides an excellent opportunity 

to employ hot gas filtration commonly used in industry using either bag filters or candle 

filters to eliminate by-products and unreacted starting materials from the desired fullerene 

product. Once the residual soot has been collected via the above mechanism, it would 

simply have to be transported back into the reactor replenished with fresh feedstock. 

This thesis will assess the potential of the 3-phase AC plasma reactor to reutilize 

recycled helium and depleted carbon feedstock for the reduction of fullerene manufacture 

cost and its environmental impact. 

6. Research Questions 

This research examines the feasibility of the recovery and reutilization of depleted 

helium and carbon precursors from a 3-phase AC plasma reactor for fullerenes 

manufacture. The main question to be answered in order to achieve the stated objective 

was the following: Can the yields be maintained with recycled materials without 

purification? 

To further explore the possibility of the recycling, the following sub-problems had 

to be answered: What are the initial gas phase impurities present in the exhaust and what 

effect do they have on fullerene yields and gas composition? Is it possible to physically 

separate fullerenes and depleted carbon in a solvent-free manner to ease the recycling 

process? What impact does the recycled carbon feedstock have on the yield of fullerenes? 

Would a helium purification component be economically beneficial? And what is the 

overall impact of recycling feedstock and helium on the reactor operating costs in 

comparison to the costs without recycling? 
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7. Hypotheses 

C0H0 (PAHs) + H2 +CO2~)+ CO~) 
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CO2 ~) + CO 00 
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Fullerene Oxides 

Figure 3. Route of fullerene formation and the possible effects of impurities 

The only substances introduced into the plasma reactor were helium and carbon. 

The output should thus only contain helium and carbon as well. Considering that the 

reactor as well as the precursor carbon was constantly purged with argon and helium 

before and after the experiments, only negligible quantities of gaseous impurities should 

have been present. Modest concentrations of impurities were not expected to have a 

significant impact on the yield and recycling without purification was hypothesized to be 

a feasible option for both the carbon feed and helium. 

The impurities predicted to be present in the unpurified helium collected from the 

exhaust of the plasma reactor were polyaromatic hydrocarbons (P AHs), N2, CO2, CO, and 

02. Since the reactor was operated under constant influx of inert gas slightly above 

atmospheric pressure, only trace amounts of these impurities were expected. In any case, 

the presence of impurities such as 02 and N2 would most likely to have been the result of 

ambient air diffusing into the reactor, adsorbing onto its surfaces and desorbed under 

reaction conditions. The presence of polyaromatic hydrocarbons may be explained by the 

trace amounts of water molecules being split into 02 and H2 in the reactor: H2 molecules 

21 



may be converted to atomic radicals to undergo further reactions with the ionic 

carbonaceous intermediates to form these organic compounds. 02 from water splitting and 

from diffused ambient air can also interact with the ionic carbon species to form additional 

CO and CO2 (Figure 3). 

If carbon recycling is to be implemented in the future, the physical separation of 

the product from the undesired carbonaceous soot would have to be done using hot-gas 

filtration system consisting of bag-filters or candle filters. The sublimation of fullerenes 

will be a driving force in making this possible as the resulting gaseous fullerenes would 

travel through such filters for collection whereas the non-fullerenic soot would remain in 

its solid state to be recycled. In determining if separation by sublimation is a viable option, 

a soot sample containing a known concentration of fullerenes was exposed to temperatures 

of up to 800°C. It was predicted that under inert gas, most if not all of the fullerenes would 

be sublimed out as reported in literature for pure fullerene samples 49
• Considering the 

proposed mechanism of fullerenes formation from gaseous carbon species, the high

energy reaction is likely to be extremely sensitive to impurities present in the system and 

even small quantities of other elements were expected to result in a notable depreciation 

in yield with an increase in exhaust impurity content. The reported mechanism suggests 

small carbon species such as the C2 radicals act as the starting building blocks conjoin to 

form a reactive intermediate system of carbon rings resembling a graphitic sheet with 

dangling open bonds that come together to create the famous spherical structure 36
• This 

would be the case in an ideal homoatomic system without any impurities to interfere with 

the binding process. Otherwise, the reactive C2 species and the intermediates with multiple 

reactive sites would readily react with the impure elements to form undesired by-products. 
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Even in the case of the intermediate species or near-completed fullerenes, it would only 

take one non-carbon atom to prevent the completion of fullerene formation. 

Ionization Energy Bond Enthalpy 

(e.V) (kJ / mol) 

N2 15.58 945.4 

02 12.07 498.3 

CO2 13.78 532.2 

He 24.59 NIA 

Table 2. List of ionization energies and bond enthalpies of injected impurities 50 

Hence, it could be hypothesized with relative confidence that the presence of 

impurities in the plasma gas will have a deleterious influence on fullerene yields while 

CO2 and CO concentration is expected to increase with any atomic oxygen in the reactor. 

The extent to which the yield would be impacted by the individual gases was presumed to 

depend on the relative stability of the impure species under the vigorous reaction 

conditions of the helium plasma. Based on the information in Table 2, 02-with the 

lowest bond enthalpy and ionization energy-was predicted to become involved in the 

reaction more readily than CO2 and N2 to ultimately have a greater effect in reducing 

fullerene yields. Following this assumption, COi was expected to have more deleterious 

impact than N2 but less than 02. 

If, however, exhaust gas contains unacceptable levels of impurity-with the recent 

price rise in helium, an effective purification and recycling system will reduce the amount 

of helium required and hence increase the product output per unit volume of helium used, 

decreasing the operating cost significantly. 
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Likewise, carbon feedstock reutilization would theoretically allow 100% of the 

precursor to be converted into nano-carbon materials in contrast to the low yields obtained 

using the current methods. This would enhance the product output per carbon introduced 

while significantly reducing waste, amount of materials needed and the cost to purchase 

them. In addition, hot-gas filtration via sublimation of fullerenes will help separate the 

impurities from the desired product. This would ultimately eliminate the need for the 

expensive and environmentally detrimental solvent extraction process currently used in 

industry while the depleted precursor can be recycled back into the reactor without a 

significant depreciation in yield. 

8. Methodology 

The development of a viable industrial-scale process for the fullerene manufacture 

has so far been hindered by high production costs, poor yields and negative environmental 

impact 29
• The purpose of this investigation is to help alleviate this predicament and 

promote market growth for fullerenes by investigating the potential for a feedstock and 

plasma gas recycling component to a novel 3-phase plasma arc reactor for a large-scale 

production. In this study, the effect of simulated recycling of helium and feedstock on 

fullerenes yields is considered. 

Under Dr. Chibante's supervision and the assistance of other fellow group 

members, this study took place primarily at the University of New Brunswick Applied 

Nanotechnology lab located in Head Hall-where all the main experiments were 

conducted as shown below in Figure 4-and at the Enterprise Building, Toole Hall and 

Bailey Hall for product analysis. 
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Ball Valves 
Mass flow 

Data 

Figure 4. ANL@UNB Head Hall Plasma Lab 

8.1. System Description 

Feeder/ 
Feed 
Control 

In the initial stages of the project, much of the focus was placed on the optimization 

and the installation of the 3-phase AC plasma reactor itself in order to provide the safest 

and the optimal reaction conditions for the required experiments. The particularities 

concerning the various design modifications and revisions are beyond the scope of this 

study and will not be discussed in detail. The plasma reactor is nonetheless a vital 

component of this investigation and it is yet important to get a proper understanding of 

the process and the entire system to fully appreciate the significance and the purpose of 

this study. ANL@UNB 3-phase AC plasma reactor is very similar to that of Fulcheri's 

discussed under literature review. Below (Figure 5) is the apparatus set-up for the 

experiments conducted using the ANL@UNB 3-phase AC plasma reactor. 
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MJ 

Inductors 
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Figure 5. Apparatus set-up for the ANL@UNB 3-phase AC plasma reactor 

8.1.a. Power Source 

OES 

LIi 

Off-the-wall, the reactor has a 600 V 100 A 3-phase power source available for 

use. However, it was found in previous preliminary tests that plasma is easily ignited and 

sustained at higher currents. To alleviate this issue, an air-cooled step-down 3-phase 

transformer was used to reduce the voltage down to 240 V each phase while increasing 

the current to about 280 A according to the Ohm' s law. At this current, pre-mature thermal 
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degradation of internal reactor components such as the electrodes, heat-shield and inner 

graphite shell was observed. An air-cooled inductor was therefore placed at each phase 

after the transformer which can limit the current down to below 180 A. Voltages and 

Currents were measured with oscilloscopes. Plasma was ignited and extinguished using 

the main breaker power switch. 

8.1.b. Water Cooling 

Two Polyscience LS5 l Benchtop chillers were used to water-cool the top and 

bottom flanges of the reactor as well as the torch electrodes. Most vital component of the 

water cooling occurred at the plasma torch, and the flow was controlled using a manual 

flow controller (M3) to maintain consistent flow at around 0.2 GPM with chiller 

temperature set at 20°C 

8.1.c. Gas Handling 

Type of gases to be fed into the reactor were controlled by the manual ball valves 

(Vl, 2, 3, 4) downstream of the cylinders. Massflow controllers Ml and Ml respectively 

calibrated to SCCM and SLPM ranges were used to control the amount of gas entering 

the reactor. Plasma gas mixed with experimental impurities transported the carbon feed 

from the Nano-powder Feeder to the reactor. The exhaust gas was filtered at the collection 

chamber and exited through the top of the reactor either into a gas sampling bag or into 

the atmosphere, depending on the direction of the three-way valve (V5) 

8.1.c. Feed Control 

Telma Nanopowder Feeder was used to feed the carbon precursor at a desired feed

rate. A set of metal brushes pushed the carbon against a mesh at a set RPM, which dropped 
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the carbon into the plasma gas stream at a consistent feed-rate to be transported into the 

reactor. Heat tape (Hl) wrapped around the feeder was set at a constant 250°C to prevent 

moisture accumulation in the feed. 

8.1.d. In-situ Analysis 

Optical Emission Spectroscopy (OES) for in-situ plasma analysis and Laser 

Induced Incandescence (LIi) for particle size and distribution analysis are normally used 

at the side viewports. The use of the two spectroscopic instruments was beyond the scope 

of this study and were therefore omitted. 

8.1.e. Collection 

Final soot product was transported up the reactor with gas flow and was finally 

collected in a sealed tubular glass chamber at the top of the reactor. Inside the chamber 

was a ceramic filter capable of filtering out nano-sized particles to avoid aerosolized 

particle-laden gas from escaping the reactor. Product collection was done by brushing the 

inside of the chamber and the filter. 
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8.1.f. Reactor Body 

Below is an AutoCAD drawing of the ANL@UNB three-phase plasma reactor 

body with main components labeled. 

Inner Graphite Shell 

Outer Carbon Steel Shell 
Glass Wool Insulation 

Quartz Viewports 

Plasma Torch 

Figure 6. ANL@UNB 3-phase AC plasma reactor main body and vertical cross-section 
(right) 

The 1.5 m tall steel reactor body contains a graphite inner chamber wrapped 

around with heat tape (H2) insulated with glass wool. The very top and bottom flanges 

are constantly chilled at 20°C to prevent steel oxidation and melting of the G 10 Torch 

Flange. K-type Thermocouples (Tl, 2, 3, 4, 5) are placed at various lengths of the reactor 

for temperature monitoring. 
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8.1.g. Plasma Torch 

Graphite Electrodes 
(9.5 mm OD) 

Ceramic Heat Shield 
(50.0 mm Top and 85.0 mm 

Bottom) 

Brass Electrodes 
(6.4 mm OD) 

Macor Feed Tube 
(13 .2 mm OD) 

010 Flange (150 mm) 

Figure 7. Plasma torch assembly without power and water-cooling lines attached: side
view (left) and top-view (right) 

Above is an AutoCAD drawing of the plasma torch assembly without power or 

cooling lines. A fully assembled torch consists of a G 10 flange (green), three water

cooled vertical brass electrodes, vertical graphite electrode holders, co-planar horizontal 

graphite electrodes at 120° of each other and a heatshield to protect the G 10 from 

melting. Each phase of the powerlines and water cooling is connected to the individual 

electrodes. Plasma gas and carbon feed enters the reactor axially through the center of 

the torch and when power is supplied to the electrodes, plasma arc is generated between 

the three electrodes. 

Heat Shield 

Brass electrodes 

Figure 8. Plasma torch after electrode failure 
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During the early preliminary testing phase for the reactor, an incident occurred 

where a considerable quantity of steam was introduced into the reactor due to a failure of 

one of the three brass electrodes in the torch assembly as shown in Figure 8. The 

experiments immediately following yielded negligible quantities of fullerenes and it was 

after 3-4 experiments until the usual yields could be obtained. This further prompted the 

need for examining the effect of impurities in the production system on fullerene yields. 

8.2. UNB Applied Nanotechnology Lab Fullerene Reactor Experimental Procedure 

8.2.a. Plasma Torch Ignition 

UNB Applied Nanotechnology 3-phase AC plasma reactor's plasma ignition 

procedure in this study is as follows: 

1. Plasma torch held together by a G-10 flange was assembled by screwing on 

the co-planar graphite electrodes to each of the three vertical brass electrodes 

with built-in shell-and-tube water cooling. The gap between the co-planar 

graphite electrodes was maintained at ~". 

2. The torch was then inserted and secured in place into the bottom graphite 

chamber of the reactor with top of the G-10 surface sealing onto the water

cooled stainless-steel flange of the reactor body. 

3. Below the G-10 flange, inlet and outlet of the water cooling lines were attached 

on to each of the electrodes along with the electrical wires from the air-cooled 

power supply. The leads from the oscilloscopes were also attached to each of 

the electrodes. 
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4. Flow on the water cooling lines were tested and appropriately adjusted using a 

manual flow controller to allow sufficient and even flow (,..., 0.2 GPM) to each 

of the electrodes. 

5. Plasma gas (Ar/ He) through the Telma Nanopowder feeder was fed into the 

reactor at a desired flowrate using the MKS flow-controller and CCR flow

meter. 

6. Breaker switch was turned on to supply the required power to the electrodes. 

7. The three electrodes were shorted via a controlled physical contact for ignition. 

8. Upon ignition, the collection chamber with a filter was placed on top of the 

reactor. 

8.2.b. General Experimental Procedure for Feed Runs and Exhaust Gas Collection 

The following is the overall experimental procedure for fullerene production in 

this study: 

1. Nanopowder feeder was feed-tested to ensure its feed rates were in accordance 

to the calibrations, after which the plasma gas/carbon feed tube was attached 

on to the torch. 

2. Following the 8.2.a procedure above, the fullerene reactor was pre-heated with 

argon plasma at 18 SLPM until the entire inner graphite chamber shell external 

surface temperature reached the minimum temperature of 3 50°C as measured 

using a k-type thermocouple. It typically required around 20 min to achieve 

the desired temperature. 
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3. After extinguishing the plasma, the filter was taken off to be cleaned and the 

reactor was re-ignited for the feed-run under helium at a controlled flowrate 

following the procedure outlined under 8.2.a. 

4. After 30 s of sustaining stable plasma-noted by stable input current reading 

of 150 ± 20 A at 40 ± 10 V (line to line) reading immediately before the torch

N anopowder feeder was turned on with sonication. 

5. Feeding was stopped after 2 min and plasma was allowed to stay lit for an 

additional 30 s with feeder under sonication to make sure all the carbon 

remaining in the feed line are fed into the plasma. 

6. Plasma was extinguished by switching the main breaker off. 

7. After purging the reactor at 25 SLPM for 1 min to allow all aerosolized carbon 

particles to filter out, the collection chamber was taken off the reactor for 

product soot extraction. 

8. Soot was collected simply by brushing the filter and the collection chamber. 

Exhaust gas collection was performed using an air-tight Supelco Gas Sampling 

Bag with a push/pull lock valve. Outlet gas line directly from the collection chamber was 

connected to a three-way valve with one way leading to a gas bag inlet sealed in a septum 

and the other to exhaust. Initially the valve was left on the exhaust position. After 10 s of 

sustaining stable pre-feed plasma, the valve was switched to allow flow to the sampling 

bag for 3 sand switched back to exhaust after collection. This was repeated at 30 sand 1 

min into feeding and again at 10 s of post-feed plasma into the same sampling bag. 

Sampling bag valve was locked as it was pulled out of the septum and stored at room 

temperature until analysis. With this procedure, a consistent overall average exhaust gas 
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content at various stages of reactor operation under helium could be estimated without a 

complex sampling system. 

8.3. Determination of Ideal Feed-rate 

Before assessing the potential for plasma gas and feedstock recycling, the 

controlled reactor operating parameters at which the experiments would occur had to be 

determined. Since ANL@UNB currently considers the achievement of maximum product 

yield to be the primary objective of the project as a whole, the recycling simulation 

experiments were conducted under the reactor conditions that consistently afforded the 

highest product yield. This was done to allow a better visualization and analysis of the 

overall influence of gaseous impurities on product yield. Such conditions were 

approximated through a series of experiments in which the plasma gas flow rates and 

carbon feed rates were altered as the independent variables, against which the resulting 

changes in the product yield were examined. 

In the preliminary experiments performed by ANL@UNB, it was determined that 

decreasing the gas flow-rate increased fullerene yields naturally with the subsequent 

increase in residence time of the carbon precursor in the reactor. However, reducing the 

gas flow-rate below 6.92 ± 0.02 SLPM resulted in severe thermal erosion of graphite 

electrode tips and-perhaps with more devastating effect-melting of the water-cooled 

brass electrodes. The plasma gas flow-rate was therefore set at 6.92 ± 0.02 SLPM while 

the feed rates tested were 1.2 ± 0.1, 1. 7 ± 0.1, and 2.3 ± 0.1 g / min-each corresponding 

to 10, 15, 20 RPM respectively on the Tekna Nanopowder feeder containing LITX™ 50 

feedstock provided by Cabot Corporation. LITX™ 50 is a type of high purity carbon

black typically used for Li-ion battery applications as a performance conductive additive. 
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51
• 

52 The experiments were conducted following the standard procedure outlined under 

section 8.2 and the collected product for analyzed for composition and yield using the 

HPLC following the procedure outlined in section 8. 7 .a. 

8.4. Investigating the Effect of Plasma Gas Impurities on Yield and Exhaust Gas 

From the experiments performed as discussed in the previous section, appropriate 

controlled plasma gas and carbon feedstock feed conditions were determined to be 6.92 ± 

0.02 SLPM and 1.2 ± 0.1 g / min (9.1) respectively. To ensure repeatability and to establish 

a reliable control, two more experiments were conducted under the same conditions. In 

one of the repeated runs, a sample of the exhaust gas emitted from the reactor was 

collected according to the procedure discussed under 8.2.b and analyzed for non-helium 

impurities using a GC following the standardized steps and conditions listed under 8. 7 .b. 

As presented under Results and Discussion, the gas analysis demonstrated 

detectable quantities of 02, N2, CO and CO2 present in the exhaust gas samples. With 

these detected gases, experiments were set-up varying these gases fed into the reactor one 

at a time along with the helium plasma gas. It should be noted that due to the health risks 

associated with CO even in minute quantities, it was omitted for this study. 

As shown in Figure 5, an additional MKS mass flow controller was installed in 

parallel to the controller for the helium gas downstream of the reactor to allow variable 

flow of both the impurity gases and helium for a desired percent composition. The two 

gas lines were combined downstream of the respective controller at a T-fitting before 

entering the reactor. To ensure proper mixing of the two gases at that point, the pressure 

regulators on the helium cylinder and the cylinder containing the impurity being studied 

were both maintained at 400 kPa. Each of the impurities were fed at 73, 220 and 3 70 
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SCCM with 6.850, 6.710 and 6.570 SLPM of pure helium respectively at a time to 

simulate 1, 3 and 5 vol% plasma gas impurity. Each of the experiments was repeated with 

two additional runs. For the sake of concision, injected concentrations are reported as 1, 

3, 5 vol% but the exact concentrations were 1.1, 3.17 and 5.33 vol%. 

8.5. Carbon Feedstock Recycling 

8.5.a. Separation of Fullerenes from Soot by Sublimation: A Proof of Concept 

Below (Figure 9) is an image of the experimental set up for the sublimation test 

using a Lindberg Hevi-Duty Tube furnace. 

1" Quartz Tube 

Figure 9. Sublimation experiment set-up 

In determining whether or not hot gas product separation and purification from 

depleted soot would be possible, a simple sublimation experiment was set up using a tube 

furnace (Figure 9). An experimental sample soot extracted from the collection chamber 

was prepared and analyzed using the HPLC following the procedure outlined under 8.7.a. 

Around 200 mg of the sample containing a known percentage of fullerenes was transferred 
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into a ceramic crucible, which was then placed in a 1" diameter quartz tube pre-heated to 

800°C in a tube furnace under inert helium atmosphere flowing at 5 SCCM. AK-type 

thermocouple was used to monitor and control the temperature. After an hour of heating, 

the tube furnace was turned off and the sample was allowed to return to room temperature 

for safe collection. The remaining soot in the crucible was removed from the quartz tube 

and analyzed using the HPLC. 

8.5.b. Recycling Simulation 

To assess the potential for recycling depleted carbon, non-fullerenic soot was 

gathered from the collection chamber and the torch. The soot collected from the collection 

chamber was exclusively from the pre-heating process under argon and contained only 

minute amounts of fullerenes while the soot from the torch contained none. It also had 

minor solid contaminants originating from the ceramic heatshield on the torch and the 

ceramic filter of the collection chamber. To remove these unwanted substances, it was 

sieved with a 300 micron sieve for 30 min. This process eliminated most of the ceramic 

and a portion of the notably larger carbonaceous materials: Around 90% of the soot was 

ultimately recovered and was analyzed using the HPLC (8.7.a) and TEM (8.7.c). 

Around 70 g of the sieved soot was placed in an oven at 150°C and left overnight 

to remove any moisture. It was then put into the Telma Nanopowder feeder to bake further 

at 275°C for 3 h. This process was done to simulate what would occur industrially, wherein 

the 'clean' depleted carbon would be directly fed back into the reactor without exposure 

to the atmosphere. 

For the plasma treatment, the standard procedure listed under 8.2.a and 8.2.b was 

followed using pure helium at 6.92 SLPM flow-rate and the recycled soot at 1.2 ± 0.1 g I 
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min feed-rate. Exhaust gas analysis was not performed for this study. Product collected 

was analyzed with HPLC (8.7.a), and TEM (8.7.c). 

8. 7. Quantitative and Qualitative Analysis 

8. 7.a. High Performance Liquid Chromatography (HPLC) 

Below (Figure 10) is a Hewlett Packard (Agilent) 1090 Series II HPLC used to 

determine the fullerene composition in the soot sample quantitatively and qualitatively. 

Figure 10. HP 1090 Series II HPLC 

This particular HPLC is Equipped with a photodiode array detector, it can obtain 

the adsorption spectra for all wavelengths from UV to the Visible region at every second 

or less with excellent signal to noise ratio 53
• It operates by injecting micro liters of the 

analyte to a solvent mobile phase, which is allowed to flow through a column containing 

an appropriate stationary phase under high pressure. Depending on the affinity of the 

sample components to adsorb onto the stationary phase, the various substances are eluted 

out at distinct times. The separated samples then sequentially enter the flow-cell where 

the detection occurs. 

38 



COSMOSIL 5PBB Packed column was used in this investigation. It is a specialty 

column containing high purity porous spherical silica gel with pentabromobenzyl groups 

bonded to the silica. It is used specifically for the preparative separation of fullerenes and 

higher fullerenes 54. 

For sample preparation, around 75 mg of the soot sample was weighed on an 

analytical balance and transferred into a centrifuge tube. Approximately 3.8 g of 1, 2, 4, 

Trimethylbenzene was weighed and added to the tube to dissolve the fullerene in the soot. 

The tube was then placed in a sonicator water bath at room temperature for 30 min. After 

sonication, the sample was centrifuged at 2200 RPM for 20 min. The supernatant fullerene 

solution was transferred into a 2 mL HPLC vial with a pipette. Fullerenes yields calculated 

using the HPLC include the yield of C6o, C10, C16, C1s and Cs4. 

The HPLC calibrated with C60 internal standard was operated under the following 

conditions for all samples: 

Column Temperature: 29°C 

Pressure: 276 barg 

Flow: 1.000 mL / min 

Injection Volume: 25.0 µL 

Run Time: 10 min 

Below (Figure 11) is an example of a HPLC spectrum obtained under the above 

operational conditions exhibiting various peaks of fullerenes in an experimental soot 

sample obtained during this study. 
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Figure 11. A high-pressure liquid chromatograph of an experimental soot sample 

8.7.b. Gas Chromatography (GC) 

Below (Figure 12) is a SRI Instruments 86IOC Multiple Gas Analyzer #1 Gas 

Chromatograph (GC) used to perform exhaust gas analysis on the fullerene reactor. 

Figure 12. SRI 8610C GC 

This GC is equipped with molecular sieve 13X and silica gel packed columns. 

These columns are suitable for this application as they can resolve gases such as H2, 02, 
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N2, methane, CO, ethane, CO2, ethylene, acetylene and propane butanes, which are all 

possible by-products of plasma fullerene formation. The GC consists of two detectors: the 

thermal conductivity detector (TCD) and the Helium Ionization Detector (HID). TCD 

detectors are considered to be 'universal' thanks to their versatility and ease of use. They 

can sense changes in thermal conductivity of the effluent gas with respect to the reference 

carrier gas and produce them as detectable signals. While the TCD can detect all molecules 

up to 100%, it has a lower detection limit of around 100 ppm 55
• The HID detector, on the 

other hand, can detect all molecules except neon down to 10 ppm with an upper detection 

limit of 1-2% 56• It complements the TCD with its higher sensitivity to expand the 

detection range to 10 ppm - 100%. The HID consists of two electrodes, between which a 

low-current arc is generated to form helium ions from the make-up gas. The metastable 

ionic species subsequently collide and further ionize the eluted molecules from the 

column~ The resulting ions generate electric currents unique to each gaseous species as 

the detector's signal output. 

During the preliminary stage of exhaust gas analysis, the GC consistently produced 

substantial N2 and 02 peaks beyond the detectable limit of the HID (1-2%). Upon 

investigation, a significant leak inherent to the GC with a minor contribution from 

diffusion of ambient air from sampling and injection processes was discovered. This posed 

a serious problem as a major source of error and would surely render N2 and 02 analysis 

entirely unreliable. It was therefore decided that the analysis for the above gases would be 

omitted while CO2 and CO analysis would still be performed as the discussed leaks had 

negligible impact on the detection of the two gases. Since the latter two gases were present 

in relatively minute quantities below 1 %, for maximum precision and accuracy, the HID 

detector was calibrated with ultra-high purity internal standard and used for this 
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investigation. Appropriate calibration was performed by preparing sampling bags filled 

helium containing known concentrations of the gaseous impurities, which were drawn out 

with a 1 mL gas-tight syringe through a septum and injected into the GC. All percent 

impurity was calculated in vol%. 

The GC was operated under the following conditions: 

Injection volume: 1.00 mL 

Cylinder head pressure: 60 PSI 

Carrier gas flow-rate: 10 mL / min 

Carrier gas pressure: 29 PSI 

HID make-up gas flow-rate: 40 mL / min 

HID make-up gas pressure: 20 PSI 

Column temperature: Hold at 40°C for 4 min then ramp at 20°C / min for 6 min 

Valve temperature: 90°C 

TCD temperature: 150°C 

HID temperature: l 50°C 

Total run time: 10 min 

Below (Figure 13) is an example of a GC spectrum obtained under the above 

operational conditions for the analysis of an exhaust gas sample from one of the 

experiments conducted. 
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Figure 13. A gas chromatograph of an experimental gas sample 

8. 7 .c. Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy was used to examine any changes to the 

morphology upon plasma treatment. Samples were prepared on holey carbon copper grid 

and imaged (V = 200 ke. V). 

8.8. Assumptions 

The following were assumed for the purposes of this investigation: 

The reactants or the products did not react with the vessel or the internal surfaces 

of the recycling system as carbon is considered relatively inert. 

The gases in this study were subjected to a relatively low maximum pressure of 

400 kPa, below the point at which gases begin to deviate significantly from 

ideality: hence, it was assumed all gases behave ideally. 
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Impurities and helium were fully mixed before entering the reactor. 

The quantity of soot generated from the thermal erosion of the graphite electrodes 

was negligible relative to the amount of carbon fed into the reactor over the same 

duration. 

Due to the limitations of the reactor design, only a small portion of the input carbon 

was obtained at the output collection chamber. It was assumed that yield of 

fullerenes in collected soot is representative of the yield at 100% soot collection. 

Due to the limitations in gas sampling and analysis, it was assumed exhaust gas is 

free of N2 or 02 and the CO2 contribution from air leaks during sampling and 

analysis was negligible. 

All of the fullerenes in the product soot sample were dissolved and extracted in 1, 

2, 4-TMB. 

HPLC Peak response to C10 and higher fullerenes are equivalent to C6o. 

Based on preliminary experiments, minor variations in current and voltages did 

influence fullerenes yields significantly. 

8.9. Scope and Limitations 

In this study, primarily due to financial constraints posed by the capital and 

maintenance costs of various methods of conventional helium purification systems such 

as cryogenic distillation and pressure swing adsorption, there were no attempts to purify 

helium downstream other than the physical separation of the solid materials from the 

exhaust gas using a candle filter prior to recycling. The main purpose of this study was to 

determine if impurities in recycled helium would have a significant negative impact on 

fullerene yields and if purification would be necessary. 
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Due to the leaks inherent to the GC and sampling and injection methods that 

resulted in skewed detected concentrations, N2 and 02 analysis were omitted. 

Where the generation of P AHs in the reactor was a possibility, they were not in a 

gas phase under the sampling conditions. Hence, GC could not be used to detect their 

presence and their analysis was therefore omitted. 

Electrodes and the heat shield protecting the G-10 from the high-temperature 

plasma were prone to damage due to relatively low operating temperature of around 130°C. 

From previous experiments, it was determined that plasma gas flow-rates must be 

maintained at a minimum of 6.92 SLPM to help propulse the plasma upwards to curtail 

the disintegration of vital internal reactor components. 

Despite being more than sufficiently rated for the power requirements of the 

reactor, it was observed that the air-cooled plasma power source tended to overheat. This 

limited the reactor operation-time to a maximum of 20 min per experiment, after which 

the plasma had to be extinguished and the transformers were allowed to cool for about 15 

min-depending on electrode gap and the plasma gas being used. 

Reactor contamination by diffusion and adsorption of ambient air was nearly 

impossible to avoid due to regular maintenance requirements that inevitably expose the 

internal chamber to the atmospheric air despite best efforts to provide continuous inert gas 

purging to the reactor. 

Statistical analysis was not performed on the data from exhaust gas data as only 

one gas sample per reaction condition could be obtained due to the constraints posed by 

limited number of sampling bangs and time allotted on the GC. 
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Carbon feedstock recycling experiments were performed merely as a proof of 

concept in this investigation and analysis for impurities in the recycled samples and 

examining their effects were considered beyond the scope of this study. 

9. Results and Discussion 

9.1. Yield vs. Feed-rate 

Voltage (V) 40± 10 

Current (A) 150 ± 20 

Gas Flow (SLPM) 6.92 ± 0.02 

Feed-rate 
Yield from 

Collected Soot 
(g / min) 

(%) 

Amount of Soot Total Fullerenes 
Collected in Soot 

(mg) (mg) 

1.2 3.54 190 6.73 

1.7 2.22 340 7.48 

2.3 0.91 480 4.37 

Table 3. Yield of fullerenes in soot collected at various feed-rates 

As briefly mentioned in section 8.3 and 8.4, of the three carbon feed-rates tested, 

the one that appeared to afford the greatest yield at 6.92 ± 0.02 SLPM plasma gas flow

rate was determined to be 1.2 ± 0.1 g / min. A general trend can be deduced from the 

results presented in Table 3. While soot collection increased, the yield decreased with 

increasing carbon feed-rate. This was an expected outcome based on the observations 

made by Fulcheri et al. 19 In his investigation, feed-rates were altered from 3 g I min to 9 

g I min. It was remarked that at 3 g / min, he could obtain up to a maximum of 5% yield. 

Additionally, in a relevant plasma study completed by Sayce, various powdered particles 

such as carbon and alumina laden in plasma gas were fed into a plasma using an axial feed 

technique much akin to that of the ANL@UNB reactor. Experimentally, he also found the 

degree of conversion to increase with decrease in powder feed-rate and suggested that 
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increase in feed rate perhaps results in greater heat removal 57
• He presumed that the degree 

of conversion was directly related to the degree of vaporization with surface heat transfer 

as its rate-determining step. With this information, it becomes reasonable to speculate that 

beyond a certain feed-rate, the degree of vaporization decreases in consequence of excess 

carbon particles promoting heat removal. This would certainly reduce the concentration 

of fullerene building block carbon species such as the C2 and C3 radicals. 

While determining the optimal feed-rate is a vital component to optimizing the 

fullerene production of the ANL@UNB' s reactor, it is very much beyond the scope of this 

study. The main purpose of these three preliminary experiments was to approximate a 

reliable experimental condition at which the afforded yield was sufficiently high to 

accurately visualize the deleterious effect of the gaseous impurities. Hence the results 

discussed here are not the true representation of the maximum potential and the capability 

of the reactor. Additional replicated experiments over a larger range at smaller feed-rate 

intervals should be conducted to provide further support to the observations made in this 

investigation and fully explore the potential of this reactor. 
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9.2. Yield vs. Plasma Gas Impurities 

Voltage (V) 40± 10 

Current(A) 150± 20 

Feed-rate (g / min) 1.2 ± 0.1 

Gas-flow (SLPM) 6.92 ± 0.02 

Impurities 
Impurity 

Yield from Collected Soot Standard 
Cone. Mean 

in Helium 
(vol%) 

(%) Deviation 

RUN 
1 2 3 

None 0 3.54 2.73 3.53 3.3 ± 0.4 

1.1 0.783 0.737 0.879 0.80 ±0.06 

N2 3.17 0.370 0.461 0.729 0.5 ± 0.2 

5.33 0.456 0.454 0.405 0.44 ±0.02 

1.1 1.08 1.35 1.26 1.2 ± 0.1 

02 3.17 0.701 0.737 1.04 0.8 ± 0.2 

5.33 0.656 0.138 0.605 0.5 ± 0.2 

1.1 0.581 0.877 1.12 0.9 ± 0.2 

CO2 3.17 1.45 1.32 1.85 1.5 ± 0.2 

5.33 0.770 0.769 0.705 0.75 ±0.03 

Table 4. Fullerene yields collected from reactor operation with known concentrations of 
various impurities 

Note that the graphs below have been plotted using table 4 above and the data 

points have been connected for illustrative purposes and hence are only intended as an 

approximation of the trends between the data points. 
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Figure 14. Effect of various concentrations ofN2, 0 2 and CO2 on fullerenes yield 
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In establishing a reliable baseline, three control experiments conducted with pure 

helium at 6.92 SLPM flow and 1.15 g / min carbon feed-rate consistently resulted high 

yields {Table 4). In contrast, introducing gas impurities appeared to significantly 

depreciate the yield regardless of the type of impurity introduced. At 1 vol% impurity, the 

yield dropped down to around 1 % for all three gases. In the case of 02 and N2, the rate of 

yield depression over increasing impurity concentration showed a near-exponential trend 

and by 5 vol% impurity, only about 0.5% fullerene could be obtained. In general, there is 

an apparent trend of rapidly declining yield with increasing impurity. This is consistent 

with the unsubstantiated claims made by various researchers 38
• 

39 as well as the detailed 

report by Lange 37 on the influence of various concentrations of N2 in He on fullerenes 

yield, though an enhanced yields of C10 and higher fullerenes were not observed. This 

outcome can be attributed to the interference of the impurities on the sensitive fullerene 

formation process involving a series of possible but rare events. 

Since the rate of initial decrease in yield under 1 vol% impurity is essentially 

identical for all three gases, minimum helium purity to achieve acceptable fullerenes 

yields could be estimated from Figure 14. Setting one standard deviation away from the 

pure helium experiment yields (2.9%) as the minimum range of an acceptable yield, 

maximum acceptable impurity concentration of 0.2 vol% was interpolated. 

While these trends observed for the three gases were analogous to each other to a 

certain extent, the severity of yield reduction appeared to differ slightly to suggest there is 

enough difference in chemical and physical behavior of the three gases in the reactor to 

result in the varying influences on yield as was hypothesized. 
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To provide additional statistical support for these observations, two-factor 

ANOVA with replication was performed on the data obtained using Excel 2016 Data 

Analysis Pak with the following null hypotheses {Table S): 

Where a = 0.05, 

1. Hogas : There is no significant difference in the mean yields obtained using 

2. Hoconc : There is no significant difference in the mean yields obtained using 

different concentrations of impurity. 

3. Hogas,conc : There is no interaction between the use of different gases and 

their concentrations. 

Source of ss df MS F p-value Fcrit 
Variation 

Type of Impurity 0.97 2.00 0.48 13.3 0.0003 3.55 

Concentration 1.02 2.00 0.51 14.0 0.0002 3.55 

Interaction 1.18 4.00 0.29 8.11 0.0006 2.93 

Within 0.65 18.00 0.036 

Total 3.82 26.00 

Table S. ANOV A output for assessing the influence of impurities and concentrations on 
fullerene yield 

Since p-value < 0.05 and Fent < F for all three sources of variation, both of the 

main null hypotheses (Hogas and Hoconc) along with the null hypothesis for interaction 

(Hogas,conc) can be rejected: the highly statistically significant differences between the 

fullerenes yields obtained with different impurities and between the yields obtained with 

different concentrations of the impurities evidently reveal their varying influence on yield. 
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The rejection of the null hypothesis for interaction also indicates that there is an interaction 

between the two variables to have a combined impact on yield. 

While the different levels of yield depreciation dependent on the type of impurity 

and concentration used were an entirely expected result, the relative degree of influence 

of each species was not at all as imagined. Nitrogen appeared to have a more pronounced 

effect on yield than the other two gases tested, which contradicts the original hypothesis 

of nitrogen impurity having the least impact on yield owing to its relative stability and its 

status as an inert gas. It has previously been observed with optical emission spectroscopy 

that nitrogen does react with carbon atoms to form CN- species under similar reaction 

conditions and possibly reduce the availability of reactive carbon radicals but this is still 

not an adequate rationalization for this strange result. 

Instead of continuing to search for an answer to this problem from the chemical or 

physical properties of nitrogen, additional investigation into the behavior of CO2 and 02 

under these conditions were conducted in hopes of discovering behaviors unique to 

oxygen containing molecules. Eventually, it led to numerous studies and patents for the 

practical use of CO2 and 02 as amorphous carbon etching or cleaning agents under high 

temperatures. Kim et al. in particular, utilized 02 plasma to treat single-walled nanotubes 

(SWNT) followed by etching with 10% CO2 in Ar at temperatures up to 950°C to 

completely remove amorphous carbon from SWNTs 58
• There was also a study by Puliyalil 

who reviewed the versatile use of 02 plasma for chemically etching off amorphous carbon 

deposits from various polymeric substrates for several advanced applications 59
• These 

known uses of CO2 and 02 are under similar reaction conditions to the ANL@UNB 

plasma reactor and they provide a powerful tool in interpreting the peculiar observations 

made in this investigation. It is likely that a portion of amorphous carbon generated from 
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the evaporation and condensation of the carbon feed is being consumed by CO2 and 02 to 

become converted to additional CO2 and C0 60
• Removal of excess non-fullerenic carbon 

would naturally increase the apparent percentage of fullerenes in the collected product

resulting in a skewed yield calculation. Relatively high yields (1.5 ± 0.3%) attained at 3 

vol% CO2 that were out of character of the general declining trend may also be rationalized 

with this unforeseen confounding variable as well. At 3 vol% CO2, the effect of 

amorphous carbon conversion was perhaps more significant than the deleterious effect on 

fullerene formation; while at 5 vol%, the interference with fullerene generation surpassed 

the deleterious effect to result in a modest 0.75 ± 0.04% yield more consistent with other 

gases at the same concentration. 

If this theory is true, it is entirely plausible that the actual absolute product yields 

per total carbon input are lower for CO2 and 02 than N2, and this would be easily 

determined with 100% soot collection. However, due to the limitations in the reactor 

design, an efficient and reliable collection method to achieve 100% carbon output at the 

collection chamber was not possible for this investigation and the assumption had to be 

made that the percent fullerenes composition in the collected soot (-200 mg) is 

representative of the fullerenes percent yield at 100% carbon recovery. In future research, 

a reactor design modification to improve the current 10% soot collection to 100% is 

strongly recommended for increased accuracy in yield analysis and mass balance. This 

would also help assess the impact of CO2 and 02' s amorphous carbon consumption. 
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9.3. Exhaust Gas Analysis 

Impurities 
Impurity 

Exhaust Gas Composition CO: CO2 
Output: 

Cone. Input 02 
in Helium (vol%) Ratio 

(vol%) Ratio 

co CO2 

None 0 0.07 0.46 0.2 

1.05 0.010 0.13 0.08 

N2 3.17 0.098 0.24 0.41 

5.33 0.58 0.54 1.1 

1.05 1.5 0.27 5.7 0.97 

02 3.17 2.5 0.40 6.4 0.53 

5.33 4.8 0.55 8.8 0.55 

1.05 0.93 0.22 4.2 0.65 

CO2 3.17 2.5 0.33 7.7 0.50 

5.33 2.7 0.89 3.0 0.42 

Table 6. Exhaust gas composition upon impurity injection into plasma 
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Figure 15. Gas chromatograph of reactor exhaust gases with pure helium plasma and at 

5 vol% CO2, 02 and CO2 
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Initially, gas analysis to establish a control was performed on the exhaust evolved 

from a pure helium experiment using the GC under conditions outlined in 8.7.b. In 

contradiction to what was hypothesized, 'pure' helium runs in fact emitted notable 

quantities of impurities {Table 6): 0.46 vol% of CO2 and 0.069 vol% of CO to indicate a 

possible reactor and contamination by oxygen containing species such as 02 or CO2. 

Considering a 99.995 vol% grade of helium is being used for these experiments, it 

is doubtful the impurities unaccounted for originated from the cylinder. It is fully 

conceivable, however, that residual moisture may have condensed in the gas lines from 

the expansion of the gas as it exited from the cylinder. In addition, ambient air may have 

diffused into the reactor and the N anopowder feeder during the brief but occasional 

maintenance periods. Despite best efforts to maintain reactor under constant inert gas flow, 

graphite electrode replacement and torch clean-up required the removal of the torch 

assembly, through which the gas was fed. During this process, to mitigate carbon 

aerosolization outside the reactor, gas flow was cut-off. This meant that reactor as well as 

the feeder was exposed to atmospheric air for at least 30 min of parts replacement, which 

allowed air molecules to adsorb onto the inner graphite chamber as well as the porous 

surfaces of the carbon feedstock. Although the reactor was always purged with Ar for at 

least 20 min of pre-heat before feeding, it is possible this may not have been adequate in 

removing all of the impurities. 

Note that the graphs below have been plotted using Table 6 and the data points 

have been connected for illustrative purposes and hence are only intended as an 

approximation of the trends between the data points. 
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Figure 16. CO2 (Top) and CO (Bottom) exhaust response to vanous injected 
concentrations of impurities 

Alternatively, as expected with the deliberate introduction of CO2 and 02 

impurities to the plasma gas, the presence of CO and CO2 became a lot more prominent 

in the exhaust sample compared to control and increased somewhat linearly (Figure 16). 

It was reasonably predicted that CO2 emission would be augmented by increased quantity 

of 02 introduced resulting from oxidation of carbon under the extreme thermal conditions. 

However, higher CO2 output concentration obtained with the 02 injection than CO2 for 1 
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vol% and 3 vol% injections was definitely an unanticipated result. In fact, the amount of 

CO2 in the exhaust was consistently lower than the amount of CO2 injected. This strongly 

suggests that under the conditions of the reactor, CO2 was being consumed by other 

chemicals inside to form additional by-products. It is also fascinating to note at 5 vol% 

COi injection, concentration of CO2 exhibited a sudden increase-albeit lower than 

injection concentration-while CO levels remained relatively stable to perhaps indicate a 

formation of an equilibrium (Figure 16). Indeed, at higher temperatures (> 1000 K) CO2 

reacts with elemental carbon in a phenomenon known as Boudouard equilibrium reaction 

to selectively form CO 61
• This will be discussed further in detail. 

Another strange observation was the increasing trend in the exhaust concentrations 

of CO2 and CO with the addition of N2. While one might question the purity of the gas 

source, N2 used in these sets of experiments were 99.9995 vol% pure liquid N2 and 

theoretically should not have led to any formation of oxygen containing species. This 

peculiar result was an anomaly yet consistent to that observed with the exhaust analysis 

of the pure helium experiments discussed previously. They likely share a common source 

of error-air leaks in the system. 

In stark contrast to the unexpectedly low CO2 levels, the reactor emitted substantial 

quantities of CO when the plasma was exposed to the injected 02 and CO2 (Figure 15, 

16). The injection of 5 vol% 02 for example, generated nearly 5 vol% CO, while the same 

condition resulted in the release of only about 0.5 vol% CO2. Likewise, CO2 injections 

did result in a pronounced increase in the output CO but not to the same extent as 02 

injections. 
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As briefly stated earlier, the results of the overall exhaust gas analysis can be 

mostly explained with the Boudouard reaction (Route 4) and other reactions involving 02, 

CO, CO2 and carbon as the following: 

Route 1. 

Route 2. 

Route 3. 

Route 4. 

200.0 

100.0 

~ 0.0 
E 
::; -100.0 
~ 
'--" 

~ -200.0 

@-300.0 
<1) 
C 
~ 
v -400.0 
<1) 
;...., 

µ.. 
_U"l -500.0 
.D 
.D 

c5 -600.0 

-700.0 

-800.0 

2c+o2~2co 

C02+c~2 CO 

Ellingham Diagram 

3000 

- Route 1 

- Route2 

- Route3 

- Route4 

Temperature (K) 

Figure 17. Ellingham diagram ofC + 02 ~ CO2 (Brown), 2 C + 02 ~ 2 CO (Black), CO 

+ 02 ~ 2 CO2 (Red), CO2 + C ~ 2 CO (Blue) as calculated with standard entropy and 

enthalpy values from NIST 50 

The Ellingham diagram (Figure 17) demonstrates that Gibb's free energy of 

formation (~G) of CO via the oxidation of carbon with 02 (Route 2) and CO2 (Route 4) 

becomes increasingly more favorable at high temperatures (< 1000 K), which the 
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ANL@UNB reactor is more than capable of achieving with up to 12000 K plasma 

temperature 62. This is in contrast to L'.\G of CO2, which becomes comparably less favorable 

for Route 3 and the L'.\G of the alternative-Route 1, which remains much the same with 

increasing temperature. 

To summarize, the increase in CO concentrations accompanied by an extensive 

drop in injected CO2 concentration can be explained by Boudouard's reaction (Route 4), 

which favors the conversion of CO2 to CO at over 1000 K via the reduction by elemental 

carbon61· 63. In fact, a quantitative investigation by Rhead and Wheeler demonstrated that 

the reaction to form CO proceeds 166 times faster than that of the reverse reaction at this 

temperature 64
• 

65. In much the same way, the preferred route of carbon oxidation forms 

CO (Route 2) over CO2 (Route 1) at high temperatures. This provides an explanation for 

the increase in CO at the exhaust with the additional 02 input. It is also noteworthy that 

while formation of CO is generally favored at high temperatures, the more preferred route 

is Route 2. The alternative-Route 4-has nearly 500 kJ / mol higher Gibb's free energy 

change L'.\G at any given temperature, which can possibly account for the consistently 

higher CO exhaust concentrations with 02 injections than CO2 injections. 

Although it is apparent 02 and CO2 introduced into the reactor are converted into 

either CO2 and CO as discussed, the output gaseous oxygen content does not fully account 

for the amount injected as observed from the output : input 02 ratios in Table 6. On 

average only about 50% of the 02 is accounted for by the detected gaseous species. This 

suggests that a considerable portion of the injected 02 and CO2 are also becoming involved 

in other reactions. It is most likely that they are forming various organic oxide species that 

are deposited as soot-even fullerenes are known to form oxide species 40
• 

59 



Whereas notable quantities of CO were detected with the introduction of CO2 and 

02, N2 did not seem to have a significant effect on CO generation with the maximum 

exhaust concentration of around 0.6 volo/o-a slightly higher quantity than pure helium 

experiment yet lower than any observed with CO2 or 02. There was a minor increasing 

trend; however, it was not to the same extent as the other gases'. Along with the exhaust 

data from the control helium experiment, this observation offers additional relevance to 

the temperature dependence of CO and CO2 formation as explored above. Exhaust CO 

levels were distinctively low only for N2 injection and control helium experiments while 

their CO2 emissions remained very much comparable with those of CO and CO2 impurity 

experiments. This suggests that formation of CO occurs entirely in the plasma or its 

immediate surrounding while CO2 formation occurs downstream where the temperature 

would be more thermodynamically favorable for CO2. Otherwise, CO : CO2 ratios of 

comparable magnitude would have been observed for N2 and pure helium experiments as 

well. Temperature dependent behaviors of the gaseous species described here also help 

substantiate the conclusions made in Section 9.2 with regards to unexpectedly higher 

yields acquired with CO2 and 02 injections compared to N2 injections: Amorphous carbon 

produced from the plasma reacted with the oxidizing agents CO2 and 02 to facilitate CO 

generation, which increased the apparent yield of the fullerenes in the final condensable 

soot collected. 

The above observations made with the exhaust analysis amount to one important 

answer to the research questions posed: helium purification is absolutely necessary for 

recycling. Exhaust gas from a pure helium run consisted of at least 0.5 vol% impurity

even without taking 02 and N2 into account, recycling the exhaust helium gas straight 

back into the reactor without purification would depreciate the yield to approximately 2% 
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as interpolated from Figure 14. This is nearly a 40% decrease in yield and would likely 

be more if 02 and N2 presence is also brought into the equation. In section 9.2, the 

maximum impurity concentration to obtain acceptable yields was determined to be 0.2 

vol%, which is nearly half the amount of impurity detected from a pure helium experiment. 

For an efficient reactor operation, helium recycling with purification would most 

definitely be advisable. 

While this investigation demonstrated the importance of maintaining a leak-tight 

system and aided in determining the necessity for a helium purification component to the 

ANL@UNB fullerene reactor, more research into the compositions of the gaseous 

impurities in the reactor would offer a higher level of confidence in the conclusions drawn. 

Going further, accurate analysis of exhaust CO2 : CO compositions may provide 

additional insight on the internal reactor temperatures since the equilibrium concentrations 

will be specific to certain temperatures. 

If this study is to be repeated, sources of impurities that were unaccounted · for 

should be removed. This can be achieved by either maintaining continuous vacuum during 

turnover periods or ensuring a constant positive pressure with non-stop argon or helium 

flow through the reactor and the Nanopowder feeder. This would minimize the adsorption 

of air molecules onto the inner graphite shell and the carbon feedstock. 

To eliminate errors arising from the gas analysis itself, a significant improvement 

to the sampling and testing methods is recommended. As previously discussed under 8. 7 .b, 

exhaust analysis for the presence of N2 and 02 were not performed due to the cumulation 

of errors from the instrument, sampling and injection. Elimination of these errors will 

allow for an accurate analysis of N2 and 02 composition in the exhaust gas and a proper 

input and output mass balance. Unless there is a financial constraint, using a gas analyzer 
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calibrated explicitly for the known impurities would be the most reliable method of 

analysis. It would offer a constant live in-line gas analysis as opposed to the manual snap

shot sampling method used in this investigation. If this is not feasible, the reactor outlet 

could be directly connected to the sampling loop of a GC for a constant in-line analysis 

with about 10 min delay between each sample. While the samples collected using this 

method would not be representative of the overall exhaust composition, it would remove 

errors arising from injection and manual snap-shot sampling. 

Due to the limitations in supplies of gas sampling bags and allotted analysis time, 

gas analysis was not repeated for every reaction condition for this study, which was also 

the reason for omitting statistical analysis for this section. To provide credible statistical 

support to the conclusions drawn, additional repeated experiments should be conducted 

with gas analysis. 

Finally, the use of Infrared Spectroscopy would also provide a powerful tool in 

accounting for the O atoms that did not get converted into CO2 or CO as it would allow 

for the detection of any presence of C-0 or C=O groups in the final soot sample. 

9.4. Carbon Feedstock Recycling 

9.4.a Product Separation by Sublimation: A Proof of Concept 

A key element in making carbon feedstock recycling possible is the separation of 

the desired product and the depleted soot. The safest and the most environmentally 

friendly method to accomplish this task is via the sublimation of fullerenes. There have 

been numerous studies successfully assessing the potential for product separation using 

this method but none that involved experimental samples from a plasma reactor. The 

initial experiment was set up as a visual proof of concept to determine how much fullerene 
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can be sublimed out at 800°C under inert gas. The initial soot sample before thermal 

treatment was found to contain 0.9% fullerenes including C6o, C10, C16, C78 and Cs4. 

Following thermal treatment, a streak of reddish-brown material characteristic of a 

fullerenes mixture began to appear inside the quartz tube outside the heating-zone as 

observed in Figure 18 as below. 

Figure 18. Fullerene deposition inside the quartz tube downstream of the heating zone 

Unfortunately, the supposed fullerene was only present in minute quantities and 

too strongly adhered onto the quartz surface for sampling even by washing with solvent. 

However, the HPLC performed on the treated soot sample showed a complete absence of 

fullerenes as shown in Figure 19 to signify a complete removal of fullerenes from the 

experimental soot. The findings from literature review indicated that fullerenes do not 

undergo decomposition under inert gas and hence it is very likely the brown material is 

indeed composed of fullerenes. While it would have been more evident with the HPLC 

analysis of the sublimed substance, this result provides an evidence for the potential for 

product separation by sublimation as a proof of concept. 
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Figure 19. Fullerene composition before and after thermal treatment at 800°C 

If this technique is to be utilized for practical application, testing higher quantities 

of collected soot for analysis of the condensables as well as determining optimal 

sublimation conditions such as temperature, flow-rate and pressure is advisable. 

9.4.b. Recycling Simulation 

Voltage (V) 
Current (A) 

Feed-rate (g / min) 

Gas-flow (SLPM) 

40± 10 

150 ± 20 

1.2 ± 0.1 

6.92 ± 0.02 

Yield from Collected Soot 

(%) 

1 
0.88 

RUN 

2 3 
1.15 0.55 

Table 7. Fullerene yields obtained from depleted feedstock 
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Recyclable soot collected from the torch and the collection chamber during argon 

pre-heat contained a negligible 0.02% fullerenes while the soot product attained from the 

recycled feed produced up to 1.15% fullerenes as shown in Table 7. While the obtained 

yields are significantly lower than the maximum achievable yields under the same 

standard conditions, this outcome adequately demonstrates the potential for carbon 

recycling. It is important to note that there were yet visible solid impurities such as brass 

particles and ceramic from heatshield and filter that were introduced into the reactor along 

with the recyclables, which-as demonstrated from the gas impurity experiments-likely 

played a significant role in the lower yields acquired. 

Additionally, the TEM of the soot collected at different points of the study also 

showed changes in morphology of the carbon as shown in Figure 20. While the TEM of 

fresh LITX™ 50 showed predominantly graphitized onion-like carbon, carbon before 

recycling and after recycling became increasingly amorphous in structur~likely because 

of vaporization and subsequent condensation. This distinct transformation resulting from 

plasma treatment was also noted by Fulcheri 19
• It is unknown if the higher degree of 

amorphization has any effect on fullerene yields; the impurity content introduced into the 

reactor with the recyclable material hinders an accurate assessment of this potential 

variable. It is possible that relative ease of vaporizing amorphous carbon over the more 

structured and thermally stable graphite can potentially increase fullerene yields. In 

Fulcheri' s investigation on the impact of various feedstock on fullerene yield, a type of 

acetylene black (Y50A) that was both amorphous and graphitic in character afforded the 

highest yields over the more graphitic precursors. While Fulcheri attributed this 

observation to the higher purity and higher BET surface area of Y50A, it would be worth 
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exploring if the level of amorphization of the precursor has any additive impact on 

fullerene yields. If it is revealed that amorphous carbon facilitates higher yields, feedstock 

recycling would most definitely be a sensible idea. 

Figure 20. TEM of a) LITX™ 50 b) Collection from a pure helium run c) Soot before 
recycling d) Soot after recycling 

If the recyclability of the depleted feedstock is to be explored more in detail, the 

experiment should drastically be improved to attain a more definitive error-free result. As 
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previously discussed, refining the reactor design to achieve 100% collection of the input 

carbon will curtail soot contamination by non-carbonaceous materials. With 100% carbon 

output at the collection chamber there would be minimal accumulation of carbon on the 

torch, which would eliminate the ceramic heatshield and brass particles from the 

recyclable material. Moreover, designing a collection chamber that will also function as a 

fullerene sublimator- as proposed below (Figure 21)-would also help eliminate 

ceramic filter as a possible source of impurity in the recyclable carbon and the desired 

fullerene product. 

Sublimator with Filter 

@ 800°C 0 

Condenser @ < 300 C 

--------------- 1.,...... ........ ~~I 

----1 1----
Reactor 
Output 

-----ai I I 

Helium 
Fullerenes 
Depleted Carbon 

I I 
I I 
I I 

Recyclable 
Carbon OUT 

Gaseous 
Fullerenes 

Fullerenes 
OUT 

Figure 21. Proposed collection and product separation method 
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9.5. Fullerenes Production Cost Approximation 

Equipment 

Power Supply 
Nanopowder Feeder 
Chillers 
HPLC + Specialized Column 
Data Acquisition 
Thermal Imaging Camera 
Sublimator 
Gas Handling 
Feedback Control/ Electronics 
Reactor Machining/ Assembly/ Testing 
Gas Sensors (in-line) 
Temperature Monitoring 
Cryogen-free Helium Purifier 

Total 

Approximated Cost 
(CDN) 

49000 
25 000 

8 500 
50000 
18 000 
9000 

10 000 
10000 
20000 
72 000 
16 000 
2 000 

58 000 

347 500 

Table 8. Estimate of capital equipment costs for fullerene production 4 

To determine if there is a financial benefit to recycling helium and feedstock, a 

production cost approximation was performed. Equipment costs except the helium purifier 

were as personally communicated by Dr. Felipe Chibante who had access to the relevant 

invoices {Table 8). 

Carbon recycling is not expected to require a significant additional capital 

investment or production cost assuming sublimation is the method of fullerene extraction 

for both systems with or without recycling. At 90% recycling efficiency, the feedstock 

would have to be replenished at 0.0097 kg/ h, which would compensate for carbon 

consumption in fullerene formation and 10% loss to recycling efficiency. 
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For helium purification, PSA and Cryogenic methods were initially considered as 

discussed under literature review. While PSA would be ideal for low purity helium where 

20-30% loss occurring at the expense of achieving much higher purity would be 

acceptable, it was not recommendable for the relatively low impurity levels (--0.6%) of 

the ANL@UNB plasma reactor exhaust. It would also require an expensive PSA 

compressor. Quantum-Technology, upon reviewing ANL@UNB's application and 

specifications, advised against the PSA as well70
• 

It was therefore decided that the alternative----cryogenic purification-was the 

more appropriate option. Quantum-Technology had a liquid nitrogen purifier and a 

cryogen-free purifier available. While the liquid nitrogen purifier was markedly cheaper 

at 18 500 CDN, the high liquid nitrogen consumption per equivalent liter of helium 

purified would necessitate an in-house liquid nitrogen generator, which would 

significantly increase capital costs as well as power consumption. The semi-automated 

cryogen-free purifier offered at 58 000 CDN appeared to be best suited for the 

ANL@UNB's applications. The cost was estimated accordingly with the current reaction 

conditions. At 90% recycling efficiency, the system would require 0.04 m3 / h of helium 

to be replenished. 

The approximation is intended to demonstrate financial feasibility of the recycling 

with helium purification on the direct production costs and hence does not include labor, 

insurance or the initial R & D costs-all of which in any case would increase negligibly 

with recycling. 

Below (Table 9) are the estimated costs for the production of fullerenes without 

and with recycling purified helium and carbon feedstock. 
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Fullerene Production Capacity (kg / yr) 20 

Reactor Operation Time (h / yr) 8000 

Fullerenes Yield (%) 3.5 

Carbon Feed-rate (kg / h) without recycling 0.072 

With recycling at 90% efficiency 0.0072 

Helium Flow-rate (m3 / h) without recycling 0.4 

With recycling at 90% efficiency 0.04 

Req. Yearly 
Cost per 

(/ kg Ful.)8 req. 

Helium without 
166 3 347 

recycling (m3) 

Helium with recycling 
16.6 335 

at 90% efficiency (m3) 

Feedstock without 
28.8 576 

recycling (kg) 

Feedstock recycling at 
3.9 78 

90% efficiency (kg) 

Graphite Electrodes 
(m) 

40 80000 

Electricity without He 
8 800 176 000 

purifier (kWh)r 

Electricity with He 
11 200 224 000 

Purifier(kWh) 

10% equipment cost (Capital) without He purifier 
10% equipment cost (Capital) with He purifier 

Production Cost without recycling 
Production Cost with recycling 

a - Requirement per kilogram fullerene produced 

unit 
(CDN) 

17.78b 

17.78 

15.75c 

15.75 

0.20d 

0.0632e 

0.0632 

b - Based on Praxair' s contract price for University of New Brunswick 66 

c - An estimate by CABOT; subject to change based on amount ordered 67 

Yearly 
Cost 

(CDN) 

59 502 

5950 

9072 

1222 

16 128 

11 123 

14 157 

28 950 
34 750 

124 775 
72207 

Cost per 
kg Ful. 
(CDN) 

2 951 

295 

450 

61 

800 

552 

702 

1436 
1 724 

6 189 
3 582 

d- Based on prices listed for 0.375 inch OD X 12 inch L fine extruded graphite rod by graphitestore.com 68 

e- Based on rates for small-industrial service by NB Power 69 

f- Includes Power requirements for the reactor (6.5 kW), Chillers (2.5 kW) and Sublimator (12 kW) 

Table 9. Cost estimate offullerene production with and without recycling 
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As the results in the above table demonstrate, helium consumption alone 

constitutes up to an astounding 50% of the direct fullerene production cost without 

recycling. At 6 189 CDN / kg, there is likely to be a margin for profit even with the 

inclusion of the other costs omitted above-considering the current market price of 15 

000 USD / kg. However, with the implementation of recycling for both helium and 

feedstock even with the helium purification system, the production cost can be reduced 

by over 40%, which would drastically increase profit margin and potentially decrease the 

market price for fullerenes. It is therefore advisable-from a financial standpoint-to 

implement feedstock and helium recycling with helium purification. 

10. Conclusion 

In this investigation, the potential for helium plasma gas and carbon feedstock 

recycling for the fullerene manufacture was explored. To determine first of all if helium 

recycling can be achieved without purification, various concentrations ofN2, 02 and CO2 

were fed into the reactor pre-mixed with plasma helium gas to examine the impact of 

impurities have on fullerenes yield and the exhaust gas composition. The deleterious effect 

of impurities on fullerenes yield was quite severe, and with the current reactor exhaust 

composition, helium recycling would most certainly require a purification system to 

obtain at least 99.7 vol% helium. From exhaust gas analysis, it was also discovered that 

oxygen containing impurities introduced into the reactor will most certainly increase 

carbon foot-print with amplified CO2 and CO emissions. If the system is not drastically 

modified to eradicate diffusion of atmospheric air, there will be serious implications in the 

future with the implementation of carbon taxation. 
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Additionally, fullerenes separation by sublimation was conceptually validated to 

be a feasible method of product extraction, which would aid in depleted feedstock 

recycling. As well, observable yields were obtained from the used feedstock to reveal the 

full potential of carbon recycling. 

As the production cost analysis have evidently demonstrated-with 40% decrease 

in costs, a full helium and carbon recycling system with purification would be a sensible 

and a worthwhile investment in proceeding with commercial production of fullerenes. If 

implemented, this would most positively contribute to reducing fullerene purchasing costs 

and catalyze the market for fullerenes in the research and development of various 

fullerene-based products including OPV solar cells for green-energy production. 
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