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ABSTRACT 

Carbon formed by the catalytic decomposition of carbon monoxide was 

studied by thermogravimetric analysis and transmission electron microscope 

(TEM) examination of the carbon formations .. The influence of hydrogen on 

carbon formation morphology became clear, based on results of catalytic CO 

disproportionation with little or no hydrogen present. A new mechanism is 

proposed to explain carbon formation in the absence of hydrogen. 

The key to achieving carbon deposition without hydrogen is use of a 

suitable supported catalyst, where metal-support interactions in the catalyst play 

an important role. A Ni catalyst supported on Si02-Al20 3 was exposed to various 

CO/C02 ratios (set to prevent Ni carbide or oxide formation) and low 

concentrations of H2 (0 to 3%)in the temperature range of 745 K to 785 K. An 

important finding was that the carbon formations produced when H2 was present 

in the reaction gas had open graphite edges (fi"Iaments), while the formations 

produced with no H2 were closed nanotubes and encapsulating shells. Hydrogen 

atoms serve to satisfy valences at the edges of the graphite basal planes in 

filaments. A previously unidentified mode of carbon precipitation from the 

catalyst metal is used to explain the catalytic formation of carbon shells and 

nanotubes: instead of graphite basal planes precipitating generally parallel to the 

metal surface, the carbon atoms are added to the edge of basal planes, 

perpendicular to the metal. 



1.1 Motivations 

CHAPTER 1 

INTRODUCTION 

14 

This investigation originated with my thesis on carbon deposition (Nolan, 

1992), which was an engineering effort to separate CO from CO2 under unusual 

conditions. In that work, a practical catalyst for carbon deposition by CO 

disproportionation was characterized. The discovery of a catalyst that was 

effective with no hydrogen present was, as it tunis out, a matter of luck. It was 

previously believed that continuing catalytic carbon deposition without hydrogen 

present is very difficult to achieve. Walker, et al. (1959) in an early investigation 

of carbon deposition said "Of particular interest is the run made with a gas 

mixture containing less than 0.05% H 2, which clearly shows the relatively high 

stability of carbon monoxide which is dry and low in hydrogen, even over iron." 

What they called high stability of CO was their result that negligible carbon was 

deposited from CO when H20 and H2 were not present in sufficient quantity. 

Most researchers in the field have found it difficult or impossible to initiate 

catalytic carbon deposition from CO without some H2 present in the reaction gas. 

As such, the earlier research on carbon deposition involved using hydrocarbon 

gases or CO + H2 to give measurable reaction rates. 
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The original motivation for this work was an effort to design an apparatus 

to produce rocket motor propellent on the surface of Mars from the planet'S CO2 

atmosphere. That led to a different approach to' the study of carbon deposition. 

Carbon deposition was considered for a unit operation to regenerate CO2 from 

CO. Such a regeneration capability allows recirculation of CO2 in the apparatus. 

The result could be a significant savings in the system's mass, and thus mission 

cost. Using CO disproportionation for the regeneration, followed by gasification 

of the deposited carbon, also allows production of CO. The CO may be used as 

a rocket fuel. Applications of the above include a Mars propellent plant for a 

sample return mission, as detailed in Appendix A, and a Mars "hopper" for robotic 

sampling of multiple locations on the planet. 

The significance of the application of carbon deposition to a Mars 

propellent plant was that there is essentially no H2 in the Martian atmosphere. 

Because of that, carbon deposition was studied without hydrogen available in any 

form. It was this unique approach that led to unanticipated findings. 

1.2 The Need for Carbon Deposition Research 

Despite a long history of catalytic carbon formation research, many aspects 

are not well understood. The importance of a variety of parameters on the 

mechanisms of carbon deposition has only been discovered piecemeal. In early 

studies there was a controversy over whether catalysts were active in the metal 

phase, as an oxide, or as a carbide (perhaps in an unstable or surface form). Then 
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much work was done to elucidate the mechanisms responsible for the growth of 

carbon filaments, including contention over the driving force for carbon diffusion 

through the catalyst particle. The importance of varying carbon activity in the gas 

phase is a more recent, and still unresolved, issue. How carbon formation 

conditions influence the resulting morphology has become an important issue as 

well. 

Beyond the obvious important variables such as temperature and other 

thermodynamic state properties, there are several other vital variables to consider 

in detailing the mechanisms of carbon deposition. These variables include catalyst 

metal selection, crystallographic and surface condition of the metal, catalyst 

pretreatment (including dissolved impurities and defects), particle size, particle 

shape, metal-support interaction, and in the reaction conditions: hydrogen 

concentration, other gas impurities, and duration of reaction. Of greatest interest 

to the present work is the morphology of carbon deposited and its influence on 

mechanisms. The importance of carbon product morphology on reaction kinetics 

is a realm that has been neglected in past work (Jablonski, et aI., 1992; Tavares, 

et ai., 1994). 

There are many applications for an increased understanding of catalytic 

carbon deposition pursued in the present work. One interest is the prevention of 

carbon deposition, since it is a hinderance in many industrial catalytic processes. 

Another is useful applications of the carbon deposition product. Because of the 
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variety of forms of carbon deposit that may be produced, the deposit itself has 

potential value. An encapsulating carbon coating around a metal particle protects 

the particle. Such protection could be used to produce extremely small magnetic 

particles that maintain resistance to oxidation, useful in recording and imaging 

technologies. There are also many applications for tubular shaped carbons in 

composites (Chung, 1994), which leads to the following discussion of nanotubes. 

1.3 Potential Use of Carbon Nanotubes 

This section assesses a novel production method for an uncommon form 

of carbon called nanotubes. The catalytic production of nanotubes was an 

unexpected discovery of this investigation. This is an appropriate place to discuss 

the value of nanotube production, since the present work provides no conclusions 

on the potential properties of nanotubes in their end use. Carbon nanotubes are 

extremely small tubular forms of carbon, to be described in greater detail later. 

They have also been referred to as: nanofibers, nanofilaments, nano-tubules, 

fibrils, Buckytubes, and higher fullerenes. Current interest in nanotubes resulted 

from the discovery that they can be produced in arc-discharge furnaces designed 

for fullerene production (Iijima, 1991). But in fact they were produced by a 

similar process decades before (Bacon, 1960). In'this work a means of producing 

nanotubes by a catalytic process under very different conditions was developed 

and explored. An advantage of producing nanotubes by a catalytic process instead 

of the arc-discharge technique is that the reaction temperature is lower and more 
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even, allowing better control of production conditions for uniform output. Also, 

temperature and pressure can be closely and ea~ily controlled, to allow specific 

product properties. The catalytic process could also allow using more economical 

starting materials and less energy. 

Nanotube carbon can be expected to exhibit unique and useful mechanical, 

electrical, thermal and other properties. Nanotubes would have superior tensile 

strength and modulus compared to carbon filaments. This is because the strong 

covalent bonds are in the direction of the length of the tube, as opposed to the 

weakly bonded nested conical layers of a carbon filament of similar dimensions. 

Physical properties would be improved by the high crystallinity of nanotubes 

(Boellaard, et aI., 1985). Coefficient of thermal expansion, electrical and tl:1ermal 

conductivity, and oxidation resistance can be optimized. Nanotubes have the 

distinction of being the most resistant of the known forms of carbon to oxidation. 

(Pang, et al., 1993). 

One application for carbon nanotubes is use as the reinforcing component 

in high strength composites (Tennent. et al., 1992). An advantage of nanotubes 

over currently used carbon fibers is the potential ability to provide considerably 

greater strength (Calvert, 1992). Nanotubes are significantly smaller than typical 

.:.:arbon fibers (0.02 J..Lm versus 10 J..Lm 0.0.). This feature may allow the use of 

injection molding to produce high strength composite shapes economically. To 

best utilize carbon formations such as nanotubes, one must recognize the role of 
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hydrogen in controlling the properties of tubular carbon forms. Fundamental 

studies are necessary to learn the detailed mechanisms of nanotube formation. 

1.4 Hypothesis 

The hypotheses advanced in this dissertation are: 

1. Carbon deposition by catalytic CO dispioportionation is dependent on 

many variables. The presence of hydrogen is especially important, and has a 

direct impact on carbon product morphology. When there is no hydrogen in the 

reactant gas, only closed carbons such as nanotubes and shells form. If hydrogen 

(or perhaps other bond satisfying species) is present during CO disproportionation 

then filaments form, with open edges. The number of open edges, and 

consequently the angle between the filament axis and the graphite basal planes in 

each layer of the filament, can increase when greater amounts of H2 are added to 

the reaction gas. 

2. The mechanism for formation of shells and nanotubes (closed carbons) is 

fundamentally different from the mechanism for formation of filaments (open 

carbons). Thus the reaction kinetics for the two types of carbon deposition are 

likely to be measurably different. 

The kinetics of closed carbon formation (with no hydrogen present) has not 

been examined in the literature. That could have been because of a 

misunderstanding of the impact of hydrogen. Or it may simply have been the 

result of inability to deposit carbon without hydrogen. Since this work achieved 
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carbon deposition with no source of hydrogen, a new set of results was possible. 

As such, the mechanisms by which carbon deposition initiates also becomes a 

topic of interest. 



2.1 Background 

CHAPTER 2 

LITERATURE REvtEW 

21 

There is a variety of information on carbon deposition in the literature. 

This review covers the literature that directly applies to the present work. The 

background material provided in the following two sub-sections is a summary 

review of carbon deposition and heterogeneous chemical catalysis. 

2.1.1 Carbon Deposition 

Background on carbon deposition is available from several sources, 

reviewed by Baker and Harris (1978) and Rodriguez (1993). The rate of reaction 

for CO disproportionation: 

2CO ~ CO2 + C (2.1) 

has never been measured in the absence of some form of catalyst. The transition 

metals iron, nickel, cobalt, and ruthenium are the especially effective catalysts 

(Nolan, 1992). The form in which carbon deposits on the catalyst metal during 

reaction is critical to the deposition process (Rodriguez, 1993). It has been found 

that the morphology of catalytically produced carbons can be influenced by a 

variety of conditions. 

The most common catalytically formed carbons are filaments, produced 

when a crystallite is broken away from the bulk 'catalyst metal, leaving a tail of 
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graphitic carbon (Davis, et aI., 1953; Hofer, et al., 1955; Alstrup, 1988; Yang and 

Chen, 1989). Filaments are illustrated in Figs. 2.1 and 2.2. Catalyst particle shape 

and graphite orientation in the filament can vary considerably (Tracz, et al., 1990). 

The feature common to all such filaments is that carbon cones are stacked, with 

the graphite basal planes at an angle to the axis of the filament (Nolan, et aI., 

1995). Thus, there must be exposed carbon lattice edges at the outer 

circumference of each layer in a filament. 

~~,\~:<, «:/" ~.' ~/ / "",,, ' ~ "<' ,,". '- . / / / .. /. 
>'~"~\' ;:~/// '</.> 
?~: ,>~" . ,',::. /<.~" ~/ '. 

",' , , --" .-

" ' ' '/ 

, '--' ,,/ / ~ 

, , 

Figure 2.1. A diagram of the cross 
section of a "perfect" filament. 
Typical filament diameters are 0.01 to 
0.5/-Lm. 

Figure 2.2. A diagram of the more 
common "hollow" filament (possibly 
filled with amorphous carbon). 

Another carbon deposit consists of multi-layer shells encapsulating catalyst 

particles. That "closed" form of carbon is illustrated in Fig. 2.3. Shells produced 
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by CO disproportionation were originally found when carbon was deposited at 

high reaction temperatures, as shown by Audier and co-workers (Guinot, et al., 

1981). In their work, a transition from filament to shell carbon occurred above 

SOO°C when 0.2% H2 was present in the CO. In investigations where no hydrogen 

was present in the reaction gas, shells formed at lower temperatures (Jablonski, 

et al., 1992; Nolaf', et aI., 1994b). 

Another form of carbon is long narrow tubes (outer diameter commonly 

about 15 nm). These are nanotubes, appearing as shown in Fig. 2.4. Nanotubes 

are distinguished from filaments by the orientation of the graphite basal planes: 

they are parallel to the axis of the tube. Similar carbon formations are produced 

by arc-discharge evaporation techniques (Bacon; 1960; Iijima, 1991) under very 

different conditions that do not require the presence of a catalyst (Pang, et aI., 

1993; Seraphin, et al., 1993; Ebbesen, et aI., 1994). In only a few recent instances 

have nanotubes been claimed to be produced catalytically without arc-discharge 

(Jose-Yacaman, et aI., 1993; Nolan, et al., 1994a; Amelinckx, et al., 1994). 

Many parameters have been shown to have an impact on catalytic carbon 

morphology. Known factors are reaction temperature (Guinot, et ai., 1981), 

catalyst particle size and shape (Tracz, et aI., 1990), and the chemical nature of the 

catalyst (e.g. alloy) (Kim, et al., 1992). The mixture of the carbon containing 

reaction gas is also important. Carbon activity in the gas phase (ae) has an effect 
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on reaction rate (Bianchini and Lund, 1989). It also determines whether a carbide 

can form from a particular catalyst metal. 

Figure 2.3. Shell carbon 
encapsulating a catalyst particle. 

Figure 2.4. A portion of a carbon 
nanotube, with a catalyst particle at 
its end. 

Carbide formation in the catalyst metal is believed to have an influence on 

fragmentation and the creation of filaments (deBokx, et al., 1985). For a CO/C02 

gas mixture, ac is determined by: 

a c 
Pco2 

K -
cq P 

CO2 

(2.2) 

where Keq is the equilibrium constant for CO disproportionation (reaction 2.1) 

and is a function of temperature. The values of Keq used were obtained from the 
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HSC thermodynamic database computer program (Rouine, 1989). Those values, 

for temperatures of interest (670-800K), can be represented by 

R T InKeq = 172,860 - 177.81 T, 

where R is the gas constant in J mol·! K"!. 

(2.3) 

Many other parameters such as catalyst materials selection, metal and 

support configuration, and pre-conditioning methods might determine carbon 

deposit morphology. Metal support interaction is a function of such parameters 

as well, and will be reviewed in detail in the next section. 

Hydrogen content in the reaction gas also has been shown to alter carbon 

deposit morphology (Jablonski, et al. 1992). The tendency for carbon deposition 

rates to vary with H2 partial pressure is well known (Olsson and Turkdogan, 1974), 

but the influence of hydrogen on carbon deposit morphology was apparently not 

previously recognized. Carbon deposition studies were generally performed using 

hydrocarbon gases, or with CO and some H2 present. Hydrogen atoms, from 

whatever source, have been found in the present work to cause the formation of 

filaments. The carbon morphology that results when there is no source of 

hydrogen has rarely been observed in the literature. 

2.1.2 Catalysis 

This section is devoted to reviewing classical theory on how heterogeneous 

catalysts function. The properties that are generally considered to be the impetus 
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for catalysis are divided into two types. The first is "structure sensitive" or 

"geometric" effects. These effects are controlled by parameters such as surface 

composition and particle size. An example of structure sensitive catalysis is where 

different rates of catalysis or chemisorption are measured on different 

crystallographic planes of a catalyst metal. Many of the well characterized 

catalytic systems have been shown to exhibit structure sensitivity. The 'roughest' 

surfaces of a crystal usually have the highest catalytic activity (Somorjai, 1987). 

The other type of catalytic impetus is related to electronic properties. 

Electronic properties can be used to explain the catalytic activity of transition 

metals for the dissociation of CO. The catalytic effect of th\~ metal surface is 

attributed to its surface electron density and orbital states. If the orbital energy 

and symmetry of CO correlates to the Fermi energy of the metal, then proximity 

to the metal will alter the carbon-m.:ygen bonding in CO. In particular, the 'If 

orbitals of CO are attracted to back-bonding with appropriate transition metals 

(Blyholder, 1964). That weakens the carbon-oxygen bond and strengthens the 

metal-carbon bond for an adsorbed CO. The result is catalytic enhancement of 

CO dissociation. 

The early approach to understanding the electronic effects in catalysis was 

examination of the bulk catalyst metal's d-orbitals. These d-orbitals are important 

because their localized energy is more likely to interact with a reactant molecule 

(Gates. et al.. 1979). In a metal such as Ni the energy of the highest filled d-
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orbital is the Fermi energy level. The d-band is not completely filled because of 

electron transfer to the s-band. It has been believed that the population of 

electrons in the delocalized d-band of such a metal can control its catalytic 

activity. This can be illustrated by a successful application of the theory to explain 

the effect of catalyst promoters (Somorjai, 1987). Potassium is often used as a 

promoter to enhance catalytic activity. Addition of potassium has this effect 

because it is highly electropositive, and feeds electrons to the de localized d-band 

of the metal. The increased density of metal surface electron states are available 

for back-bonding with reactant adsorbates such as CO and N2• 

The earlier approach of considering the Fermi level and delocalized 

electron bands in the catalyst to explain activity is no longer considered to be 

completely correct (Jennings, 1985). It is the localized electronic effects 

immediately around the adsorbate that are now considered important. Accepted 

theory has not been formulated to interpret the current beliefs. Understanding 

the localized electronic interactions in CO disproportionation might be possible 

by ab initio molecular orbital calculations, which· has not yet been achieved due 

to the complexity involved (Yang and Chen, 1989). 

A more in-depth disCllssion of specific literature important to the present 

work is given in the following sections. Salient issues are: metal support 

interactions, the role of hydrogen, reaction rate measurement, and chemical 

kinetics analysis. 
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2.2 Metal-Support Interactions 

When a metal and a ceramic come into contact, there is some form of 

interaction at the interface. The general result of such an interaction would be to 

minimize the Gibbs energy of the system, or in particular to minimize surface 

energy. A supported metal, as used in most catalysts, consists of small metal 

particles on a ceramic of large surface area. The basic function of ceramic 

supports is to maintain the metal particles in a dispersed condition, with a large 

exposed metal surface area. Metal-ceramic interactions have a significant impact 

on the performance and function of the catalyst. In any catalyst study, the 

implications of metal-support interactions must be considered. These interactions 

are believed to playa complex role that is not understood, so their impact should 

be minimized to obtain clear data. 

2.2.1 Types of Metal-Support Interactions Important to Catalysis 

There can be many manifestations of support influence on catalyst 

properties. These can be divided into three categories based on: properties of the 

support, status of the metal particles, and the impact of combining metal and 

support. Properties of the support include its surface area, porosity and pore 

structure, and surface chemistry. Status of the catalyst metal include its particle 

size distribution and morphology, and the location of metal particles within the 

support's grains. These first two factors can change the apparent properties of a 

catalyst, and be mistaken for metal-support interactions. 
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Effects of the combination of metal and support can include structural 

changes in the metal induced by the support, chemical reaction between the metal 

and the support, and other forms of conwmination of the metal by the support. 

Also observed are an influence of the support on metal reducibility, and certain 

other subsequent responses such as suppressed gas adsorption (Turlier, et aI., 

1982; Bartholomew, et al., 1988). It is these effects that are considered to be the 

result of metal-support interactions. Their result is alteration of reaction rate, 

product selectivity, or catalyst longevity (Vannice and Garten, 1979). 

Metal-support interactions have been broken into three types (Bond, 1982). 

Strong Metal-Support Interaction (SMSI) is observed when a catalyst metal is 

supported on certain reducible oxides (particularly Ti02) after reduction with H2 

at high temperature. The distinctive property of SMSI is that it causes a 

significantly suppressed adsorption capacity for CO and H2• Small particles in a 

zeolite exhibit what is termed Medium Metal-Support Interactions, which are not 

relevant here. Weak Metal-Support Interaction (WMSI) has been found with 

metals supported by essentially irreducible oxides such as Si02, A120 3, and MgO. 

The present work thus addresses a system in which the metal-support interactions 

are expected to be primarily weak, although the possibility of SMSI cannot entirely 

be ruled out. There are two key differences between SMSI and WMSI. The first 

is that WMSI may not have the strong effect on adsorption capacity that SMSI 
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does. The second is that WMSI can be used as a catch-all for all other apparent 

metal-support interactions that don't clearly fit into the category of SMSI. 

2.2.2 Strong Metal-Support Interaction 

The concept that metal-support interactions can alter catalysis became 

widely held when Strong Metal-Support Interaction (SMSI) was proved to exist. 

Tauster, et af. (1978) found that when Ti02 supported catalysts were pre-reduced 

in H2 at high temperature (500°C) instead of low temperature (200°C), the 

chemisorption of hydrogen and CO at 25°C by the catalyst was markedly lowered. 

This behavior was not seen on Si02 or A120 3• The effect was shown not to be ~he 

result of surface area or particle size changes. Metal particle sizes remained less 

than 5 nm. A clear indication that high temperature reduction caused an 

interaction that resulted in the loss of adsorption capacity was the observed 

reversibility. Oxidizing a sample that had suppressed CO and H2 adsorption, then 

reducing again at low temperature, returned the full adsorption capacity as if it 

had only been reduced at the lower temperature: The possibility that impurities 

in the support might be the cause of SMSI was dismissed by using samples of Ti02 

with different impurity levels, each of which gave the same results. 

The importance of SMSI to catalysis was soon shown by Vannice and 

Garten (1979), who compared catalysts for CO + H2 reactions. The ability to 

produce synthetic hydrocarbons from CO and H2 for use as fuel could be of great 

value as an alternative to oil dependency. A comparison was made between 
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Ni/Ti02 and other Ni catalysts pre-reduced at 450°C. It was found that the same 

mass of Ni/Ti02 catalyst had significantly greater activity than Ni/Si02, Ni/ Al20 3, 

Ni/graphite, or unsupported Ni powder. In addition, selectivity of the Ni/Ti02 

catalyst was altered toward paraffins with higher carbon number (an advantage for 

creating more stable and easily handled liquid fuels). A further advantage was 

that the NijTi02 catalyst showed decreased tendency to deactivate with time in 

operation. 

SMSI has been found to occur in many systems, but its cause is still not 

known with any degree of certainty. An explanation offered by Chen, et a/., 1986 

is that during high temperature reduction, Ti02 at the interface with the metal is 

reduced to Ti40 7, causing charge transfer from Ti3+ cations to the metal. It is not 

likely that enough charge could be transferred (to more than the interface atoms) 

to alter the metal oxidation state, but it is possible to achieve significant charge 

redistribution (rehybridization). This is equivalent to the concept discussed in 

section 2.1.2 that electron density at the catalyst's surface influences its bonding 

to adsorbates. Another popular explanation for SMSI is that during high 

temperature reduction an over-layer or decoration (clusters) of sub-oxide Ti02_x 

migrates to the surface of the metal. This can block active sites on the metal 

surface, or modify neighboring metal electronic properties. Other suggested 

causes of SMSI include the existence of strongly adsorbed hydrogen, or 
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morphology effects where the metal particles wet the support and take on 

different shapes (which also might change exposed metal surface orientations). 

Heterogeneous catalysis involves adsorption of reactants, followed by a 

lower activation energy reaction path, and finally the desorption of product(s). If 

reactant adsorption is suppressed, one might expect lower reaction rates, the 

opposite of the Vannice and Garten (1979) results. In Turlier, et al. (1982), when 

the reduction temperature was increased, the activity of the Ni/Ti02 (and 

Ni/Zr02) catalysts for CO hydrogenation did decrease. Activation energy 

remained approximately constant and was the same for all supports, showing that 

the mechanism of reaction was the same in all cases. That result indicates that 

perhaps it was not SMSI (high temperature reduction) that gave the higher 

reaction rates with a Ti02 support as seen by Vannice and Garten (1979), but 

another yet unexplained effect of the support. 

2.2.3 Weak Metal-Support Interactions 

Another result of Turlier, et al. (1982) was that supports other than Ti02 

show SMSI type effects with Ni catalysts. The Si02 supported Ni catalyst showed 

suppressed H2 chemisorption after high temperature reduction, as opposed to the 

noble metals studied by Tauster, et al. (1978) which did not exhibit SMSI when 

supported by Si02• This indicates that SMSI is dependent not just on the support 

material but also on the specific catalyst metal. 
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The most interesting result of Turlier, et al. (1982) was that Ni/Ti02 had 

greater catalytic activity for CO hydrogenation than Ni/Zr02 regardless of the 

temperature at which the two were pre-reduced. The difference in activity could 

not be attributed to surface area effects. Their proposed cause for the rate 

difference is that the support oxide influences the reducibility of the metal. It is 

more difficult to reduce Ni supported on Si02 and Al20 3 than on Ti02 and Zr02• 

And the catalytic activity was lower for Ni/Si02 and Nil Al20 3 than for the other 

two supports. The presence of unreduced Ni + species could draw electrons away 

from the metallic Ni, lowering catalytic activity (as explained in section 2.1.2). 

Stevenson, et al. (1987) provide a basis for a metal-support interaction that 

does not rely upon high temperature reduction. They surmised that the metal

support interface provides a synergetic active site in a Ni/Ti02 catalyst for CO 

hydrogenation (where the dissociation of CO is an intermediate step). The 

synergetic site would be where the metal and the support are immediately 

adjacent, so that the carbon atom can adsorb to a site on the metal, and the 

oxygen atom to a site on the support. This is a clear example of Weak Metal

Support Interaction (WMSI). In this case, interfacial sites result in increased 

activity for reactions involving the dissociation of CO, by providing a site for the 

oxygen atom in a support lattice vacancy. The result is greater weakening of the 

C-O bond than achieved by the metal alone. 
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The cause and effects of WMSI are not well understood, and there may be 

several types of interactions. Ishihara, et al. (1992) investigated Ru catalyst on a 

variety of supports after relatively low temperature reduction (400°C). The 

different support materials gave markedly different reaction rates for CO 

hydrogenation. A trend was found between the reaction rates of the various 

supports and their estimated electronegativity. With increasing electronegativity, 

catalyst turnover (which was reaction rate divided by number of active sites as 

determined from CO desorption) increased. 

The reason proposed by Ishihara, et al. (1992) for WMSI improvement of 

catalyst activity with increasing support electronegativity is that the higher the 

electronegativity (i.e. more electron accepting), the greater the donation of 

electrons expected from the metal to the support. According to the classical 

theory of catalysis, the subsequent decrease of electron density in Ru should 

reduce its catalytic activity. In this case, however, the increase of CO 

hydrogenation activity is attributed to there being an advantage in lowering the 

strength of the bond of CO to the catalyst metal. With less strongly adsorbed CO 

on the surface, it is easier for H2 to chemisorb. Since CO hydrogenation requires 

more hydrogen than CO, the rate can be higher ·with better Hz accessibility. 

Another experiment done by Ishihara, et al. (1992) reinforces the classical 

theory of catalysis. They conducted Temperature Programmed Desorption 

experiments to measure the strength of bonding of CO to the catalyst surface for 
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the various supports. They found that the strength of the CO-surface bond 

increased as support electronegativity decreased. This is the expected result, 

where the CO-surface bond is stronger as fewer electrons are taken from the 

metal by the support. It was also found that with the higher CO bond strength, 

more CO2 was desorbed. That indicates that CO disproportionation occurred, 

apparently enhanced by the increased CO bond strength to the metal, which 

weakened the carbon-oxygen bond. For the supports that were estimated to be 

electropositive (e.g. MgO, CaO), CO desorption was not possible since the CO 

had dissociatively adsorbed. In that case, electron donation to the metal provided 

the conditions discussed in section 2.1.2 for enhanced dissociation of CO. This 

indicates that the preferred catalyst supports for CO disproportionation would be 

electropositive. There are, however, other properties of supports that are 

important. For instance, it is difficult to obtain high surface area with MgO and 

CaO. 

It is proposed here that another cause of WMSI in carbon deposition 

catalysis is an influence on Ni surface site geometry by the support. It is well 

known that different lattice planes of Ni have different carbon deposition rates 

(Yang and Chen, 1989). Carbon deposition is structure sensitive. If the nature 

of the support material causes different alignment of these planes, the result could 

be different chemical reaction rates. The surface energies (or wetting properties) 

of Ni on various supports have not been elucidated sufficiently to determine the 
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possible effects. If a catalyst particle must be in a certain structural state in order 

to be effective for carbon deposition, then that might explain the delay that occurs 

before carbon begins to deposit. Perhaps during the delay, particle size and shape 

are altered by solid diffusion processes (surface restructuring) until the 

appropriate structure for carbon deposition is obtained. 

This particle structural orientation argument also brings up an issue of the 

value of active sites measured by chemisorption experiments (to be discussed in 

section 2.4). Two variables have now been brought into play: the number of 

active sites, and the activity of each site (as determined by which crystallographic 

plane the site lies on). 

Applying the above information to the present work, two important issues 

arise. First, catalytic activity will likely depend on the metal-support combination, 

and conclusions drawn for one combination may not apply to another. Second, 

catalyst preparation for an experiment can be expected to significantly impact the 

result. In order to properly compare experiments, the pre-treatment steps must 

be identical for each. Much more fundamental understanding is necessary on 

carbon deposition in general before the details of WMSI can be investigated. 

2.3 Hydrogen Control 

In the literature, hydrogen has been considered a catalyst for carbon 

producing reactions (Kim, et a/., 1992), or a reactant to keep the catalyst surface 

clear of encapsulating carbon (La Cava, et al., 1982). The source of hydrogen 
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might be H2, water, or from a hydrocarbon gas used in the reaction. Hydrogen 

has an impact on the morphology of deposited carbon that cannot be explained 

by existing theories (Jablonski, et al., 1992). In the present work it is proposed 

that hydrogen directly controls whether carbon will deposit in an open or closed 

form. The complete argument for this theory is given in the discussion chapter. 

2.4 Determination of Reaction Rates 

To study the kinetics of carbon deposition it is necessary to measure 

chemical reaction rates under the various reaction conditions. To specify the 

chemical rate for a catalytic reaction, rate is usually normalized to the number of 

"active sites." This is because the reaction will proceed for a heterogeneous 

catalyst only insofar as the reactants are able to interact with the catalyst. When 

the reaction rate is normalized to the number of active sites (measured rate 

divided by measured number of active sites), it is called "turnover." Turnover is 

generally reported in the units of inverse seconds (sec-I). A similar approach has 

been to normalize rates to the catalyst metal surface area. Then the rate can be 

given in mass, or number of moles, reacted per time per unit area (mg sec-1 m-2 

or mol sec-1 m-2
). 

2.4.1 Catalyst Active Sites 

For heterogeneous catalysts, where the reactants are fluids (e.g., gas) and 

the catalyst is a solid, the catalytic influence is believed to only occur at active 
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sites. Exactly what physically constitutes an active site is rarely determined. A 

site can be thought of as an exposed atom (or group of atoms) with a certain 

structure and/or bonding state. In the simplest case, an active site is any surface 

atom of the catalyst metal. In a complex case, there are various types of active 

sites within the same catalyst material, each with a different intrinsic rate. A 

further difficulty is introduced when the number or distribution of active sites is 

changing during reaction, such as when carbon is deposited on the catalyst surface. 

Additional confusion exists since carbon deposition appears to continue even after 

the catalyst particle is completely encapsulated with shell carbon (Nolan, 1992). 

The exposed metal surface area is often substituted for the number of 

active sites. If it is assumed that the number of active sites is linearly proportional 

to the exposed surface area of the catalyst metal, then surface area would be a 

good measure to normalize reaction rate to. Unfortunately, surface area 

measurement is also subject to error and may be different during reaction than 

during measurement conditions, and a given type of active site may not be a linear 

function of surface area alone. 

2.4.2 Rate Measurement 

Thermogravimetric flow systems have been used to determine fundamental 

reaction rates by measuring weight gain due to carbon deposition. Bartholomew, 

et at. (1988) conducted a study that brought out the important issues for measuring 

reaction rates in a system where carbon is depositing on the catalyst surface. 
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Catalysts were characterized by measuring H2 adsorption (volumetrically) and O 2 

adsorption (gravimetrically). The H2 uptake was used to determine the surface 

area of Ni present on a NijSi02 catalyst before carbon deposition. This is a 

standard approach to measuring Ni surface area. H2 uptake was measured 

volumetrically at pressures between 20 and 250 torr at room temperature (25°C). 

A straight line can be drawn between the measured H2 uptakes at various 

pressures. Where this extrapolated line intersects zero pressure is taken as the 

total chemisorbed H2, or "uptake." This represents one monolayer of hydrogen 

atoms (adsorption is dissociative) on the Ni surface. Adsorption stoichiometry was 

taken as one hydrogen atom per nickel atom. This stoichiometry is well 

documented in the literature. Hydrogen adsorption on the ceramic support 

materials has been shown to be insignificant. The total exposed Ni surface area 

can then be calculated, using 6.77 X 10-2 nm2jatom as the surface area taken up 

by each Ni atom. The number of active sites for· carbon deposition catalysis was 

assumed to be the number of Ni surface atoms, so hydrogen uptake (or H2 uptake 

times 2) gives the number of active sites. Dividing reaction rates determined from 

weight gain by number of active sites was used to calculate turnover. 

During experimentation. O2 uptake was measured to give an indication of 

surface area after reaction. The authors apparently took this approach to allow 

measurement of Ni surface area loss due to carbon deposition without removing 

the sample from the TG system. TG precision is inadequate to measure the 
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weight gain of Hz adsorption. There are, unfortunately, problems with using O 2 

adsorption to measure the remaining Ni surface area on the catalyst when a 

portion of the Ni is covered with carbon. One is that O2 chemisorbs on active 

carbon (Smisek and Cerny, 1970). Another is that cooling the catalyst from 

reaction temperature down to room temperature for the O2 adsorption step could 

cause dissolved carbon in the Ni bulk to precipitate out. This carbon precipitate 

could add coverage to the metal surface. As such, the surface area measured 

would not correspond to the surface area that existed under reaction conditions. 

Thus, we see that there are a number of difficulties in measuring 

meaningful chemical reaction rates for carbon deposition. The number of active 

sites, or the active surface area, can be constantly changing during reaction. It is 

also possible that the "effectiveness" of active sites (or the activity of a given 

surface) is variable depending on the particle structure/orientation. There is also 

the concern that even when measurable surface area is zero, such as when the Ni 

particles are encapsulated in a few layers of carbon, the catalyst is still active. 

This effect has been seen in the earlier work, as long as the number of carbon 

layers surrounding a Ni particle are less than 30. For these reasons, in the present 

work a safer approach was used to normalize reaction rates. Rates were 

normalized to gram of Ni present on the catalyst: a parameter that does not 

change during reaction. The issue of Ni surface area changes during the course 
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of catalyst activation and deactivation will continue to be a concern, to be 

addressed in the discussion chapter. 

2.5 Kinetics 

In general, reaction kinetics parameters in the literature are subject to 

significant inaccuracy (Varhegyi and Szekely, 1982). This may be because of the 

complexity of kinetics in many systems, and the common tendency to fit data to 

a simplistic model. The typical form of a rate' equation, for concentration of 

substance X. is taken as (forward rate only, not at equilibrium) 

d[X] 

dt 
(2.4) 

where Y represents any other reactant, Ea is the activation energy, n is the 

reaction order in X, and m is the reaction order in Y. 

For the catalytic process of CO disproportionation, equation 2.4 should be 

modified to the form 

d[CO] = [co]n [S]III A e - :~ (2.5) 
dt 

using S as a measure of catalyst active sites (Ebbing, 1984). Among the 

weaknesses of equation 2.5 are that it does not take into account catalyst 

conditions such as WMSI, it cannot be used over a range of conditions where 

mechanisms are changing, and it assumes that temperature and concentrations are 

the only parameters that control rate. 
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In the case of carbon deposition, rate data is generally not comparable 

between investigations, a result of too many uncontrolled variables. An exception 

to this has been rate determinations by visual measurement of carbon filament 

growth, using environmental scanning electron microscopes (Baker, 1979). Baker 

evaluated the rates of elongation by motion picture photography of the growth of 

carbon filaments of similar diameter. The change in filament length for each 

frame of film was measured. Direct comparison of filament growth rate for 

different conditions and different catalysts was possible. The approach provided 

data to support the conclusion that the diffusion of carbon through the catalyst 

particle is the rate limiting step in filament growth, regardless of the carbon 

carrying gas (various hydrocarbons) or the catalyst used. It may not, however, 

provide a definite relation of carbon deposition to the overall kinetics of CO 

disproportionation (or hydrocarbon decomposition). Also, that approach is not 

usable to determine rates of carbon deposition in the encapsulating shell form, 

since shells are not as observable by scanning electron microscope. 

A primary reason for the difficulty in obtaining carbon deposition rate 

information that can be compared between investigations is the difficulty in 

measuring active surface area (or active sites). Another cause for difficulty is the 

catalyst activation-deactivation tendency exhibited during carbon deposition (Baker 

and Harris, 1978). An example of deposition rate activation-deactivation is given 

by Figure 2.5. There is no steady state continuous reaction rate. 



Mass of 
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Figure 2.5. A schematic plot of carbon deposition versus time, 
showing activation and deactivation (after Baker and Harris, 1978). 
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The intermediate maximum rate at the inflection point was successfully 

used in Baker's work for kinetics analysis. The cause for an inception period in 

the activation of reaction is not clear. The length of this inception period depends 

on the starting catalyst condition in addition to reaction parameters. The cause 

for catalyst deactivation is perhaps more obvious, since deposited carbon would 

be expected to block active sites. 

There are three competing rates that must be considered to understand 

carbon deposition kinetics. The first is the rate of catalyst activation. Then there 

is the steady "intrinsic" chemical reaction rate. And the last rate is due to an 

ongoing catalyst deactivation. While the combination of these rates can be 
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modeled, the results were not particularly useful to enhance mechanistic 

understanding (McAllister and Wolf, 1992). Mechanisms were not elucidated, 

probably since it was overall rates that were modeled and not elementary 

processes. 

Many kinetics studies have been done on carbon deposition, including 

analysis of carbon deposition during methanation reactions, hydrocarbon 

decomposition, and CO disproportionation. The activation energy (Ea) for carbon 

filament formation by hydrocarbon decomposition is 125-146 kllmol, similar to 

that of carbon diffusion through the particles of the catalyst metal used (Baker 

and Harris, 1978). For CO disproportionation wjthout H2, activation energy has 

been reported in only one instance. Tottrup (1976) obtained for a Ni/Al20 J 

catalyst reacted in 20% CO, 80% N2 a value for Ea of 137 kllmo!. Unfortunately, 

he reported the presence of filaments in the carbon produced. That suggests there 

was a hydrogen containing impurity in his reaction gas or catalyst (Jablonski, et al., 

1992). 

Other rarameters reported for CO disproportionation show the disparity 

of results to date. Rate limiting steps have been reported as the surface reaction 

of two CO molecules to form a CO2 molecule, or dissociation of CO (Tavares, et 

at., 1994). There has been no mention in the literature on the possible 

involvement of Hz in the rate limiting step. The rate of carbon formation by CO 

disproportionation at constant temperature (and constant surface area) has been 
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considered to be dependant primarily on ac (Audier and Coulon, 1985; Bianchini 

and Lund, 1989) or irrelevant of ac (Tavares, et at., 1994). The reaction order in 

CO of disproportionation has been reported as second order (Galuszka, et ai., 

1981), first order (Sakai, et at., 1985), less than first order (Tottrup, 1976) and zero 

order (Kuijpers, et at., 1985). 

A final note on CO disproportionation kinetics is a comment on the 

association of rates and carbon morphology. Since the invention of electron 

microscopy in the early 1950's, the literature has included detailed analysis of 

carbon deposit morphology (Hofer, et at., 1955; Oberlin, 1989; Tracz, et ai., 1990; 

Smith, et al., 1990). However, the association of morphology to reaction rates or 

even reaction gas in most cases has not been made, as pointed out in the 

introduction and voiced by Baker and Harris (1978): 

"In studies where detailed kinetics have· been determined on a 

particular system, there tends to be very little effort made to 

examine the detailed structure of the carbonaceous deposit." 

The result of this oversight may be that there is mechanistic importance to the 

form in which carbon deposits. and understanding of reaction kinetics is not 

possible until such mechanisms are known. 
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The purpose of experiments described in this chapter was to provide data 

to confirm the hypothesis given in the introduction. Data gathered included 

information about the carbon deposition process: reaction conditions and reaction 

rates. Following that analysis, the carbon deposit morphology for each set of 

conditions was determined. For analysis of the catalytic production of carbon, the 

varied parameters were: 

• reaction temperature, 

• CO /C02 ratio, and 

• H2 concentration. 

Also of interest was a thermodynamic parameter, the gas phase carbon activity 

(ac), which is directly dependent on the CO/C02 ratio and temperature. The 

unknowns pursued were: 

• carbon deposition rate, and 

·the form of carbon deposited (e.g. filaments, shells, or nanotubes). 

The results of these experiments may then be applied to an analysis of 

carbon deposition. Of particular interest was the reaction rates for carbon 

deposition with no hydrogen present, the impact of small amounts of hydrogen on 
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carbon deposition, and the ability to produce closed forms of carbon such as 

nanotubes by this catalytic process. 

3.2 Considerations 

To obtain useful and repeatable results, it was necessary to account for the 

possible sources of interference. There are a wide variety of factors that can 

influence catalytic carbon deposition. Each must be controlled to prevent 

distortion of the trends generated by the parameters of interest. These important 

factors and how they were controlled are discussed in the following sections. 

3.2.1 Catalyst Selection 

As discussed in section 2.2, metal-support interactions playa complex role 

in catalysis. Their role in carbon deposition catalysts will probably not be 

elucidated until more fundamental understanding of carbon deposition is obtained. 

Consideration of metal-support interactions was avoided in this work by using one 

particular catalyst/support combination throughout the investigation. A few other 

catalysts were also tested. They will be identified as different, and not directly 

comparable to the general set of experiments. Catalyst selection was based on 

experience from earlier work (Nolan, 1992), where significant reaction rates for 

carbon deposition in the absence of hydrogen were difficult to obtain. 

Commercially prepared catalysts with a high loading of Ni gave good results. Tu 

avoid the mass transport difficulties of pellets, a powder form of the cataiyst was 
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desired for thermogravimetry. The catalyst meeting these criteria was 60-65% Ni 

on Si02/ Al20 3, supplied by Johnson Matthey (#31276). For convenience, in the 

following that catalyst will be referred to as "the catalyst." By canvasing Ni 

catalyst manufacturers, it was found that the catalyst was produced by United 

Catalysts Inc. of Louisville, KY. They provided additional specifications: the 

catalyst is number G-69B, with 66 .±. 3 wt% Ni \Vhere 50 .±. 10 wt% of the Ni is 

reduced (stabilized form). From this, we can estimate that when completely 

reduced there is 73 wt% Ni. For the present work, it is taken that the Ni was 

approximately 90 wt% reduced during reaction, which is ca. 64 wt% Ni metal in 

the catalyst. There was no method available to determine the actual degree of 

reduction that existed during reaction. The value of 90 wt% reduced was based 

on the weight loss measured during a H2/N2 reduction step in the catalyst 

pretreatment, which was about 15 wt%. That would correspond to all of the Ni 

starting as NiO, and during reduction the oxygen atom is removed from 90% of 

the Ni. The catalyst apparently lost its stabilization during storage (and became 

completely oxidized), which is expected due to its age and having been exposed 

to air. The support material consists of 85 wt% SiOz as diatomaceous earth, and 

15 wt% Alz0 3• Total surface area is 200 .±. 50 m2 gO!. Ni surface area is 70 m2 gol 

in the stabilized (unreduced) form, unknown in the fully reduced form. 
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3.2.2 Catalyst Pre-treatment 

The history of a catalyst can profoundly influence its properties. We know 

that the temperature at which H2 reduction is conducted can control catalyst 

activity by metal-support interactions. Also, the general time-temperature history 

is important since it determines particle morphology. Those parameters were 

carefully managed to avoid uncontrolled variation in experiments. 

Pre-treatment of the catalyst for each experiment was held constant, as 

given in detail in section 3.4.1. An important part of the treatment was reduction 

of catalyst metal. Most of the Ni metal on the c~talyst composite was initially in 

the form of oxide. In order to ensure that all (or nearly all) of the Ni present was 

in the metal form and not inactive oxide, the catalyst was reduced. Reduction was 

achieved by exposing it to H2 at 500°C. Early experiments indicated that an 

excessive reduction step (i.e. many hours in pure H2) resulted in a catalyst that 

exhibited lower rates of carbon deposition. That could have been due to 

agglomeration or SMSI. To provide for measurements of the highest possible 

reaction rates, the reduction step was conducted under milder conditions: exposure 

to 10% H2 (balance N2) for 30 minutes. This approach was apparently adequate 

to guarantee little oxide remained, since the amount of weight loss measured using 

those conditions was similar to that for a long period of reduction in pure H2• 

Another concern for the reduction step was the importance of small 

amounts of hydrogen to the follow-on carbon deposition step. If any H2 is present 
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from the reduction step when the CO/C02 mixture is applied, it could have a 

notable impact on the result. Calculations show that sufficient hydrogen can 

dissolve in Ni to account for some filament growth during the beginning of carbon 

deposition even if there is no H2 in the reaction gas. At 50QoC hydrogen 

saturation in Ni (under 1 atm H2) is 3.3 cc STP per 100 grams of metal (Brandes, 

1983), or 8.9 X 1017 molecules of H2 per gram Ni. Using an assumed ratio of 0.01 

hydrogen atoms per carbon atom (based on section 5.4.2) necessary to form a 

filament, this gives 1.8 X 1020 atoms carbon per gram Ni. That would allow a 3.5 

mg per gram Ni weight gain due to carbon in filament form. A typical filament 

2 J,Lm long and 30 nm diameter would have 108 carbon atoms. Thus, there could 

be 1.8 X 1011 filaments per gram Ni, enough to alter morphology results. 

However, this problem can be aIleviated. B~rtholomew (1988) found that 

chemisorbed hydrogen was removed from the catalyst metal by flushing with N2 

at the reduction temperature. Thus, flushing with N2 between reduction and 

reaction is adequate to remove dissolved hydrogen, and avoid compromising the 

morphology results. 

The last pre-treatment consideration regarded the inception (activation) 

characteristic. Carbon deposition rates generally start out low (or zero) and can 

take hours to reach a maximum rate. Often, investigators have used an induction 

step under more active conditions to achieve an adequate reaction rate before 

switching to the conditions of interest. The disadvantage of such a technique is 
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that, although it is convenient and saves time, it can give biased results. In this 

work, the conditions used for induction were the same as for the entire reaction. 

This ensured that a catalyst specimen was only exposed to one set of conditions 

which then clearly correspond to the rate and morphology results obtained. 

3.2.3 Catalyst Stability Diagram 

The reaction conditions used to expose the catalyst to carbon deposition 

were chosen based on a stability diagram for Ni. Such a diagram is generated 

using the method of Audier et at. (1983). The diagram, shown in Figure 3.1, was 

used to ensure that reaction conditions were not thermodynamically favorable for 

the formation of Ni oxide or carbide (which are not catalytic). A detailed version 

of the stability diagram for the operating region of the present work is given in 

Figure 3.2. That diagram has curves showing various carbon activities (ac)' It 

indicates how high ac can be set to without allowing Ni carbide formation for a 

given experimental temperature. 

3.2.4 Thermogravimetry 

Thermogravimetry is a common tool in catalyst studies, based on the oldest 

analytical method of chemistry (weighing). Yet there are many factors that 

require careful consideration to obtain quality results (Czandera and Wolsky, 

1980; Pasquevich and Caneiro, 1989). The reactor vessel diameter, the size and 

material of the crucible, the hang down wire, and the experimental methods were 
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chosen to maximize results quality based on the literature. Details are provided 

in section 3.3. 

Another issue, relevant when H2 is present, is the possibility that water 

could form. Water adsorption by the catalyst would contribute to measured 

weight gain. Both methanation by: 

co + 3H2 = CH4 + ~O 

and other hydrogenation reactions such as: 

(3.1) 

(3.2) 

produce water vapor, which might then be adsorbed (even at high temperature) 

on the high surface area supports. The support might also undergo hydroxylation. 

Any tendency for the catalyst to adsorb water was tested by conducting an 

experiment exposing it to H20 vapor at 500°e. Water vapor was produced by 

bubbling N2 through deionized water at 24°e. Based on water vapor pressure at 

that temperature, the partial pressure of water vapor thus produced was 3 kPa. 

No weight gain was observed when gas flow was switched from pure N2 to the N2 

with water vapor. Thus, water adsorption should not contribute to weight gain 

measurements under the conditions of this work: 
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3.2.5 Heat and Mass Transport 

To analyze fundamental reaction kinetics,"it is necessary to determine the 

chemical reaction rates and the reaction temperature. For heterogeneously 

catalyzed reactions, transport of the reactants to the active surface (and transport 

of the products away) must not be a rate limiting step if fundamental (chemical) 

reaction rates are to be observed. 

A typical experiment used to test that mass transport is not governing the 

observed reaction rate consists of increasing the gas flow rate until the reaction 

rate is no longer dependent on the gas flow rate. This was done in preliminary 

experiments. Additional experiments and analysis were necessary to ensure that 

mass transport was not rate limiting. These will be provided in Chapter 5, where 

it is shown that experiments were not mass transport limited. 

Accurate knowledge of the actual reaction temperature was ensured by 

conducting a comparison of temperatures measured by the furnace controller 

thermocouple to a calibrated thermocouple placed in the reactor. The furnace 

controller readout was used to set the target temperature for each experiment 

reported here. Additional experiments were conducted with a second 

thermocouple rigged to measure the actual temperature of the catalyst sample. 

That was achieved by wiring the sample pan to the measuring tip of a 

thermocouple. Catalyst powder was loaded into the pan, so that the thermocouple 

tip was immersed in catalyst powder. The thermocouple/sample combination was 
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positioned in the reactor so that the sample pan was in the same position as 

during weight gain experiments. 

That test system was heated under flowing N2 to a furnace controller 

setting of 500ae. The test thermocouple read 12aC (2.4%) higher than the furnace 

controller readout at sooae. Then reaction gas was admitted to the reactor, with 

a CO/C02 ratio set to give ac - 20 to repeat the conditions of a typical 

experiment. The test thermocouple reading remained unchanged during reaction, 

so there is no apparent significant sample heating during the exothermic 

disproportionation reaction. The corrected "actual" temperature was used to 

calculate ac and for all data analysis. Additional characterization of the reactor 

is given in Appendix e. 

3.3 Experimental Apparatus 

The complete experimental apparatus consisted of a thermogravimetric 

microbalance (TG), gas mixing station, and gas chromatograph (GC). A diagram 

of the system is shown in Figure 3.3. The piping arrangement allowed for in situ 

reduction of the catalyst prior to an experiment, preventing any exposure to air. 

While the sample was undergoing pre-treatment, the mixing station could be 

adjusted to provide the desired gas mixture for the reaction step. 

Details on the gases used are provided in Appendix B. Gases were used 

without further purification, except the N2 flush gas and the 100% H 2. These 

gases were each passed through desiccant and molecular sieve gas drying 
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elements. In order to obtain accurately measurable small amounts of H2 in the 

reaction gas, a tank of 10% H2 in balance N2 was used for some of the reaction 

experiments. The GC is able to measure the N2 fraction in the gas mixture. The 

H2 fraction was inferred to be one tenth of the N2 fraction. 

A pressure gauge with 0.2 psig sensitivity was present to measure the 

pressure drop across the reactor. The gauge read less than 0.2 psig during 

experiments. A bubbler at the gas vent prevented back-flow. Reaction pressure 

was thus ambient pressure, which averaged 0.93 atm. The gas flow rate used for 

N2 flushing and the H2/N2 reduction step was 50 ml min-I (4 x 10-5 mol sec-I). The 

total reaction gas (CO/C02/N2/H2 mix) flow rate varied by about 5 ml min-I 

between experiments, and was nominally 80 ml min-I (6 x 10-5 mol sec-I ). 

The reactor (or sample hang-down tube) consisted of a 30 mm diameter 

pyrex tube connected to the balance head, see Figure 3.4. A second reactor, made 

of fused quartz and containing no fritted disk, was. used for experiments beginning 

4/1/95. Gas inlet to the reactor was through the bottom by a 5 mm tube. The 

inlet tube was routed from the top of the furnace, so that the incoming gas would 

be pre-heated prior to exposure to the sample. A fritted disk was at the bottom 

of the pyrex reactor to distribute the gas as it entered. 

At the upper region of the reactor was the gas outlet port. At the outlet 

port reaction gas mixed with the He used to protect the balance head, and both 

exited the reactor. The lighter He flowing through the balance head (at 50 ml 
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min-lor 4 x 10-5 mol sec-l ) ensured that the gas partial pressures in the region of 

the sample were unaffected. The presence of He in the gas downstream of the 

reactor did not affect measurement of reaction gas mixtures, since the GC carrier 

gas was also He. 

The catalyst sample was held in a pan supported from the balance by wire. 

The dimensions of the pan are given in Figure 3.5. This combination of reactor 

inside diameter and pan outside diameter is adequate for better than 100 J..I.g 

sensitivity (Cahn and Peterson, 1967). The sample holding pan and hot zone 

portion of the hang down wire were platinum. Use of a metal instead of a non

conductive material such as silica for the sample pan was preferred to minimize 

buildup of static electricity. Using platinum ensured that they possessed no 

significant catalytic activity, so that carbon did not deposit on the pan or the wire. 
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Figure 3.5. Dimensions of the sample pan. 
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3.4 Procedures 

Given here are the procedures used to generate data. The first stage of the 

process was exposure of the catalyst and measurement of reaction rate. The 

second stage was sample preparation and TEM analysis. 

3.4.1 Exposure and Reaction Rate Measurement 

The thermogravimetric (TG) apparatus was used to obtain weight change 

versus time data. An experiment began by weighing out a sample of the catalyst. 

Sample initial mass was approximately 4 to 5 mg. The catalyst was unavoidably 

exposed to air, and due to its high surface area, contained adsorbed moisture. So 

the weighed out sample mass was a target amount to maintain consistency 

between experiments. The actual initial mass of the sample was determined at the 

end of the experiment (discussed later). This sample was then placed in a Pt pan. 

The pan was cleaned from the previous experiment by sonicating in aqueous 5% 

Hel, rinsing, flushing with acetone, then drying in air. Finally, the pan was placed 

on a support wire and hung from the microbalance. 

The next step consisted of lifting the reactor tube to its ball joint seal, and 

starting gas flow. The gas flow at this point was He through the balance head 

(weighing mechanism) and N2 flowing past the sample. After at least 10 minutes 

to allow removal of air from the system, the furnace was raised so that the sample 

was positioned at its centerline. At this point the furnace was typically at a setting 

of less than lOODe. Temperature was then increased in 100 degree steps to 785K. 
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Heating time was generally about 30 minutes. After three hours drying time, the 

reactor gas flow was switched to 10% H2 in N2. Following 30 minutes of exposure 

to that reducing condition, the sample gas was switched back to pure N2• From 

that point, about one hour was allowed to pass before the specimen was exposed 

to the reaction gas. After about 30 minutes of N2 purging, the temperature setting 

was changed to that required for the particular experiment if other than 785 K. 

During the above, the reaction gas was allow to ·flow from the mixing station to 

the Gc. The desired CO/C02 or CO/C02/N2/H2 mixture was adjusted and 

verified by Gc. For some experiments where 1 % or more H2 was desired in the 

mixture, a tank of 100% H2 was used. Concentration of H2 was then set by 

measuring (by the soap bubble method) the flow rate of the CO/C02 mix and the 

H2 stream, and adjusting to the desired mix. 

Exposure of the sample to reaction gas was done by switching a 3-way ball 

valve, directing the mixture into the reactor. A chart recorder plotted the 

microbalance output showing weight gain. After 4/1/95, a data acquisition 

computer was used to record the microbalance output. The microbalance was 

maintained on its 10 mg scale, adequate to record an entire run of carbon 

deposition without scale change. Later, difficulties with the condition of the 

microbalance electronics required various other settings be used in order to obtain 

results. Such results were checked by repeating experiments conducted when the 

microbalance was working properly on all scales, to ensure the results obtained 
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when the microbalance was having problems were valid. At the end of a run, the 

3-way valve was switched back to N2 and the furnace cooled and lowered. The 

reaction tube was separated from the ball joint and lowered, the support wire 

removed and sample pan recovered. The reacted powder was then weighed by 

analytical balance. The starting reduced mass of catalyst could then be back 

determined by subtracting off the measured weight gain. Weight loss caused by 

drying and reducing catalyst samples averaged about 25% of the original mass. 

The weight gain data was entered into a spreadsheet, which was used to 

calculate reaction rates. This data was then used to produce the graphs given in 

the results. After each experiment the specimen was stored in a glass jar in a 

desiccator until it was prepared for TEM analysis. 

3.4.2 Electron Microscopy 

Samples to be examined by Transmission Electron Microscope (TEM) were 

prepared by placing some exposed catalyst powder in a small beaker of acetone. 

This was then sonicated to a dispersion. A sample holding grid consists of a very 

fine copper screen with a perforated "holey" carbon film on it. Drops of the 

sample dispersion were placed on the sample grid. Grids were then allowed to 

dry in air. Analysis by TEM was done using standard methods, operating at 200 

kY accelerating voltage. 

Other micrographs were taken using a Scanning Electron Microscope 

(SEM) to give a different perspective of the appearance of nanotubes. Standard 
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SEM techniques were used. Further information on the electron microscopes 

used in this work is provided in Appendix B. 

3.5 Other Experiments 

Two types of "other" additional experiments were done differently than 

those described above. The first was using the same TO apparatus, but not 

following the regular regimen for an experiment. The other was using a standard 

tube furnace with a fused quartz reactor vessel to expose samples to various 

conditions for examination by TEM. Details on the other experiments that 

provided useful information are given in the text of the relevant discussion for 

ease of reading and understanding. 
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The experimental results are reported below in two forms. First are tables 

giving summary information for the experiments. Then the data is given from 

each individual experiment where notable weight gain occured. Included with the 

numerical data is a graph of that data for the experiment. Figure 4.1 is a TEM 

micrograph that shows the typical graphite forms present in the specimens studied. 

In the micrograph, nanotubes (a), nanoencapsulating shells (b) and un-associated 

graphite (abbreviated UG) which is graphite fringes not associated with catalyst 

particles or tubes (c) can be seen. Other micrographs that show important 

morphological features from the TEM results are presented in the following 

chapter. 

The method used to identify most experiments consisted of a title starting 

with an H, for example "HO H 500." In these titles the first number, after the H, 

is the actual H2 concentration present during reaction. HO means no hydrogen 

was present, H50 means 0.5% H2, and H 1 00 means 1.0% H2. The next code is 

the target gas phase carbon activity (ac)' Either a number or letters give the 

approximate ac for the experiment. The letter codes were L for Low, M for 

Medium, H for High, and HH for extra high. Actual ac was determined using the 

corrected temperature, which gave the values reported in Table 4.1. The final 
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Figure 4.1 TEM micrograph of nanotubes (a), shells (b), and UG (c). 
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information in the experiment identification code is the set temperature (in °C) 

for that experiment, which was the furnace controller was set to. The actual 

temperature that existed during the experiment was a corrected value (per section 

3.2.4), always given in Kelvin. The corrected temperature was used to calculate 

ac, and for the analysis in the discussion. 

4.2 Results Tables 

Table 4.1 gives a summary of the experiments. In the first column of that 

table the experiment identification code is given, under the title of "Run." The 

next columns provide the gas phase carbon activity (aJ as calculated using 

equation 2.2, and the corrected temperature T (K) maintained during the 

experiment. Following that column, the maximum reaction rate measured during 

the experiment ("Max. Rate") is given, in the uriits of mg carbon deposited per 

minute per gram of Ni present in the specimen (mk min-1 g"j-l). To convert 

those rates to mgc min- 1 m-2, assuming a constant Ni surface area of 30 m2 gNj-l, 

multiply by 5.56 X 10-4. The last column contains a description of the morphology 

found during TEM analysis of the specimen produced from the experiment (liTEM 

Result"). The abbreviation "NT" is used for NanoTubes. Any table entry 

containing only a dash indicates that the datum was not taken, or not available 

due to a problem with that experiment. 

Table 4.2 gives details on each experiment. Included for each run are the 

date that the experiment was conducted, the measured CO2 concentration in the 
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reaction gas (%C02), then the mass of catalyst that was present for the 

experiment (after pre-treatment/reduction). The next column is the duration of 

exposure to reaction gas for the completed experiment in hours ("Run Time"). 

The total amount of carbon deposited on the catalyst during each experiment is 

given in grams of carbon deposited per gram of Ni that was present in the catalyst, 

in the column titled "Total Dep." The final column has comments on any 

problems, or relevant notes for that experiment. 

Table 4.3 gives some additional information for the experiments listed in 

the first two pages of Table 4.1. The additional information was determined for 

many experiments to evaluate certain parameters for their importance. Given are 

the "Time at Max. Rate," the time at which the reaction rate reached its 

maximum, and a measure of the inception period. Also, in the column titled "mg 

at Max. Rate" is the amount of carbon deposited (in mg) at the time of the 

maximum rate. In the following column is the grams carbon deposited per grams 

of Ni in the catalyst at the time of the maximum rate. These values can be used 

to assess the induction period as well. The next column provides the ratio of the 

reaction rate measured at the time when the experiment was stopped to the 

maximum rate, an indication of deactivation. The final column gives an 

approximation of the initial reaction rate, as discussed in section 5.2.1. The 

column is titled "Initial Rate." The section following the tables gives the data for 

each experiment, in the same chronological order as used for the tables. 
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Table 4.1 Experiments Summary 

Run ac T Max. TEM 
(K) Rate Result 

HO M3 500 8.4 785 4.7 ---
HO M2 500 8.2 785 4.8 Much shell and NT 

H50 M 500 8.2 785 7.3 Filament (few edges) 

HO M 400 420 687 24 ---
HO M 450 5.9 737 -0 ---
HO L 500 3.0 785 -0 No graphite 

HO M 500 6.6 785 0.2 ---
HO H 500-1 13.4 785 9.8 Many long NT 

HO H 500-2 13.5 785 9.3 Mostly shell, rare NT 

HO H 500-3 12.7 785 7.1 ---

HO H 460 12.5 745 -0.4 ---
HO HH 460 19.3 745 6.4 Shell, NT 

HO HH 480 19.1 765 13.7 Shell, rare NT 

HO HH 500 19.1 785 27 Shell, few NT 

HO H 480 12.6 765 4.7 ---
HO H5 460 15.7 745 3.8 Shell, UG, some NT 

HO M5 460 9.2 745 0.3 No graphite 

HO 80 460 51 745 19 Mostly shell 

HI00 H 500 10.8 785 20.5 Filament (few edges) 

HO 60 460 37.9 745 13 Shell, some UG, few NT 

HO HH 480-2 19.3 765 14.5 Shell, some UG, rare NT 

HO 40 460 25.2 745 7.6 Shell, UG, few NT 
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Table 4.1 (cont.) Experiments Summary 

Run ac T Max. TEM 
(K) Rate Result 

HO H5 500 16.4 785 13.7 ---
HO HH 500-2 19.4 785 20 ---
HO HH 500-3 19.4 785 25.7 Shell and NT 

HO 440 -45 727 7.6 ---
HO HH 500-4 19.9 785 27.2 . ---
HO 40 480 25.8 765 17.2 ---
HO 60 480 39.3 765 25.4 Shell, some NT 

H100 HH 500 18.7 785 33.5 Fil. (few edge), some shell 

HI00 HH 460 19.0 745 16.9 Filament, few shell 

HI00 H5 460 16.5 745 10.6 Much filament 

H100 H5 500 16.3 785 41 Filament (few edges) 

HO 90 460 57.6 745 33 ---
HI0 HH 460 18.4 745 6.9 Filament (few edges) 

HO 95460 60.9 745 28.6 ---
H100 HH 500-2 17.3 785 39.3 Filament (few edges) 

HO H 500-4 13.3 785 10.4 Shell, long NT 

HI00 40 460 26.6 745 22.7 Filament 

H50 30 460 18.4 745 11.3 Filament 

HO 29 460 18.2 745 4.7 ---

HO H 500-5 12.3 785 9.3 Large shell, some NT 

HO H5 480 15.9 765 7.9 Much NT, some shell 

HO H5 500-2 17.7 785 21.2 Long NT, some shell, VO 
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Table 4.1 (cont.) Experiments Summary 

Run ac T Max. TEM 
(K) Rate Result 

H50 HH 500 17.9 785 37.5 . Shell, some fil. (few edges) 

HO H5 500-3 16.7 785 15.8 Many long NT, few shell 

H200 HH 460 20.6 745 - Many filament 

HO 60500 63 785 - Many long NT 

HO H5 500-4 17.3 785 19 ---
HO 600 21.4 873 85 NT, elongated Ni inside 

HI00 18460 17.9 745 21 Many filament 
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Table 4.2 Carbon Deposition Experiments Details 

Run Date %C02 Red. Run Total Problems/ 
1994 Mass Time Dep.(g Notes 

(mg) (hr) C/gN) 

HO M3 500 8/30 79.7 3.5 20.5 3.1 

HO M2 500 9/1 80 3.3 22 3.8 

H50 M 500 9/6 76 4.0 19 4.8 19.4 %CO 

HOM 400 9/7 80 3.6 2 2.1 Carbide phase 

HOM 450 9/13 92.3 -4 17 -0 

HO L 500 9/14 87.2 -4 16 0 

HO M 500 9/15 81.8 4 - - Changed temp. 

HO H 500-1 9/19 75.2 -3.4 16 4.5 Balance prob. 

HO H 500-2 9/20 75.1 3.4 6.5 2.0 

HO H 500-3 9/21 75.8 4.2 14.5 3.2 

HO H 460 9/23 87.3 -3.2 - - Sample oxidized 

HO HH 460 9/24 84.5 3.4 17.5 3.4 

HO HH 480 9/25 78.6 3.4 5.8 2.8 

HO HH 500 9/26 71.2 3.3 2.2 2.1 

HO H 480 9/26 82.2 3.1 13.5 2.2 

HO H5 460 9/27 85.9 3.6 15.5 1.9 

HO M5 460 9/28 89.0 -3.4 14 -0 Balance prob. 

HO 80460 10/7 76.1 3.6 2.6 1.9 TEM problem 

H100 H 500 10/6 68.6 3.1 7 5.2 10% Nz• 1% Hz 

HO 60460 10/8 79.0 3.5 4.6 2.1 Balance prob. 

HO HH 480-2 10/10 78.5 3.7 4.4 1.9 

HO 40 460 10/11 82.5 3.5 7.5 1.9 
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Table 4.2 (cant.) Carbon Deposition Experiments Details 

Run Date %C02 Red. Run Total Problems/ 
1994 Mass Time Dep·(gc Notes 

(mg) (hr) /gNi) 

HO HS SOO 10/13 73.0 3.5 4 2.1 

HO HH SOO-2 10/14 71.0 3.5 2.3 1.4 Double flow 

HO HH SOO-3 10/17 71.0 3.7 3.6 2.7 

HO 440 10/19 84.2 -3.4 lS.S 2.8 Also 89.5%C02 

HO HH SOO-4 10/20 71 1.7 3.2 2.8 Half sample 

HO 40 480 10/21 7S.6 3.2 4 2.4 

HO 60 480 10/24 70.8S 2.S 2.S 2.2 

H100 HH SOO 10/26 70.6 3.4 2.8 3.S 28.4% CO, 0 N2 

H100 HH 460 10/27 83.7 3.2 S.8 3.8 15.3% CO, 0 N2 

H100 HS 460 10/28 84.7 3.0 18.S 7.1 14.4% CO, 0 N2 

H100 HS SOO 10/29 72.2 3.2 4.6 6.4 26.8% CO, 0 N2 

HO 90 460 10/31 74.8 3.6 . 2.3 2.4 

H10 HH 460 11/1 84 -3.5 19.5 4.2 15%CO,O.9%N2 

HO 9S 460 11/2 74.2 -3.7 2.2 2.1 

HlOO HH S002 11/3 63.2 3.6 4.8 6.7 25.8% ",1O%N2 

HO H SOO-4 11/7 7S.3 3.6 12.S 4.2 Ni-5138 cat. 

HlOO 40 460 11/8 72.0 3.2 4.4 3.S 16.8% .. 10.2% .. 

HSO 30460 11/9 79.8 3.6 IS.S 6.3 14.7% .. 5.0% .. 

HO 29 460 11/10 84.9 3.4 19.3 3.1 

HO H SOO-5 11/15 76.1 3.S 6.7 2.1 Ni-5256P cat. 

HO HS 480 11/16 SO.3 3.2 17.S 4.0 

HO HS 500-2 11/17 72.1 1.6 21 5.0 Long run 
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Table 4.2 (cont.) Carbon Deposition Experiments Details 

Run Date %C02 Red. Run Total Problems/ 
1995 Mass Time Dep·(gc Notes 

(mg) (hr) /gNi) 

HSO HH SOO 2/7 67.S 3.5 2.6 3.6 27.0%CO,5%N2 

HO HS SOO-3 3/4 72.8 2.3 44 4.6 Very long run 

H200 HH 460 3/20 82.2 - 7 - 15.8%CO,2%H2 

HO 60 SOO 3/21 S4.4 0.8 31 6.4 Carbiding ac 

HO HS SOO-4 3/24 72.4 2.1 - - H2 pulse expo 

HO 600 4/1 27.8 3.7 3.3 2.9 High temp 

HlOO 18460 8/1S 7S.1 1.4 20 13 14%CO,9.8%N2 
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Table 4.3 Carbon Deposition Experiments Additional Information 

Run Time at mg at gC/gNi at Stop Initial 
Max. Rate Max. Max. Rate/ Rate 

(hr) Rate Rate rmax 

HO M3 500 9 2.6 1.2 0.2 2 

HO M2 500 9 1.9 0.9 0.4 0.6 

H50 M 500 10 4.7 1.9 0.5 0.4 

HOM 400 0.5 1.4 0.6 0.5 -
HOM 450 - - - - 0.2 

HO L 500 - - - - 0.1 

HO M 500 - - - - 0.2 

HOH 500-1 3 1.3 0.6 0.3 0.8 

HOH 500-2 5 2.S 0.6 o.s 0.2 

HOH 500-3 4.S 2.1 0.8 0.2 0.4 

HO H 460 - - - - -
HO HH 460 7.5 3 1.4 0.2 0.9 

HO HH 480 2.5 1.7 0.8 0.4 2 

HO HH 500 1.2 1.9 0.9 0.5 1 

HO H 4SO S.5 1.7 0.9 O.S 0.3 

HO H5 460 11 2.1 0.9 O.S 0.2 

HO MS 460 - - - - 0.3 

HO SO 460 1.4 1.8 0.8 0.6 2 

H100 H 500 5.5 6.7 3.4 O.S 1 

HO 60 460 1.8 1.3 0.6 0.6 1 

HO HH 480-2 3.2 2.6 1.1 0.6 1 

HO 40 460 4 1.5 0.68 0.9 0.5 
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Table 4.3 (cant.) Carbon Deposition Experiments Additional Information 

Run Time at mg at gC/gNi at Stop Initial 
Max. Rate Max. Max. Rate/ Rate 

(hr) Rate Rate rmax 

HO H5 500 2 1.6 0.73 0.6 1 

HO HH 500-2 2.1 2.7 1.2 0.9 1 

HO HH 500-3 1.4 2.1 0.9 0.2 2 

HO 440 2.5 1.6 0.75 - 2 

HO HH 500-4 1.2 0.9 0.9 0.3 3 

HO 40 480 1.6 1.3 0.65 0.5 1 

HO 60 480 1.1 1.2 0.76 0.4 5 

HI00 HH 500 1.0 2.2 1.0 0.5 4 

HlOO HH 460 3.4 3.2 1.6 1 1 

HI00 H5 460 12 6.3 3.3 0.8 1 

HI00 H5 500 1.6 4.1 2.0 0.8 4 

HO 90 460 0.8 1.4 0.6 0.3 -
HI0 HH 460 8 2.2 1.0 0.3 -
HO 95460 1 1.6 0.69 0.4 -
HI00 HH 500-2 1.4 3.7 1.6 0.4 -
HO H 500-4 2.5 2 0.88 0.1 4 

HI00 40 460 3.4 4.4 2.2 0.9 -
H50 30 460 8 4.6 2.0 0.7 -
HO 29 460 10 2.2 1.0 0.5 0.2 

HO H 500-5 4 2.2 0.9 0.5 0.3 

HO H5 480 4.5 2.2 1.1 0.2 2 

HO H5 500-2 2.3 1.3 1.3 0.05 4 
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4.3 Experimental Data 

The following pages contain weight gain data as recorded during 

thermogravimetry experiments. For ease of visualization, a graph of the data is 

given for each experiment. Time is in hours, sample weight is given in mg, and 

rates are mgc min- l gNi- l
. Missing data for some of these results was caused by 

problems with the recording balance. 

As indicated in the notes column of Table 4.2, some experiments use a 

different catalyst. The experiment labelled HO H 500-4 was conducted with a 

sample of Engelhard Ni-5138P catalyst. That catalyst consisted of ca. 76.5wt% Ni, 

12.8wt% A120 3• and 10.7wt% Si02 after reduction. The experiment labelled HO 

H 500-5 was conducted with a sample of Engelhard Ni-5256P catalyst. That 

catalyst consisted of ca. 63.2wt% Ni, 23.4wt% Si02, and 13.4 wt% MgO after 

reduction. 
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Experiment: HO M2 500 
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Experiment: H50 M 500 
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Experiment: HO M 400 
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Experiment: HO M 450 
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Experiment: HO L 500 
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Experiment: HO H 500 1 
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Experiment: HO H 500 2 
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Experiment HO H 500 3 
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Experiment: HO H 460 
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Experiment: HO HH 460 
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Experiment HO HH 480 
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Experiment: HO HH 500 
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Experiment: HO H 480 
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Experiment: HO H5 460 
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Weight Rate Time Weight Rate 

0 11 2.12 3.89 

0.01 0.22 11.5 2.41 3.82 

0.03 0.44 12 2.64 3.67 

0.07 0.51 12.5 2.91 3.67 

0.1 0.29 13 3.14 3.31 

0.11 0.15 13.5 3.36 3.45 

0.12 0.22 14 3.61 3.45 

0.14 0.37 14.5 3.83 3.16 

0.17 0.37 15 4.04 3.16 

0.19 0.51 15.5 4.26 

0.24 0.81 16 

0.3 0.96 

0.37 1.18 

0.46 1.54 

0.58 1.84 

0.71 2.06 

0.86 2.43 

1.04 2.57 I 

1.21 2.94 

1.44 3.31 I 

1.66 3.23 I 

1.88 3.38 

93 
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Experiment: HO M5 460 

0.5 0.5 -00 
E 0.4 0.4 .-. -- Z c: 

~ .g 
0.3 0.3 ·m 

~ 0 
c.. 
<U 0.2 0.2 E CI --c: <U 
0 0.1 0.1 -= ..c ~ ... 
=: 

U 
0.0 0 

0 2 4 

Time (hr) 

Time Weight Rate 
0 0 

0.5 0.01 0.39 
1 0.05 0.39 

1.5 0.06 0.16 
2 0.07 0.23 

2.5 0.09 0.47 
3 0.13 0.31 

3.5 0.13 0.00 
4 0.13 
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Experiment HO 80 460 

8 20 -00 
E .-. 
'-' 6 15 ~ c 
.g I: 
·en .§ 
0 4 10 Q. "bb 
QJ E Cl '-' 
C QJ 
0 2 5 1U ..0 ~ ... 
tU 

U 

0 0 
0 1 2 

Time (hr) 

Time Weight Rate 
0 0 

0.2 0.03 1.65 
0.4 0.09 2.94 

0.6 0.19 6.06 
0.8 0.42 11.57 

0.82 15.43 
1.2 1.26 17.82 
1.4 1.79 19.11 

1.6 2.3 18.37 

1.8 2.79 18.19 

2 3.29 16.53 

2.2 3.69 13.96 
2.4 4.05 12.13 

2.6 4.35 
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Experiment: HI00 H 500 

10 25 
---01) 

E 8 20 ---'--' Z c 
~ .g 

6 15 'r;; '5 
0 Oil Co 
Q) 4 10 E 0 ......, 
c II) 

0 
2 5 1;i 

..c 

1-
~ .... 

~ 

u 
0 0 

0 2 4 6 

Time (hr) 

Time Weight Rate 
0 0 

0.5 0.03 0.43 
1 0.05 1.02 

1.5 0.15 2.99 
2 0.4 6.40 

2.5 0.9 9.81 

3 1.55 13.23 
3.5 2.45 16.21 

4 3.45 17.32 
4.5 4.48 18.35 

5 5.6 19.20 
5.5 6.73 20.48 

6 8 18.49 
6.5 17.55 

7 10.05 16.61 
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Experiment HO 60 460 

6 15 c: ...-.. 
.g Z 
.;; 4 ~ 0 
0._ 

~ C1) Of) 
2 Q S 

c:'-' E 
0 0 '-' 

.J:J C1) ... -~ ~ 

u -2 0 ~ 

0 2 4 

Time (hr) 

Time Weight Rate 
0 0 

0.2 -0.01 0.19 
0.4 0.01 0.94 
0.6 0.04 1.32 
0.8 0.08 2.65 

1 0.18 5.29 
1.2 0.36 9.45 
1.4 0.68 11.34 
1.6 0.96 11.34 
1.8 1.28 12.66 

2 1.63 12.28 
2.2 1.93 
2.4 
2.6 
2.8 

3 3.03 
3.2 3.28 8.50 

3.4 3.48 7.56 

3.6 3.68 7.56 

3.8 3.88 7.56 
4 4.08 7.56 

4.2 4.28 7.56 
4.4 4.48 7.56 

4.6 4.68 
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Experiment: HO ffiI 4S0-2 

8 - 16 
00 
E --- 6 12 Z c: .g ~ 

"a; '5 0 4 8 c.. Ob cu E 0 --c: 
2 4 ~ 0 0:1 .c ~ ... 

a:s 
U 

0 0 

0 2 4 

Time (hr) 

Time Weight Rate Time Weight Rate 

0 0 4.4 4.47 
0.2 0.04 1.07 
0.4 0.06 0.72 
0.6 0.08 0.89 
0.8 0.11 1.25 

1 0.15 1.61 
1.2 0.2 3.04 
1.4 0.32 3.58 
1.6 0.4 4.47 0 

1.S 0.57 5.01 
2 0.68 7.69 

2.2 10.55 
2.4 1.27 10.19 
2.6 1.57 10.37 
2.S I.S5 10.90 

3 2.1S 13.59 

3.2 2.61 14.48 
3.4 2.99 13.23 
3.6 3.35 11.44 
3.S 3.63 10.73 

4 3.95 10.55 
4.2 4.22 9.30 
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Experiment: HO 40 460 

10 10 -Cll 
5 8 -c 

og - 6 0;; 
Q 
Q. 
~ 

4 Q 
c 
Q 

,Q 2 J. = U 
0 

V' ~ /' 
I rI -

V :- ~ ~ 
~ 

1/ ----~ , 

8 -Z 
~ 

6 = Os 
Cb 

4 5 -~ -2 c2 

0 

o 2.5 5 7.5 

Time (hr) 

Time Weight Rate Time Weight Rate 
0 0 4.75 1.98 7.11 

0.25 0 0.00 5 2.2 7.11 

0.5 0 0.00 5.25 2.45 7.41 
0.75 0 0.15 5.5 2.69 7.26 

0.01 0.30 5.75 2.93 7.41 

1.25 0.02 0.30 6 3.18 6.80 

1.5 0.03 0.45 6.25 3.38 6.05 

1.75 0.05 0.91 6.5 3.58 6.05 

2 0.09 1.36 6.75 3.78 6.80 

2.25 0.14 1.81 7 4.03 6.50 

2.5 0.21 2.57 7.25 4.21 

2.75 0.31 4.08 
3 0.48 4.69 

3.25 0.62 4.54 
3.5 0.78 5.74 

3.75 6.80 
4 1.23 7.26 

4.25 1.48 7.56 I 

4.5 1.73 7.56 



Experiment: HO H5 500 

7 -a 6 
'-" 
c 5 .g 

·en 4 0 
c. 

3 Q) 

Cl 
c 2 0 

.0 
1 ... as 

U 
0 

} 

~ , 

o 

Time Weight 
0 0 

0.2 0.01 
0.4 0.01 
0.6 0.04 
0.8 0.07 

1 0.l6 
1.2 0.31 
l.4 0.51 
1.6 0.84 
l.8 1.16 

2 1.55 
2.2 l.88 
2.4 2.26 
2.6 2.58 
2.8 2.94 

3 3.23 
3.2 3.51 
3.4 3.79 
3.6 4.05 
3.8 4.29 

4 4.5 

/ ~ 
/ 

4 
I 

1/ / 

./ V 
~ 

2 

Time (hr) 

Rate 

0.19 
0.57 
1.15 
2.29 
4.59 
6.69 

10.13 
12.42 
13.57 
13.76 
13.57 
13.38 
13.00 
12.42 
10.90 
10.70 
10.32 
9.56 
8.60 

/ 

100 

14 

I'---
'> 1.0-

~ 

12 ..-. 

10 Z 
~ 

8 ~ 6 E 
'-" 

4 11) 

tU 
2 ~ 

0 

4 
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Experiment: HO HH 500 2 

C> 5 25 
E ..-. - 4 20 c Z 
~ 

3 ~ .;; 15 .§ 
0 
Co til Q) 2 10 E 0 '-' 
c Q) 

0 1 5 iii 
.0 ~ 
"-co 

Co) 0 0 

0 1 2 

Time (hr) 

Time Weight Rate Time Weight Rate 

0 0 2.2 2.9 18.40 

0.1 0 0.00 2.3 3.09 

0.2 0 0.00 

0.3 0 0.00 

0.4 0 0.38 

0.5 0.01 1.15 
0.6 0.03 1.53 

0.7 0.05 2.68 

0.8 0.1 5.75 

0.9 0.2 8.05 

1 0.31 9.97 

1.1 0.46 12.65 

1.2 0.64 12.27 

1.3 0.78 14.19 

1.4 1.01 17.25 

1.5 1.23 16.49 

1.6 1.44 18.02 

1.7 1.7 18.40 

1.8 1.92 16.87 

1.9 2.14 17.25 

2 2.37 19.94 

2.1 2.66 20.32 



Experiment: HO HH 500 3 

.- 7 
~ 6 
'-" 

.9 5 

.~ 4 
o 
fr 3 o 
c 2 o 
~ 1 
u 0 

Time 

0 
0.1 
0.2 
0.3 

0.4 

0.5 
0.6 
0.7 
0.8 
0.9 

1 

1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 

2 
2.1 

t 
/ 

J 
I ../ ../ 

o 

Weight 

0 
0 
0 

0.01 
0.03 

0.08 
0.16 
0.23 
0.39 
0.59 

0.9 

1.15 
1.49 
1.78 
2.1 

2.49 
2.8 

3.11 
3.39 
3.63 
3.93 
4.17 

: 1-1 
I ~;..-
I 

~ " i./ ~ ~ 
/ I ............ ~ - r 

1 

/ I 
I 

2 

Time (hr) 

Rate Time 

2.2 
0.00 ; 2.3 

I 

0.36 ! 2.4 
1.08 2.5 
2.53 ! 2.6 
4.70 : 2.7 
5.42 I 2.8 
8.31 2.9 

13.01 3 
18.43 3.1 
20.24 , 3.2 

r 

21.32 ~ 3.3 
22.77 i 3.4 
22.05 3.5 
25.66 ; 3.6 
25.30 

22.41 , 

21.32 
18.79 . 
19.52 
19.52 
15.90 

~ 
I 

3 

Weight 

4.37 
4.55 
4.75 
4.91 
5.08 
5.25 
5.46 
5.61 
5.74 
5.83 
5.92 

6.01 
6.1 

6.17 
6.24 

102 

35 
30 .-

25 Z 
~ 

20 ~ 15 E 
'-" 

10 (j) 

ti:i 
5 ~ 

0 

Rate 
13.73 
13.73 
13.01 
11.93 
12.29 

13.73 
13.01 
10.12 
7.95 
6.51 
6.51 
6.51 
5.78 
5.06 
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Experiment HO 440 

10 
i 
I "--, 
I I 

I 1\ __ ! 

I I---- i 

/ 7 \ i 

I '" 
/ 

V ~ -I 

-00 

8 E 
'-' 
c 

6 
,g 
'iii 
0 
0. 

4 cu 
0 
c 

2 
0 

.J:l 
"-as 

U 
0 

o 5 10 15 

Time (br) 

Time Weight Rate Time Weight Rate 
0 0 10.5 5.23 1.25 

0.5 0.04 2.33 11 5.3 1.01 

1 0.3 4.75 1l.5 5.36 1.01 

l.5 0.65 6.07 12 5.43 l.32 

2 1.08 7.39 12.5 5.53 1.17 

2.5 1.6 7.63 13 5.58 0.78 

3 2.06 7.63 13.5 5.63 0.93 

3.5 2.58 7.55 14 5.7 1.17 

4 3.03 7.16 14.5 5.78 1.01 

4.5 3.5 7.12 15 5.83 0.93 

5 3.945 4.82 15.5 5.9 

5.5 ·~.12 2.53 

6 4.27 2.02 

6.5 4.38 2.02 

7 4.53 2.02 

7.5 4.64 1.71 

8 4.75 1. 71 

8.5 4.86 1.79 

9 4.98 l. 71 

9.5 5.08 l.24 

10 5.14 1.17 
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Experiment: HO HH 500 4 

3 30 .-.. 
00 
E 2.5 25 .-.. 
'-' z c .g 2 20 ~ 
. iii .§ 
0 1.5 15 Ob c. 
CI) E 0 1 10 '-" 
c CI) 

0 ai .c 0.5 5 ~ ... 
~ 

U 
0 0 

0 1 2 3 

Time (hr) 

Time Weight Rate 
0 0 

0.2 0.02 1.95 
0.4 0.05 3.11 
0.6 0.1 8.95 
0.8 0.28 17.51 

0.55 24.12 
1.2 0.9 27.23 
1.4 1.25 26.46 
1.6 1.58 22.18 
1.8 1.82 19.06 

2 2.07 17.90 
2.2 2.28 16.73 
2.4 2.5 15.17 
2.6 2.67 10.89 
2.8 2.78 8.56 

3 2.89 7.39 

3.2 2.97 
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Experiment HO 40 480 

- 5 20 
~ 

4 -'-" 
15 Z c og 

3 ~ 0U; °5 0 10 c. Ob CI) 2 E 0 '-" 
c 5 

CI) 

0 1 tU 
.J:l 

== 
... 
<U 

U 
0 0 

0 2 4 
Time (hr) 

Time Weight Rate 
0 0 

0.2 0.02 0.620 
0.4 0.03 0.620 
0.6 0.05 1.033 
0.8 0.08 3.927 

1 0.24 8.267 
1.2 0.48 12.401 
1.4 0.84 16.328 
1.6 1.27 17.154 
1.8 1.67 15.708 

2 2.03 16.741 
2.2 2.48 16.948 
2.4 2.85 15.914 
2.6 3.25 14.261 
2.8 3.54 10.954 

3 3.78 10.127 
3.2 4.03 9.301 
3.4 4.23 8.267 
3.6 4.43 8.267 
3.8 4.63 8.267 

4 4.83 
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Experiment HO 60 480 

4 30 
,-, 25 00 

= 3 ,-, 
'-' 

~ c 20 .g 
. iii ·s 0 2 15 c.. Ob 

<I) = 0 '-' 
c 10 <I) 

0 ~ ..Q 1 ... ~ 
«I 

5 u 

0 0 
0 1 2 

Time (hr) 

Time Weight Rate Time Weight Rate 

0 0 2 2.97 15.87 

0.1 0 0.00 2.1 3.09 12.70 

0.2 0 3.70 2.2 3.21 12.17 

OJ 0.07 6035 2.3 3.32 11.11 
0.4 0.12 5.29 2.4 3.42 10.58 

0.5 0.17 6.88 2.5 3.52 

0.6 0.25 13.23 
0.7 0.42 16.93 
0.8 0.57 19.58 
0.9 0.79 21.16 

I 0.97 23.81 

1.1 l.24 25.40 
l.2 1.45 21.69 
1.3 1.65 23.28 

1.4 l.89 25.40 
l.5 2.13 22.75 
l.6 2.32 19.05 
l.7 2.49 16.93 

1.8 2.64 15.87 
l.9 2.79 17.46 
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Experiment: HI00 HH 500 

- 10 40 on 
E -'-' 8 32 Z c 
.g ~ 

6 24 'r.;; 

~ 0 
c.. 
CI) 4 16 E 0 --c CI) 

0 2 8 'Ci:i 
.&:l r:x: .... cu 
U 0 0 

0 0.5 1 1.5 2 2.5 

Time (hr) 

Time Weight Rate Time Weight Rate 

0 0 2.3 6.4 17.51 

0.1 0 l.95 i 2.4 6.65 18.67 

0.2 0.05 3.50 2.5 6.88 17.51 

0.3 0.09 5.45 2.6 7.1 18.29 

0.4 0.19 8.95 2.7 7.35 15.56 

0.5 0.32 15.95 2.8 7.5 

0.6 0.6 24.51 
0.7 0.95 29.18 
0.8 1.35 3l.12 
0.9 1.75 3l.90 

2.17 33.46 
1.1 2.61 32.29 

l.2 3 28.79 
1.3 3.35 27.23 
1.4 3.7 25.29 

: 

1.5 4 24.12 

1.6 4.32 26.46 

l.7 4.68 26.46 

1.8 5 26.07 

1.9 5.35 25.29 

2 5.65 23.34 

2.1 5.95 21.40 

2.2 6.2 17.51 
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Experiment: HI00 HH 460 

..-. 8 20 00 
E ..-. 
'-' Z c 6 15 .g ~ 
'r;; 

~ 0 4 10 c.. 
QJ E 0 --c 2 5 QJ 
0 tti 

..0 r::z:: .... 
t':I 

0 U 0 

0 1 2 3 4 5 

Time (hr) 

Time Weight Rate Time Weight Rate 

0 0 4.6 5.47 15.91 

0.2 0 0.00 4.8 5.84 15.91 

0.4 0 0.00 5 6.24 15.71 

0.6 0 0.41 5.2 6.6 13.02 

0.8 0.02 l.24 5.4 6.87 14.26 

1 0.06 l.65 5.6 7.29 16.33 

1.2 O.l 3.72 5.8 7.66 

l.4 0.24 6.61 

1.6 0.42 7.44 
l.8 0.6 8.27 

2 0.82 8.68 
2.2 l.02 10.33 

2.4 l.32 13.43 

2.6 l.67 15.09 
2.8 2.05 14.88 

3 2.39 14.47 
3.2 2.75 16.53 

3.4 3.19 16.95 

3.6 3.57 16.53 

3.8 3.99 15.50 

4 4.32 15.09 
4.2 4.72 15.50 

4.4 5.07 15.50 



Experiment: HI00 H5 460 

14 ..-.. 
co 12 E --c 10 og 

°fii 8 
0 
c. 

6 CI) 

0 
c 4 0 

..c 
2 ... 

as 
U 

0 
_1/ 

, 

o 

Time Weight 
0 0 

0.5 0.02 
1 0.05 

1.5 0.1 
2 0.12 

2.5 0.14 
3 0.16 

3.5 0.23 
4 0.3 

4.5 0.4 
5 0.55 

5.5 0.68 
6 0.88 

6.5 1.1 
7 1.38 

7.5 1. 71 
8 2.08 

8.5 2.54 
9 3.08 

9.5 3.6 
10 4.06 

10.5 4.61 

1 ,,-:--I 

~ 
'/ T V 

/ 1/ 

./ 

.--'" 

5 

./ 

10 

Time (br) 

Rate Time 
11 

0.441 11.5 
0.705 12 
0.617 12.5 
0.353 13 
0.353 13.5 
0.794 14 
1.235 14.5 
1.499 15 
2.205 15.5 
2.469 16 
2.910 16.5 
3.704 17 
4.409 17.5 
5.379 18 
6.173 18.5 
7.319 
8.818 
9.347 
8.642 
8.907 
9.524 

./ 

109 

./' 

-

14 
12 ,-.. 

10 Z 
~ 

8 Os 

6 OIl 
E ......., 

4 CI) 

(U 

2 ~ 

0 
15 

Weight Rate 
5.14 9.524 
5.69 10.317 
6.31 10.582 
6.89 10.494 

7.5 10.582 

8.09 10.406 
8.68 

12.53 8.800 
13 8.818 

13.53 
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Experiment: HI00 H5 500 

c 15 
.g 12 ·en 
0 

9 0._ 
~ 00 
0 E 6 c-
o 

..c 3 ... 
= U 0 

j --I-

V'V "-rvi -~ 
/ ./ 

/ J I --, V' V I 

/ 
v V I -, , , , 

50 -
40 Z 
~ 

30 ~ 20 E -10 ~ ... ca 

0 ~ 

o 1 2 3 4 

Time (br) 

Time Weight Rate Time Weight Rate 
0 0 2.4 7.58 33.482 

0.1 0 0.000 2.5 8.04 
0.2 0 0.000 2.6 
0.3 0 1.240 2.7 
0.4 0.03 4.134 2.8 
0.5 0.1 7.027 2.9 
0.6 0.2 10.334 3 
0.7 0.35 16.534 3.1 
0.8 0.6 22.735 3.2 10.14 
0.9 0.9 30.175 3.3 10.35 18.188 

1.33 37.202 3.4 10.58 17.774 

1.1 1.8 38.856 3.5 10.78 19.428 

1.2 2.27 35.136 3.6 11.05 18.188 

1.3 2.65 37.616 3.7 11.22 18.601 
1.4 3.18 39.269 3.8 ll.5 19.841 

1.5 3.6 38.442 3.9 11.7 16.534 

1.6 4.11 41.336 4 11.9 14.468 

1.7 4.6 40.923 4.1 12.05 12.401 

1.8 5.1 38.029 4.2 12.2 16.534 

1.9 5.52 36.376 4.3 12.45 19.015 

2 5.98 37.202 4.4 12.66 15.294 

2.1 6.42 35.962 4.5 12.82 13.228 

2.2 6.85 33.482 4.6 12.98 

2.3 7.23 30.175 
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Experiment: HO 90 460 

6 35 

- 5 30 00 
E -'-" 25 Z c 4 .9 ~ - 20 'Vi 'e 0 3 c- Oo 
~ 15 E 0 --c 2 aJ 
0 10 -~ 

~ 

l- e:: 
~ 1 u 5 

0 0 
0 1 2 

Time (hr) 

Time Weight Rate Time Weight Rate 

0 0 1.9 4.84 12.49 

0.1 0 0.37 2 5 12.86 

0.2 0.01 1.84 2.1 5.19 12.49 

0.3 0.05 4.04 2.2 5.34 9.92 

0.4 0.12 8.82 2.3 5.46 

0.5 0.29 17.64 

0.6 0.6 24.99 
0.7 0.97 30.86 

0.8 1.44 33.07 
0.9 1.87 31.97 

2.31 32.33 

1.1 2.75 30.13 

1.2 3.13 23.88 

1.3 3.4 22.05 

1.4 3.73 23.88 ; 

1.5 4.05 19.84 : 

1.6 4.27 14.70 

1.7 4.45 14.33 

1.8 4.66 14.33 
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Experiment: HI 0 HH 460 

.-.. 10 10 00 
E .-.. 
'-' 8 8 Z c: .g 

6 6 
~ 

• iii .§ 
0 
c. Ob Q) 4 4 E 0 '-' 
c: Q) 

0 2 2 1;; -e ~ 
~ 

U 0 0 
0 5 10 15 

Time (hr) 

Time Weight Rate Time Weight Rate 
0 0 11.5 5.13 5.82 

0.5 0 0.00 12 5.51 5.37 
0 0.00 12.5 5.84 4.76 

1.5 0 0.00 13 6.14 4.76 
2 0 0.00 13.5 6.47 5.67 

2.5 0 0.00 14 6.89 5.29 
3 0 0.38 14.5 7.17 4.01 

3.5 0.05 0.60 15 7.42 3.78 
4 0.08 0.83 15.5 7.67 3.78 

4.5 0.16 1.66 16 7.92 3.40 
5 0.3 2.57 16.5 8.12 3.02 

5.5 0.5 3.40 17 8.32 3.02 

6 0.75 4.54 17.5 8.52 3.02 
6.5 1.1 4.91 18 8.72 3.02 

7 1.4 4.91 18.5 8.92 2.57 
7.5 1.75 6.05 19 9.06 1.89 

8 2.2 6.88 19.5 9.17 
8.5 2.66 6.35 

9 3.04 6.12 
9.5 3.47 6.50 
10 3.9 6.58 

10.5 4.34 6.35 
11 4.74 5.97 
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Experiment: HO 95 460 

- 5 30 Q() i 

E I .-.. 
'-' 4 1. 25 Z c: 
.g 

3 
;- 20 ~ 

.1j5 
I ~ 0 15 Q. 

cu 2 E Cl , 10 '-' 
c: I cu 
0 1 

T5 -= .0 ex:: ... 
ca 

U 0 I 0 

0 1 2 

Time (hr) 

Time Weight Rate 
0 0 

0.1 0.02 1.43 
0.2 0.04 1.07 
0.3 0.05 1.07 
0.4 0.07 3.93 
0.5 0.16 6.08 
0.6 0.24 1l.80 
0.7 0.49 21.45 
0.8 0.84 25.03 
0.9 1.19 27.89 

1.62 28.60 
1.1 1.99 26.10 

1.2 2.35 26.46 
1.3 2.73 25.74 

1.4 3.07 23.60 
1.5 3.39 20.74 

1.6 3.65 19.66 

1.7 3.94 18.59 

1.8 4.17 14.30 
1.9 4.34 13.23 

2 4.54 14.30 

2.1 4.74 12.51 

2.2 4.89 
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Experiment: HI00 llli 5002 
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1.8 5.76 36.93 
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2.2 7.61 32.70 
2.4 8.49 32.15 

2.6 9.36 27.92 
2.8 10.01 24.07 

3 10.67 23.33 

3.2 11.28 22.41 

3.4 11.89 20.94 
3.6 12.42 19.66 
3.8 12.96 19.11 

4 13.46 18.37 
4.2 13.96 17.45 
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Experiment: HO H 500 4 
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2 1.29 7.96 12.5 9.32 
2.5 2.02 10.46 

3 3 10.40 
3.5 3.72 9.55 
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9 8.45 2.14 
9.5 8.6 1.84 
10 8.75 1.71 
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Experiment: HI00 40460 
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Experiment: HSO 30 460 
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Experiment: HO 29 460 
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8 1.1 3.73 18.5 6.43 2.41 
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Experiment HO H 500 5 
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17 4.74 0.83 
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21 4.99 
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Experiment: H50 HH 500 
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Experiment: HOH5 500 3 
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0.75 0 2.30 7 4.2 2.19 
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4 3.3 6.67 20 5.46 0.40 
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Experiment: HO H5 500 3 continued 
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26 5.8 1.15 

27 5.9 1.15 
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30 6.11 0.86 

31 6.2 0.81 

32 6.25 0.58 
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35 6.43 0.81 

36 6.49 0.46 
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38 6.57 0.69 

39 6.63 0.58 
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41 6.7 0.23 

42 6.71 0.12 

43 6.72 0.12 

44 6.73 
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Experiment: HO H5 500-4 
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4.4 Micrograph Measurements 

The following tables give the measurements obtained by measuring directly 

from micrographs the number of edges and graphite orientation angle in filaments. 

Statistical analysis of these data may be found in Appendix D. 

Table 4.4 Morphology measurements for specimen HlO HH 460 

Tube section Edge Per distance Calculated Angle a 
radius (nm) count (A) (nm) (B) E (A/B) (degrees) 

6.7 8 33 0.24 4 

6.7 8 27 0.3 5 

9.7 11 60 0.18 4 

Table 4.5 Morphology measurements for specimen H50 30 460 

Tube section Edge Per distance Calculated Angle a 
radius (nm) count (A) (nm) (B) E (A/B) ( degrees) 

8.3 14 25 0.56 15 

8.3 15 43 0.35 10 

8.9 23 53 0.43 10 

8.9 8 15 0.53 12 
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Table 4.6 Morphology measurements for specimen HlOO HH 460 

Tube section Edge Per distance Calculated Angle e 
radius (nm) count (A) (nm) (B) E (A/B) (degrees) 

8 27 28 0.96 16 

7 15 11 1.4 35 

11 36 36 1.0 30 

9.2 51 46 1.1 25 

11 22 31 0.7 25 

8.3 16 12 1.3 20 

9.2 35 37 0.94 22 

Table 4.7 Morphology measurements for specimen H200 HH 460 

Tube section Edge Per distance Calculated Angle e 
radius (nm) count (A) (nm) (B) E (A/B) (degrees) 

8.9 43 28 1.5 32 

8.9 67 48 1.4 35 

15 65 69 0.96 20 

9.2 35 21 1.7 38 

7.5 20 16 1.3 30 

6.1 29 17 1.7 30 
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Table 4.8 Morphology measurements for specimen H50 HH 500 

Tube section Edge Per distance Calculated Angle e 
radius (nm) count (A) (nm) (B) E (A/B) (degrees) 

12 7 33 0.21 5 

11 8 47 0.17 5 

11 10 53 0.19 5 

9.2 13 36 0.36 -
9.2 13 33 0.39 8 

9.2 17 39 0.44 10 

Table 4.9 Morphology measurements for specimen H100 HH 500-2 

Tube section Edge Per distance Calculated Angle e 
radius (nm) count (A) (nm) (B) E (A/B) (degrees) 

8.3 16 38 ·0.43 8 

8.3 20 36 0.56 11 

8.7 18 25 0.72 18 

8.3 18 38 0.47 8 

8.3 23 54 0.43 8 
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Discussion will begin with a verification that the rate data reported in these 

results is not limited by transport phenomena. With that confirmation, the rate 

data can be considered as indicative of chemical reaction rates. 

What was learned about each stage of the carbon deposition process will 

then be discussed. A period of inception is required before carbon deposition 

begins. h will be shown that two factors control inception: catalyst particle size 

growth, and separation of catalyst particles from the support. 

Deactivation of the catalyst begins just as inception occurs. Thus, steady 

reaction rates were not observed. Deactivation is not well understood, but can be 

related to the carbon deposition product morphology. Especially with 

encapsulating shells, a carbon covering prevents access to the catalyst surface, 

causing deactivation. 

Discussion of the morphology results will be divided into two cases: CO 

disproportionation with no hydrogen present. and when small concentrations of 

H2 are added to the reaction gas. Characterization of an unusual form of carbon, 

encapsulating shells, is accomplished using a new theory that may describe their 

formation more convincingly than had previously been possible. A new concept 
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that graphite precipitates out of a catalyst metal by adding carbon atoms to the 

edge of basal planes will be introduced. The concept can be used to interpret a 

variety of carbon formation processes. 

Another new theory is derived from the analysis of experiments done with 

increasing amounts of H2 present. It is shown that hydrogen atoms can satisfy 

valences at graphite basal plane edges and cause filaments to form. With greater 

H2 concentrations, more edges can form (with a strong temperature dependency). 

More edges force a greater angle between the filament axis and the graphite basal 

plane orientation. 

Finally, reaction rates will be discussed. It is found that the lack of a. 

steady reaction rate, combined with complexities of the process, make it difficult 

to elucidate the detailed mechanisms of shell, nanotube, and filament formation. 
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5.1 Reaction Rate Measurement and Mass Transport 

Discussion will begin with an analysis of the rate data limitations. As was 

recognized in section 3.2.5, the validity of reaction rate information obtained in 

the present experiments depends on whether mass transport is a rate limiting step. 

The impact of mass transport is discussed in this section. Use is made of 

experimental data presented in Chapter 4, and mathematical derivation from basic 

transport equations. 

The expected mass transport limiting step, if it existed, was presumed to be 

the diffusion of CO through CO2 in a boundary layer at the catalyst surface in the 

bottom of the sample holding pan. This presumption was based on two factors. 

The first was that flow in the reactor was laminar, based on the reynolds number 

calculations done in Appendix C. The other factor was reports in the relevant 

literature that pore diffusion was not rate limiting, even with larger catalyst 

particle size than used in this work (Tottrup, 1976). Based on the above 

assumptions, a diffusion problem for the reaction system was solved. The problem 

was designed to ascertain how great of an influence mass transport through a 

boundary layer might have on reaction conditions and rates. 

5.1.1 Diffusion Calculation 

The goal of the following calculation was to determine how much the 

CO/C02 ratio at the surface of the catalyst metal particles differed from that of 

the bulk gas mixture. The known parameter is the CO/C02 ratio in the well 
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mixed gas flow. and the unknown value is the ratio at the catalyst surface (the 

other side of the boundary layer). The problem can only be solved accurately by 

providing a number of known parameters. some of which are from actual 

experimental data. The data were taken from an experiment with high reaction 

rates, so that the most limiting case was considered. The problem is set up using 

a diffusion equation from Bird et al. (1960), 

(S.l) 

where J is the mass flux (mol cm-2 sec-I). c is molar density of the reaction gas 

(mol cm-3
), Dco is the diffusion coefficient for CO in CO2, and Xco is the mole 

fraction of CO in the gas phase. The problem is one dimensional, and z is the 

distance through the boundary layer in the direction of diffusion. Based on the 

stoichiometry of CO disproportionation (reaction 2.1). 

(S2) 

Equation S2 can be used to simplify equation 5.1 to: 

1 (dXco) Jeo = -cD -- . 
l-'!'X dz 

2 CO 

(S.3) 

Since Jco is assumed constant along the diffusion path. its derivative with respect 

to z will be zero. Thus: 
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d [ 1 dXco ]. - 0 
dz l-'!'X dz 

2 CO 

(5.4) 

where c and D are taken as independent of concentration. To solve equation 5.4 

it is integrated twice. The first integration gives 

(5.5) 

and the second integration gives 

- 2 IIi (1 -.!.X ) - C z + C 2 CO - 1 2' 
(5.6) 

The analysis continues by letting z = 0 at the well mixed gas phase (outside 

the boundary layer), and z = 6 at the surface of the catalyst. The mole fraction 

of CO is a function of z, and Xeo(O) is the mole fraction of CO in the known gas 

mixture, as determined by GC analysis of the reactor outlet gas. This variable, 

Xeo(O), is represented in the following equation as Xco 0. The unknown value of 

Xeo at the surface of the catalyst (x = 6) is Xeos
• Accordingly, the boundary 

conditions are 

Xco(O) = X~o (5.7) 

and 
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(5.8) 

Using the boundary conditions, the integration constants are solved to yield 

and 

Combining equations 5.3, 5.5, and 5.10 gives 

The diffusion coefficient for CO-C02 may be determined using: 

1 X 10-3 T 1.75 

P (
0.33 0.33 )2 

"CO~ + "co 

/.2... + I 
Y 28 44 

(5.9) 

(5.10) 

(5.11) 

(5.12) 

where temperature (T) is in Kelvin, pressure (P) is in atm, and the diffusion 

volumes (v) are ve02 = 26.9 and veo = 18.9 (Geiger and Poirier, 1973). Using P 

= 0.93 atm (Tucson average atmospheric pressure) equation 5.12 reduces to 
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(5.13) 

which gives Dca = 0.945 cm2 sec') at 785 K. Molar density (c) is obtained using 

22.4 I mol') (at STP) and scaling to 0.93 atm and temperature of interest: 

c = 0.0113 (emmo!) . 
T(K) 

(5.14) 

Equation 5.11 may be solved using a boundary layer distance of 8 = 0.6 cm 

based on the depth of the sample pan. The actual 6 may be more, or less, but the 

result is not strongly dependent on the value used. Data available from a limiting 

experiment (HO HH 500) consists of temperature T = 785 K and Xcoo = 0.288 

giving an activity of ac = 19.1. Carbon deposition rate was 27 mgc min') gNi-1 with 

2.1 mg of Ni present, so that the total amount of carbon produced was Nc = 7.8 

X 10,8 mol sec-). The amount of CO reacted (Nco) would be double that value. 

Thus, the experimental value of Jeo is Nco divided by cross sectional area for 

diffusion, which is taken as the area of the opening of the sample pan (2 cm2). 

Placing these values into equation 5.11: 
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2 *7.8XlO-8 mol 2 *0.0113 mol *0.945 cm
2 

[ 1-1.X S 1 
S~ em l = 2 CO ------ = In --"'----

2cm 2 area 785 *0.6cm 1-1.(0.288) 
2 

(5.15) 

which gives Xcos = 0.285, for a difference of 0.003 (or 1 %) from the value in the 

well mixed gas. There is a greater effect on the gas phase carbon activity. At the 

surface ac = 18.6, or 0.5 lower than that assuming no boundary layer. This is, 

however, only a 3% difference in carbon activity. 

The conclusion of these calculations is that mass transport is not acting as 

a rate limiting step to any significant degree. Thus the reaction rates determined 

in this work are expected to represent chemical rates and not transport 

phenomena. 

5.1.2 Mass Transport Experimental Verification 

To experimentally verify that mass transport was not rate limiting, data 

were taken on a specimen with half the usual sample mass. If diffusion of CO to 

the surface from the mixed gas phase is limiting reaction rate, then at a lower 

reaction rate the diffusion limitation should have less of an impact. Thus, a 

transport limitation would be less on a smaller sample. Two experiments were 

compared (HO HH 500 and HO HH 500-4) that had catalyst masses of 3.3 and 1.7 

mg respectively. Reaction results for the two experiments were found to have 

approximately the same measured maximum reaction rate on a per gram Ni basis. 
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That outcome demonstrates that transport phenelmena were not rate limiting in 

these experiments. 
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5.2 Catalyst Activation and Deactivation 

In the literature review it was noted that catalytic carbon deposition 

typically exhibits an activation-deactivation behavior. Such behavior is also seen 

in the present results. Figure 5.1 gives the carbon deposition weight gain from a 

typical CO disproportionation experiment. On the x-axis is the time, in hours, 

from the beginning of reaction (when gas flow was switched to reaction gas). The 

y-axis gives the measured weight of the catalyst sample, where zero is the weight 

at time zero. The graph exhibits how weight gain starts slowly and steadily 

increases. At an inflection point the rate reaches a maximum, then slowly 

decreases. The following sub-sections will address each aspect of this carbon 

deposition reaction rate phenomenology. 

5.2.1 Initial Rates 

For the present experimental results initia~ rate measurements in the usual 

sense were not meaningful, since an inception period exists. Typically the initial 

rate is taken as the rate of reaction measured immediately after exposure at the 

beginning of an experiment. For most of the present experiments, that initial rate 

would be zero. . 

Instead, an initial rate defined for the present work was employed. The 

rate was taken at the point in time prior to the weight gain "knee" or beginning 

of reaction. This was done by extrapolating a line from the point of maximum 

rate, at that slope, to the x-axis. The time at which that line intercepts the axis 
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Figure 5.1. Weight gain recorded for a carbon deposition experiment with 
no H2 present in the reaction gas (data from HO H5 500-2). 
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was read, and divided by two. The measured rate at that calculated time is 

reported as the initial rate, listed in Table 4.3. Analysis of that data revealed no 

apparent correlation between initial rates and reaction conditions such as 

temperature or hydrogen concentration. There was some tendency for initial rate 

to increase with carbon activity, with much data scatter. The information 

contained in the initial rate data is not constructive for evaluation of the present 

results. The following data on inception is of greater utility. 

5.2.2 Inception of Catalytic Activity 

The inception of catalytic activity occurs during the period of time between 

the start of reaction and the maximum reaction rate. What is called inception 

here, is most commonly referred to as catalyst "activation." The term inception 

is preferred in this work to avoid confusion, since the word activation is used in 

other contexts (i.e., activation energy). Inception can be described, for three 

experiments with constant ac = 19 and no H2 present, using Figure 5.2. The weight 

gain curves have a different shape for each of the reaction temperatures. At 

lower temperature, a longer period of time must pass before appreciable carbon 

deposition hegins. For the following discllssion, it should be taken into account 

that during inception when no hydrogen is present, the primary form of carbon 

deposited is shells. 

Inception can be characterized by various parameters. The preferred 

parameter was the time required to reach the inflection point in a weight gain 



Reaction Time (hr) 

Figure 5.2. The weight gain curves during the activation period for 745, 
765, and 785 K with ac = 19 (from experiments HO HH 460, HO HH 480-2, 
and HO HH 500). 
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curve, which will be referred to here as "inception time." Also considered was the 

time to maximum rate of increase in the reaction rate (the upward knee of the 

weight gain curve), and the amount of carbon d~posited during inception. 

Inception time was found to be dependent on certain reaction conditions. 

It could be expected that higher ac would result in a more rapid inception due to 

its greater driving force for carbon deposition. Figure 5.3 shows the inception 

times for a number of experiments conducted without H2 present. The times are 

plotted versus ac• Three curves are formed for the different reaction 

temperatures. It may be seen from Figure 5.3 that the inception time decreases 

as ac increases. Also, at higher temperatures the inception time is shorter. Based 

on the figure. for this catalyst there appears from a practical point of view to be 

a minimum inception time of about one hour at the lower temperatures. One 

experiment conducted at 873 K (ac =21) indicated that no such limitation exists at 

higher temperature, since the inception time was zero. Finally, Figure 5.3 reveals 

that a limiting ac exists for reasonable inception times at each reaction 

temperature, an important result that may be used to explain experiments where 

no inception occurs. 

When inception times are compared to the times to maximum rate of 

increase of the reaction rate, the trends are the same. Time to maximum rate of 

rate increase was determined by taking the second derivative of the weight gain 

curve and noting the time at which that curve is at its maximum. It was found 
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that the thus defined "knee" in the weight gain curves occurred at approximately 

one half of the inception time, but the data were more scattered than the 

inception time data. 

The presence of H2 caused inception to occur sooner, but only slightly. 

Figure 5.4 shows how 1% H2 in the reaction gas effects inception at 785 K. This 

is an understandable result since reaction rates are increased by H2 presence. The 

mechanism for inception is known to be altered by the presence of H2, especially 

when using an unsupported catalyst. An example is the case where essentially no 

carbon deposition occurs without H2 present, yet prolific deposition occurs with 

hydrogen in some form present during reaction (referenced in the literature 

review). But in this instance, the presence of H2 does not have a great effect. 

That may be due to the special case of the catalyst used in the present work, 

which is capable of inception without the presence of any form of hydrogen. Then 

the inception mechanism is to a certain extent independent of the H2 

concentration. 

An important aspect of the above results is their demonstration that 

without sufficient ac' carbon deposition cannot be achieved in a practical time 

frame. It is believed that the position of the curves in these figures is dependent 

on the particular catalyst used and is controlled by many factors such as metal

support interactions. These curves provide a means to characterize different 

catalysts in their response to inception. 
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The other parameter for analysis of inception was the amount of carbon 

deposited at inception time. It was found that the amount was not particularly 

dependent on any reaction conditions except whether or not H2 was present. With 

no H2 in the reaction gas, an average of 1.2 gram carbon per gram Ni was 

deposited (with a standard deviation of 0.6). With 1 % H2 present, the much 

larger amount of 4.4 gram carbon per gram Ni was deposited (standard deviation 

1.3). Both of these amounts are much greater than the approximate 2 ·10"" gram 

carbon per gram Ni that would form a solid saturated solution in Ni at 785 K, and 

the 0.026 gram carbon per gram Ni that would be sufficient to deposit one 

monolayer on a typical 10 nm radius particle. Thus, multi-layer carbon deposition 

is well underway by the time of inception. A greater amount of carbon is 

deposited at inception when hydrogen is present, because the overall reaction rate 

is higher. 

With the above information, some conclusions can be made about carbon 

deposition inception. Since the time of inception is shorter at higher 

temperatures, there is likely a thermally activated process involved. It is possible 

to estimate an apparent activation energy (EJ for inception with the available 

data. Details are given in Appendix E. The calculated value, about 200 kJ mol-I, 

is of low accuracy due to a narrow range of temperatures. An activation energy 

of 200 kJ mol-! is higher than typically found for mass transfer processes such as 

diffusion in metals (e.g. 125 to 146 kJ mol-! for diffusion of carbon in several 
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catalyst metals, from section 2.5). It is unable to suggest a simple mechanism for 

the rate limiting step in carbon deposition inception. Such an activation energy 

is more typical of a chemical process. 

An interpretation (to be discussed in the next sub-section) of inception is 

that the catalyst particle must reach a minimum size before carbon deposition will 

begin. In that case, during the inception period particle size growth would be 

necessary. Particle size growth is often called sintering. A more correct term, for 

the case of supported particles, is agglomeration. There are a variety of possible 

mechanisms for agglomeration. A review of the literature was done by van 

Stiphout (1987) to apply existing sintering theory to the Ni/Si02 system. He was 

unable to resolve a mechanism for, or mathematically describe, that system due 

to its complexity. A study was done on Fe particles supported by a thin film of 

Al20 3 (Sushumna and Ruckenstein, 1985). They found that several agglomeration 

mechanisms occurred simultaneously--including migration, coalescence, direct 

ripening, and Ostwald ripening. That was in an idealized system. In an actual 

catalyst, greater complexity is added by the high surface area (called "activated") 

support, due to pores and surface roughness. Thus the literature is unable to 

provide activation energies of agglomeration processes, that are directly 

comparable with the present work. 

Based on the strong dependency of inception on carbon activity, it appears 

that simple "time at temperature" does not cause inception. That was verified by 
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repeating an experiment (HO 40 460) with a different pretreatment. Instead of the 

usual 4 hours at 500°C, pretreatment consisted of 7.5 hours at 500°C. The 

additional 3.5 hours were added after the H2/N2 reduction step. Inception time 

(approximately 4 hours) was the same for the two experiments. 

The above indicates that agglomeration is not the limiting mechanism for 

inception. As will be discussed in the second half of the following sub-section, 

there is another mechanistic requirement that must be considered: separation of 

the catalyst particle from its support. 

5.2.3 Morphology and Chemical Effects on Inception 

At this point we can explain the necessity of an inception period to achieve 

carbon deposition by CO disproportionation under the conditions studied. It was 

found above that the inception period can depend on ac' reaction temperature, 

and whether hydrogen is present. The detailed impact of pre-conditioning was not 

generally explored in the present experiments, for reasons discussed in the 

literature review and section 3.2.2. Other useful information is that in some 

experiments inception was not achieved even after long exposure times (in the 

absence of hydrogen). Practically infinite inception time was shown above to be 

possible when ac was below a certain value for a given temperature. For some 

catalysts that had low metal loading, and with pure Ni, no inception was observed 

even with large values of ac (no hydrogen present). 
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The following theory encompasses the above information about catalyst 

inception. Inception of all forms of sustained catalytic carbon deposition requires 

certain attributes of the catalyst metal. It is seen that the placement of catalyst 

particles in the final carbon product is always in the form of a nanoparticle within 

or at the end of the carbon formation. In filaments, the nanoparticle is conically 

shaped and can be in a wide range of sizes from less than ten to several hundred 

nanometers. In shells, the nanoparticle can take a variety of shapes, with near

spherical being the most common (especially for the smallest nanoparticles). In 

nanotubes, the catalyst nanoparticle is generally spherical or possibly pear shaped, 

with a narrow range of radii around 10 to 20 nm. Very large particles generally 

are not found with much carbon deposited, as will be shown later (section 5.3.2). 

Very small nanoparticles (r < 4 nm) are not usually found with associated 

graphite (except the nanoparticles found inside nanotubes, which may have been 

left behind--but are not responsible for the nanotube formation). 

There are also results in the literature that show a relationship between 

particle size (or dispersion) and rate (Galuszka, et ai., 1981), and between particle 

size and thermodynamic equilibrium (Rostrup-Nielsen, 1972). Borowiecki (1982) 

found that there was a particle size, about 2 nm radius, below which carbon 

deposition would not occur. The implication is that certain particle sizes are 

required in order to be catalytically effective for the production of certain carbon 

structures. 
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One possible reason that the catalyst is not active at the start of reaction 

is that catalyst particles (after pre-treatment but before reaction) are still smaller 

than a minimum required radius. The average particle size after the standard pre

treatment (see section 3.2.2) for the present experiments is estimated as 4 nm 

radius. That is the calculated particle radius obtained using the supplier's value 

for metal surface area (90 m2 
/ gN;)' assuming spherical particles. During reaction, 

particles grow in size based on evaluation of TEM micrographs of the final 

product (i.e. Figure 5.13). Presumably, when the nanoparticle has reached an 

adequate size, carbon begins to form. 

The present concept is not the same as simply gaining active sites. Both 

active sites and overall catalyst geometry are at play. This complication can be 

the cause of much confusion that exists in studying the kinetics of carbon 

deposition. Such a "structure sensitivity" is not normal in chemistry, since it is the 

bulk or macro structure that is involved. The usual form of structure sensitivity, 

to the crystallographic orientation of the surface, is also important to the carbon 

deposition process. But, for a sufficiently small and spherical nanoparticle 

undergoing closed carbon deposition without hydrogen, there is probably no 

prevalent exposed crystallographic planes. Thus the usual form of structural 

sensitivity is not as relevant. In this case the bulk structural sensitivity is more 

important, which appears to be dependent on particle size. 
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The importance of particle size can in part be understood by analysis of the 

carbon formations produced. First it should be pointed out that the following 

theory applies to closed carbons, not filaments. It is known that filaments can be 

grown from a starting catalyst with large initial particle size, or a foil of the 

catalyst metal (Sacco, et aI., 1989) when hydrogen is present. Hydrogen is in 

solution in the metal (causing embrittlement) and the mechanism of filament 

growth allows for fragmentation of the metal, which forms catalyst sub-particles 

of suitable size and shape. Without hydrogen present, there is no such mechanism 

to turn large particles into small ones. There is particle agglomeration, but that 

only makes particles too small to be catalytic into larger ones. 

When no hydrogen is present and closed carbons are the preferred form 

of deposit, particle size is important since it is the same size as the carbon 

structure produced. A reason very small nanoparticles may not be catalytic is an 

unfavorable energy requirement for such a small shell to form. A counter

argument for that statement is that stable fullerenes can form at even smaller radii 

than a few nanometers. But fullerenes require the presence of at least twelve 

pentagons in their structure to form. Pentagons are able to form from high energy 

or gas phase carbon atoms, but might be less likely in the lower temperature 

catalytic process. An easier to evaluate reason for the inability of very small 

particles to catalyze carbon deposition is that there is a chemical effect: perhaps 

very small particles are not in a reduced state, or their metal-support interaction 
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is too strong, or their electronic properties are not yet close enough to those of 

the bulk metal. 

A similar approach can be taken to explain the narrow range of nanotube 

radii observed. For a very small radius, nanotubes might require unfavorable 

amounts of energy to form such a highly curved cylinder. That explains why 

nanotubes are hollow (Tibbetts, 1984). It will be discussed later how nanotubes 

are believed to be formed from shells. Then the lower radii limit would be set by 

that for shells. 

It is not easy to postulate why larger diameter nanotubes do not form. In 

a high pressure carbon-arc it is possible to produce carbon tubes with radii of 

many J,Lm (Bacon, 1960). In that case, however, the formations are produced by 

condensation of carbon from the gas phase. There is no catalyst particle, and 

each layer can be directly added to the previous. Nanotubes with a radius greater 

than about twenty nanometers have rarely been observed in the product of a 

catalytic process, even when catalyst particles of greater size are present (e.g., see 

Figure 5.13). One explanation is that to grow a large radius nanotube, the catalyst 

particle must have the same radius. The larger particle would probably be faceted 

and thus not present the preferred planes in the necessary structure and 

orientation for tube formation. More explanation of this issue is provided in later 

analysis on the mechanism of carbon formation. 



154 

The above theory implies that it should be possible to relate the inception 

of closed carbon formation to catalyst particle agglomeration rates. There is, 

however, still another mechanism that must be considered. For shell carbon to 

encapsulate a particle, the interaction between the catalyst particle and the 

support must be broken. That process is a function of the metal-support 

interaction. We return to a subject with such complexity that further analysis is 

difficult without additional data. Surface science can be used to theoretically 

explain this mechanism, which has been brought up in one other instance (Lee 

and Ruckenstein, 1987). 

In order to remove a particle from the support, the surface energy of the 

carbon-particle and carbon-support interfaces must be less than the surface energy 

(or interfacial tension) of the particle-support interface. That would establish an 

effective non-wetting condition to allow separation of the particle from the 

support. 

The surface science is best understood by association with the standard 

derivation for surface tension, Young's equation for a sessile drop: 

Ysa - YLS = YLO cos6 

where Y is the surface tension or surface energy. 

(5.16) 

In Young's equation, the surface energies are: YSG for the Solid-Gas 

interface, YLS for the Liquid-Solid interface, and YLG for the Liquid-Gas interface 

as shown in Figure S.Sa. 



For the present 

circumstances, it will be 

assumed that the drop is a 

solid catalyst particle as is 

typically done in the 

literature. Then equation 

5.16 can be given a different 

Gas 

Uquid 
(Particle) 

·iAt~W~~al#o~~ci~o~./!(?}:~\.·/:::::::1~~ 
.. :: . >::»$p.lid::(~lip.p.ortL:::<>· . 

Figure 5.5a Diagram for Young's equation. 

155 

nomenclature that is relevant to the case of a supported Ni particle, as done in 

equation 5.17. 

Y support -0 - Y Ni -support = Y Ni -0 cos e (5.17) 

where the surface energies are: YNi-G for the Ni-Gas interface, YNi-supporl for the 

Ni-support interface, and Y supporl-G for the support-Gas interface. 

There is another consideration that the interface between the particle and 

the support may undergo a chemical reaction. Then an interfacial compound is 

produced that changes the surface energy between the particle and support. 

Interaction between the particle and the support lowers YNi-support' and if a stable 

compound is formed, YNi-supporl can go to zero (Sushumna and Ruckenstein, 1985). 

For the case of the NijSi02-Al20 3 catalyst, compounds such as NiO· Al20 3 and 

NiSi can exist in small quantities due to interaction (Rouine, 1989). Nickel 

hydrosilicates (of unknown formulas) may also remain from catalyst preparation 

(vanStiphout, 1987). Thermodynamic data are not available for such compounds. 
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There is no clear information on what might be expected at the particle-

support interface. Economos and Kingery (1953) observed no interaction between 

Ni and A120 3 at high temperature. They did not study Ni on Si02, but indicated 

that an interaction is more likely since Si02 has a lower negative Gibbs energy of 

formation. 

The general condition required for separation of the particle from the 

support is that the total surface energy be minimized. Surface energy for a 

particle separate from the support, plus the surface energy of the vacated area on 

the support, must be less than the prior interfacial surface energy. Of interest is 

the formation of carbon around the particle separating it from the support. 

Inte:-facial surface energies of the Ni-Carbon (YNi.d and support-Carbon (y suppon.d 

come into play. The condition for carbon to penetrate between particle and 

support would be that the total of Ni-Carbon and support-Carbon surface energies 

be less than the initial energy of the system at the interface (given by YNi-suppon) 

in order to minimize energy. That condition can be stated as 

Y Ni-C + Y suppon-C < Y Ni-support . 
(5.18) 

If YNi-supporl is lowered by compound formation, or by NiO preferentially forming 

at the interface surface of the Ni particle (Humenik and Kingery, 1954), then the 

separation of Ni from support by carbon is less (ikely. 

Earlier it was shown that ar had a significant effect on the inception time. 

From the above, a reason for that characteristic would be the more reducing 
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conditions that exist at higher ac' More reducing conditions could cause any 

interfacial compounds to decompose, especially if the compound is NiO, thus 

maximizing YNi-support • 

Equation 5.18 can be used to show how carbon formation on Ni can cause 

separation of the particle from the support. Ni metal has a high surface energy 

(about 1750 erg cm-2 per eRC). Humenik and Kingery (1954) showed that the 

contact angle of a Ni drop on graphite is 90 degrees in a vacuum. Thus, from 

equation 5.17 where the support is a graphite basal plane, YNi-C will be equal to 

the surface energy of a graphite basal plane (110 erg cm-2) since the right hand 

term is zero. The same approach can give an estimate for YNi-support as 

approximately Y support-G' which is unknown for a material such as activated silica

alumina, but can be estimated as at least the surface energy of silica glass (300 erg 

cm-2
). If Ysupport-C is taken to be a relatively small value, the condition of equation 

5.18 (i.e. 110 < 300) for particle separation becomes likely if there is no chemical 

interaction between Ni and the support. When there is a chemical interaction, 

however, the right side if the equation could be significantly lower to the point 

where the separation by carbon is no longer likely. If more information were 

available on the interfacial surface energies of metal-ceramics, the above approach 

would provide a means of predicting the catalyst systems that may be active for 

carbon deposition in the absence of hydrogen. Unfortunately, the necessary 
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surface energy data is not available and, due the complexity involved, cannot be 

predicted (Ko, 1993). 

5.2.4 Inception, Deactivation, and Steady Rate 

Inception and deactivation properties can significantly effect measurement 

of reaction rate, depending on the timing of their characteristics. A variation over 

the duration of reaction in the number of active sites will cause a similar variation 

in measured reaction rate. Under the present reaction conditions, a steady 

reaction rate might otherwise be expected since there is a constant supply of 

reactants in the flowing gas mixture. 

For the situation depicted in column A of Figure S.Sb, loss of active sites 

begins immediately, and thus would prevent the measured maximum rate from 

being representative of the rate achievable had all possible sites been active. If 

the active site timing followed the diagrams of column B, a higher rate would be 

measured since the peak number of active sites is greater than for A. But there 

would not have been a steady reaction rate since the total number of available 

sites immediately decays. A steady reaction rate representative of all active sites 

available would be measurable if the deactivation process is delayed, as depicted 

in column C. 

Rate curves in the present results are indicative of the site availability 

behavior depicted in columns A and B of Figure S.Sb. Steady state rates are not 

observed. The ability to compare relative rates between experiments depends on 
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Figure 5.5b A demonstration of how the timing of active site creation and 
loss can govern the total number of active site.s versus reaction time. 

whether changing a reaction condition alters only the chemical kinetics, or so 

alters the activation-deactivation processes that the rates are not comparable. 

Further discussion on the reaction rates measured in the present work will be 

continued in section 5.5. 

5.2.5 Deactivation 

Deactivation is the final stage in the carbon deposition process. The rate 

information of the present results shows that deactivation is a gradual process, as 

seen by the asymptotic characteristic of the rate curve (Figure 5.1). 
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In the experiments where H2 was present about four times as much carbon 

was deposited before the onset of deactivation than when no H2 was present (as 

shown in section 5.2.2). That is consistent with findings in the literature, where 

hydrogen is given credit for maintaining the reaction surface clear of any carbon 

atoms that have not diffused from the surface into the bulk. Hydrogen may keep 

the catalyst surface clear of carbon by a methanation reaction such as 

(5.19) 

Another possible role of hydrogen might be as a species in solution in the 

catalyst metal, embrittling it and encouraging fragmentation. Fragmentation 

would increase metal surface area, maintaining active sites available longer during 

deactivating carbon encapsulation. That has been shown to be true for the use of 

a metal foil as the catalyst (Guinot, et al., 1981), but would be unnecessary for a 

supported catalyst with small particle size. In the filament growth model, the 

active catalyst surface can remain exposed to the gas phase indefinitely, since 

carbon that might otherwise hinder active sites is instead transported away to 

deposit at another location. In shell carbon growth, there is an inherent limit on 

the amount of carbon that can be deposited since it eventually covers the entire 

catalyst particle. Hydrogen allows filaments to grow in the first place, so it would 

have the immediate effect of allowing more carbon to be produced by each 

catalyst particle. 
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Whether hydrogen induced filament growth prevents deactivation more 

effectively than does nanotube growth is a difficult question. In nanotube growth, 

like filament formation, a given particle can account for continued carbon 

deposition. Unlike encapsulating shells, a particle can apparently remain active 

for tube growth processes, allowing much more carbon to deposit. A difference 

in the mechanism of nanotube growth versus filament growth is that for nanotubes 

it is not clear whether, or how, any portion of the catalyst particle surface 

maintains contact with the gas phase. The mechanism of nanotube growth, and 

the cessation of that process, have not been elucidated. These issues will be 

discussed later in section 5.3.3. Deactivation in encapsulating carbon shell 

formation is discussed in the next subsection. 

5.2.6 Catalyst Encapsulation 

Typically in chemistry a catalyst is deactivated by poisoning where, for 

instance, a surface adsorbed species such as sulfur occupies or interacts with active 

sites. In the case of carbon deposition, the bulk conversion of catalyst metal to 

carbide is believed to cause deactivation. That has been shown to be the case for 

Fe catalyst (Herreyre, et al., 1995). 

Another path to catalyst deactivation is passivation of active sites by an 

impenetrable barrier. In the present system the reaction product can act as the 

barrier: deposited carbon covers the catalyst surface, blocking active sites from 

the gas phase. A complication exists with closed carbons, particularly shells, 
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regarding how they can grow multiple graphite iayers. A few layers should be 

adequate to prevent CO transport to a Ni surface. The hexagonal lattice of a 

graphite basal plane has unoccupied spaces at the center of each hexagon, based 

on the covalent bonding radius of each carbon atom. But whether a particle can 

diffuse through that space depends on the Van der Waals radius of each carbon 

atom. Since the Van der Waals radius for a carbon atom is much larger than the 

covalent bon~;l'E" radius (0.165 nm versus 0.07 nm, Chang (1988», the carbon 

atoms in each hexagon effectively overlap and completely close the hole, allowing 

no diffusion through the basal plane. 

The mechanism for shell carbon formatio~ is complex. Regardless of the 

mechanism, it is instructive to estimate the carbon deposit capacity of a catalyst 

particle. Assume a Ni nanoparticle of given mass is producing graphite as 

spherical encapsulating shells. For 30 layers of carbon with a spacing of 0.34 nm 

per layer, and a catalyst particle of radius r (in nm), the number of grams carbon 

per gram Ni is given by 

(5.20) 

This equation is plotted in Figure 5.6 for the region of interest, 6 to 30 nm. Also 

plotted are the appropriate curves assuming that ~O layers and 40 layers of carbon 

have encapsulated a particle. 
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Figure 5.6 A plot of the calculated carbon loading for the indicated 
number of layers of carbon encapsulating spherical catalyst particles of 
given radius. 
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TEM analysis of exposed catalysts (that did not have many nanotubes in 

the deposit) showed, by rough estimate, an average particle radius of around 15 

nm. That radius would give about 1 gC/gNi loading for a deactivated catalyst (30 

shell layers). The actual measured carbon loading was around 2 gc!gNi' Note that 

there are "un-associated" graphite fringes in the TEM micrographs of these 

specimens. That additional carbon appears to have been randomly formed and 

not associated with a catalyst particle in the micrographs (although it must have 

been formed with a catalyst present, and possibly separated during cooling or 

sample preparation). It is not known what contribution the un-associated carbon 

makes to the loading. From Figure 5.6, a 2 gC/gN'i carbon loading indicates about 

a 10 nm radius particle. It is possible that 10 nm is the average particle radius, 

although that does not appear to be the case. Unfortunately, measurement of 

particle size distribution using the TEM is extremely difficult due to the tendency 

of particles to clump together, and not present a sufficient contrast from the 

background. Also, the calculation is based on there being 30 layers of carbon, 

which was normally found from work at a reaction temperature of 673 K (Nolan, 

et al., 1994b). For the reaction temperatures of the present work (100 degrees 

higher) a greater number of shells can sometimes be found on particles, but not 

systematically. Why do not more than a limiting number of shells form? That 

question is addressed in a following section on the mechanism of shell formation. 
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5.3 Carbon Monoxide Disproportionation Without Hydrogen 

Without hydrogen present to change the chemistry and/or mechanism of 

reaction, catalytic carbon formation is occurring in perhaps its most simple form. 

The only source of carbon is CO and the only reaction is CO disproportionation. 

This is a valuable simplification for such a complex reaction system (Note that 

an even simpler form might exist: the decomposition of cyanogen «CN)2) which 

only involves carbon and nitrogen, avoiding the complications of oxygen presence. 

Filaments have been shown to form from that precursor (Schutzenberger and 

Schutzenberger, 1890), but it does not appear to have been studied in this 

century.}. 

Table 5.1 provides a summary of the data for experiments of interest 

conducted with no H2 present in the CO/C02 reaction gas. The morphology 

descriptions are based of observations of TEM· micrographs. Carbon deposit 

morphology was generally closed: open graphite edges are rarely visible in 

micrographs of specimens produced with no H2 present. The mix of shells and 

nanotubes differed between the various experiments, and had the strongest 

dependence on duration of exposure of the catalyst to reaction conditions. For 

short reaction times, primarily encapsulating carbon shells and un-associated 

graphite (called "graphite" in the morphology column) were formed. With 

increasing reaction duration, the product morphology tended toward more 
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nanotubes than shells. Details on the above mentioned morphologies are given 

in the following subsections. 

It may be noted in Table 5.1 that generally with higher ac, reaction time 

was shorter. That was because, in most cases, the experiment was terminated 

after a inflection point was clearly visible in the weight gain curve. So the 

experiments with greater ac and thus higher reaction rates were completed in less 

reaction time. For some experiments (at 785 K), reaction time was intentionally 

extended to allow observation of the morphological effect. 

The most important result of the experiments performed with no source of 

hydrogen present is the carbon product morphology. Other results of interest for 

the hydrogen free experiments include the activation/deactivation phenomena 

discussed earlier, and the reaction rate information to be discussed in section 5.5. 

In what follows of this section, general aspects of carbon deposition without 

hydrogen are discussed, with specifics on the morphology results. 
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Table 5.1. Summary of results for no hydrogen present during reaction. 

Reaction ac Reaction Carbon Morphology 
Temp. time loading 

(K) (hr) (g/gNi) 

745 9 14 0.1 No graphite seen 

745 16 16 1.9 Shell, graphite, some nanotube 

745 19 18 3.4 Shell, nanotube 

745 25 8 1.9 Shell, graphite, few nanotube 

745 38 5 2.1 Shell, some graphite, few nanotube 

745 51 3 1.9 Shell 

765 16 18 4.0 Nanotube (many, long), some shell 

765 19 6 2.8 Shell, rare nanotube 

765 19 4 1.9 Shell, graphite, rare nanotube 

765 39 3 2.2 Shell, some nanotube 

785 3 16 0 No graphite 

785 8 22 3.8 Shell and nanotube 

785 13 16 4.5 Nanotube (many, long) 

785 13 7 2.0 Shell, few nanotube 

785 17 44 4.6 Nanotube (many, long), few shell 

785 18 21 5.0 Nanotube (many, long), shell, 
graphite 

785 19 2 2.1 Shell, few nanotube 

785 19 4 2.7 Shell and Nanotube 

785 63 31 6.4 Tube (many, long) 

873 21 3.3 2.9 Nanotube with elongated Ni 
particles 
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5.3.1 Closed Carbon Formation 

The concept of "closed" carbons is originated for this discussion. I define 

closed carbons as any carbon structure that does not have an open edge at the end 

of a graphite basal plane. Due to the recent discovery of fullerenes, closed 

carbons are a new field of study. A single graphite basal plane, the two 

dimensional hexagonal structure of carbon atoms, is referred to as a graphene. 

If the graphene is not infinite, then it must hav,e an ending, or edge, unless it 

closes upon itself. In general, the graphene must be curved to form a three 

dimensional object in order to have no edges. The smallest such object that is a 

stable structure of carbon atoms is the C60 buckyball molecule. There is no 

necessary limit on how large a closed carbon structure can be. 

In the case of shells, the carbon structures are the shape of the 

encapsulated particle, often roughly spherical. For nanotubes, the structures have 

a cylindrical shape. In each case, the carbon atoms are closed upon themselves 

and thus form effectively infinite graphene sheets. All of the carbon bond 

valences are satisfied. Energy of the system is not completely minimized, however, 

since the graphene is no longer planar. Eventually the plane wraps completely 

around, to meet an opposite edge. To achieve this in a completely closed and 

stable manner as in the fullerenes, it is necessary to incorporate 12 pentagon 

atomic arrangements into the hexagonal network (Kroto, 1988). The fundamental 

reason for the formation of closed carbons is taken, for the purpose of this work, 



169 

as the minimization of energy. Minimization of energy of the system is achieved 

for these carbon structures by satisfying all valences in the C-C network of the 

graphene. A graphene edge has unsatisfied valences from the carbon atoms that 

would otherwise have a third sigma bond with the next carbon atom, had the edge 

not existed. This unsatisfied valency would be high in energy, and thus not 

favored energetically. Thus, the system arranges so as to minimize unsatisfied 

valences. Hence the closed formations. As will be discussed in section 5.4.3, if 

another species is available to satisfy carbon edge valences, then such edges can 

become energetically preferred. 

5.3.2 Encapsulating Carbon Shells 

Closed carbons that encapsulate catalyst particles are called shells in this 

work, as illustrated in Figure 2.3. They have also been referred to as 

encapsulates, or "onion" carbon when the shells are empty. Shells were found in 

the micrographs of all specimens that were produced in the present work without 

hydrogen. A shell example is shown in the TEM micrograph of Figure 5.7. Shells 

were the predominant formation in specimens that had been reacted for short 

durations, less than 5 hours. Shell carbon formation does not appear to be 

strongly limited to certain particle sizes. The lower limit of particle radius for 

shell encapsulation has been seen as around 5 n!TI, although particles that small 

are rare. 
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Figure 5.7 A TEM micrograph showing enr.apsulating shell carbon formation. 
The dark object is the catalyst particle. Surrounding it are graphite fringes 
caused by the shell layers. 
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The upper limit for particle radius of encapsulates has not been 

characterized. With larger particles, the limitation appears to be that the shells 

do not completely encapsulate the particle: On some portions of the particle 

surface there is multi-layer graphite, while on other portions of the surface no 

graphite fringes are seen. Such a situation is shown in Figure 5.8. This is an 

understandable result due to the anisotropic preferred crystallographic planes of 

the catalyst for carbon formation. Solid carbon prefers to form on the (111) 

planes and abhors the (100) planes in Ni (Yang and Chen, 1989). The larger and 

less spherical the particle is, the more likely are various orientations on the 

particle surface. Accordingly, carbon will tend to form on some portions of the 

particle surface and not on others. 

The tendency for partial encapsulation of larger particles may explain the 

presence of un-associated graphite. The graphite formations on a partially 

encapsulated larger catalyst particle might easily separate from the particle. Steps 

that might cause this separation include cooling from reaction temperature, 

conversion of the particle to oxide upon exposurt=; to air, swelling of graphite due 

to moisture in air, and mechanical stresses during sonication for TEM sample 

preparation. 

The question arises on how encapsulating shell carbon forms. During the 

well studied filament growth, carbon forms by precipitation from the catalyst 

particle on preferred planes. From that mechanism, it may be expected that shell 
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Figure 5.8 TEM micrograph of a large particle (inset) with graphite fringes on 
portions of its surface (top right comer shown magnified). 
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carbon also forms by precipitation from the particle. However, in the case of 

encapsulating shells, there is no apparent source for the carbon atoms to re

saturate the particle to produce any layers after the first. The first complete 

encapsulating layer of carbon would block the catalyst from CO as discussed in 

section 5.2.6. So CO disproportionation would no longer be catalytically 

enhanced, since the carbon layer is not catalytic (Baczko, 1973). 

A newly formulated theory follows that can be used to explain how shell 

carbon can form in multiple layers. This theory can also explain the other carbon 

formations that are observed in catalytic deposition processes, in catalytic 

graphitization (Lamber, 1988), and in the high energy (e.g., carbon-arc) techniques. 

Fundamental to this hypothesized carbon growth mechanism is that carbon may 

precipitate out of the catalyst particle in an "edge on" perpendicular manner 

instead of by an entire sheet at once (parallel to the particle surface). For the 

case of catalytic carbon deposition, this allows a portion of the catalyst surface to 

remain clear of carbon during deposition. I will refer to this as the "apple" theory. 

It is best explained by use of simplified illustrations. 

Figure 5.9 shows how the beginning of carbon formation might appear if 

it were possible to distinguish a carbon monolayer in the TEM. A monolayer has 

formed covering most of the surface of a catalyst nanoparticle. The top portion 

of the particle remains uncovered by carbon, and exposed to the gas phase. The 

bottom portion of the particle is still attached to the support. This formation is 



Figure 5.9 A graphene sheet wrapping around a catalyst particle: the 
beginning of shell formation. 
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possible if the graphene terminates by turning-in to the catalyst metal. The edge 

of the graphene mates somewhat perpendicularly with the surface of the metal, 

forming circles on the particle surface, instead of closing upon itself. 

It is not clear what prevents the graphene from completely closing. 

Certainly there is the driving force to continue CO adsorption and CO2 

desorption. Disproportionation occurs at the open portion of the Ni surface, 

which could be maintaining that area of the particle as an active surface--just as 

in filament growth. As such, the open surface may be "flattened" and oriented to 

a (100) plane, which is the preferred surface for CO disproportionation, and not 

amenable to carbon precipitation. Figure 5.9 was deliberately made simple to be 

as general as possible. 

A second graphene may form by precipi~ation nucleating and spreading 

underneath the first layer, also terminating in a perpendicular fashion at the 

catalyst metal. When the next layer so forms, additional carbon atoms must be 

added to the first shell since its radius and thus surface area must increase. This 

process continues, fed by catalytic disproportionation taking place at the 

uncovered top surface--which continues to saturate the bulk particle with carbon. 

The driving force for carbon atoms to migrate from the catalyst surface 

where they are generated, to the locations where they are precipitated, is a carbon 

activity gradient. At the point of carbon atom solution into the metal, ac is 

probably one (or greater as in a surface carbide). When carbon precipitates at 
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preferred planes, ac is less than one. Yang and Chen (1989) concluded that 

carbon precipitation at preferred locations occurred at approximately one half the 

saturation solubility of carbon in Ni. 

Providing the conditions discussed in section 5.2.3 are met, carbon may 

eventually form on the bottom surface of the particle, at the interface with the 

support. That would separate the particle from the support, which accounts for 

the morphologies found in TEM analysis. 

The concept of graphene edges terminating in a roughly perpendicular 

fashion on a Ni surface has not been characterized. It is well known that graphite 

commonly forms with the basal planes parallel to the catalyst metal surface. 

Graphite formed with basal planes perpendicular to a metal surface has not been 

previously documented. Such a configuration may not be stable at other than 

reaction conditions. Thus, it is understandable that such a situation is not typically 

observed in the TEM. Several processes could cause the open formation to be 

transformed to closed graphite when the particle is removed from reaction 

conditions, and exposed to oxidation, prior to TEM. One in particular is that the 

perpendicular "end on" orientation of carbon to Ni may be carbide-like bonding. 

Ni carbide is known to decompose at room temperature (Itoh and Sinclair, 1994). 

Then'! are some cases from the present TEM results, however, where the 

end on orientation appears to have survived. When carbon deposition was 

conducted under gas phase conditions in which Ni carbide is thermodynamically 



177 

stable, growing carbon formations sometimes appear to have halted in place, 

perhaps as the catalyst particle transformed from the active metal to an inactive 

carbide. This seems to have happened in an experiment conducted with high ac' 

in the carbiding region for Ni. A resulting micrograph is shown in Figure 5.10. 

The graphite fringes appear to stop end on to the particle. 

When graphite basal planes are parallel to a metal surface, the system can 

be relatively stable since the metallic bonding of the metal surface has similar 

properties to the in plane properties of a graphene sheet, i.e., de-localized 

electrons. That allows for stable Van der Waafs bonding between carbon and 

metal. But for the edge on orientation, a different bonding situation must exist. 

The edge of a graphene sheet requires covalent bonding to satisfy valences. 

Hydrogen is able to serve that purpose, as will be discussed in section 5.4.3. 

Covalent bonds between carbon and a metal are net easy to visualize. However, 

if the metal has carbon present, either in solution or as a carbide, then the carbon 

atoms near the surface might participate in a covalent bond to the graphene edge. 

In this theory, eventually the carbon surrounding the particle could appear 

at its outer surface to be shaped like an apple. In TEM, where graphite fringes 

can be observed, the apple like formation might be expected to appear as 

illustrated in the diagram of Figure S.lla. The actual shape taken by such a small 

particle with many shells is probably not spherical, to reduce the strain on each 

graphene at the areas of high curvature. Thus the illustration of Figure 5.11b 



Figure 5.10 An end of a nanotube showing graphite edges that appear to 
terminate nearly perpendicularly to Ni particle surface. 
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represents another, perhaps more likely, shape that may exist during the 

intermediate stages of shell formation. The advantage of the orientation of shells 

shown in Figure 5.11b is that less restructuring of the carbon lattice is required for 

them to close into the final encapsulated product. As the shells close, the catalyst 

particle is expected to have sufficient mobility to. also become spherical. 

When too many of these perpendicularly terminated shells are being 

supported by the one particle, or if the G?ening of the particle becomes covered 

with carbon, the shell growth would stop. Either then, or upon cooling the system 

from reaction temperature to room temperature, remaining carbon precipitates 

from the catalyst particle. At this point the rather unstable structure of the apple 

shape re-orientates into the spherical shells, to obtain the typical appearance 

illustrated in Figure 2.3. In this theory there is still no firm explanation for the 

specific numbers of shells that form. 

Proof of the apple theory by means of TEM is not possible with the 

micrographs currently available. In general, it would not be expected to find the 

intermediate structures depicted in Figures 5.9 and 5.11 by TEM analysis of 

products removed from reaction conditions. Upon cooling from reaction 

conditions at the completion of an experiment, supersaturated carbon must 

precipitate from the particle. Encapsulated Ni particles produced in the present 

work have been found to exhibit no carbide peaks in XRD (Parvin, et at., 1995), 

indicating that excess carbon does not stabilize within the particle as carbide. 



Figure 5.11a An illustration of the "apple" shape possibly 
taken by carbon shells during their growth around a catalyst 
particle. 

Figure 5.11b Another possible intermediate form for carbon 
deposition on a catalyst nanoparticle. . 
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That XRD work also showed that the Ni nanoparticles did not become oxidized 

after having been exposed to air, indicating that the shells were closed and 

protecting the particles. 

Another explanation for multiple layers of carbon encapsulating the catalyst 

particle was given by Baird, et aI., 1971. They believed that atomic Ni is 

intercalated within each layer of graphite, which acts as catalyst for the next layer. 

The cessation of layer growth then occurs when the Ni becomes too disperse at 

the outer layer, since its radius increased. Their theory has not received any 

further support. No evidence was found indicating that the intercalation of Ni in 

graphite can occur on the scale required by their theory. 

The other theory for shell growth was in Audier's work (Guinot, et al., 

1981). They proposed that cracks in shells provided the path for reaction gases. 

That theory has not received endorsement, and does not adequately explain the 

results. In particular, it can not explain the uniformity of each layer, or how the 

outer layers are provided with the additional carbon required as their radius 

expands. 

5.3.3 Carbon Nanotubes 

Closed carbons formed into tubular or hollow cylindrical shape are called 

nanotubes in the present work. A nanotube is illustrated in Figure 2.4, except that 

as illustrated, the termination of the tube at the top of the figure would not be the 

growth end. Actual tube terminations seen in these results have a variety of 
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forms. Some contain no catalyst particle, some have a particle inside the tube, 

some have a particle the size of the outside radius at the end of the tube, and 

some have a non-spherical shaped particle partially inside and partially outside of 

the tube end. The later two conditions are believed to represent the appearance 

of the growth end of a tube. 

Nanotubes were found in micrographs of specimens that were produced 

without hydrogen present, with a preference for the higher reaction temperatures 

and longer reaction duration. A short length of a' near perfect nanotube is shown 

in the TEM micrograph of Figure 5.12. Typically the nanotubes were not so 

straight. Very long nanotubes predominated in specimens that had been reacted 

for long durations, such as twenty hours. Shell carbon often coexists with 

nanotubes. Nanotubes are limited in the range of radii formed. The inside radius 

typically ranges from 1 to 3 nm, and the outside radius ranges from 10 nm to 17 

nm. These values are also true for nanotubes produced by carbon-arc, except that 

in carbon-arc, single wall nanotubes with around 1 nm radius can be produced 

(usually with a catalyst metal present in the anode/ cathode--but no particles are 

found inside these nanotubes). Single wall nanotubes have never been produced 

by the catalytic thermochemical processes (Ivonov, et aI., 1994). Particular radii 

have not been shown to be the result of specific reaction conditions. Often both 

ends of the radii spectrum can be found in the same specimen, as shown in Figure 

5.13. 
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Figure 5.12 TEM micrograph of a perfect nanotube produced in the present 
catalytic CO disproportionation system. 
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Figure 5.13 TEM of several nanotubes of different radii. 
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The catalyst nanoparticle responsible for the nanotube growth is not always 

discernable. When a nanotube termination can be found, it may contain a particle 

inside it or at its end. There are often nanoparticles inside the nanotube at points 

along its length, which are not believed to be active for carbon deposition. They 

were possibly left behind after being broken off the growth particle. A particle, 

or portion of a particle, that is found inside a nanotube conforms to the inner 

radius of the tube. In the experiment conducted at 873 K, larger (stretched) 

particles were found inside the nanotubes. Those particles were several times 

longer than their diameter. 

There are several theories in the literature to explain the growth 

mechanism of nanotubes in the carbon-arc. There is no general application of 

those theories to the catalytically grown nanotubes, since they rely on 

condensation of gas phase carbon. For this work a proposed mechanism has been 

derived. It is based on the previous "apple" theory, and further enhances the 

usefulness of that theory. It adequately explains the growth phenomena 

information available from this work, and that from the literature. 

The concept for the following growth theory is that a nanotube starts out 

as a shell formation. In the apple shell formation theory, graphite forms by 

surrounding the particle incompletely, leaving a portion of the catalyst surface 

exposed. To form a nanotube, this apple shape becomes elongated. Carbon is 

provided by CO disproportionation at the open face of the catalyst particie, then 



186 

is fed into the edges of graphite orientated end ali to the catalyst. In that manner, 

shells might reshape into tubes by the graphite edges sliding around the particle. 

That could appear as shown in Figure 5.14. Eventually a tube is formed with 

basal planes parallel to the tube axis, as illustrated in Figure 5.15. In that 

configuration stable tube elongation may continue, and form very long tubes. 

Thus the proposed continuous growth mechanism for catalytic nanotubes is by 

edge growth, with the growing edge of graphite generally perpendicular to the 

surface of the catalyst. Carbon atoms would be fed to the growing edge by 

diffusion from the active surface of the catalyst which remains exposed to the gas 

phase. This aspect is in common with filament growth. The manner in which 

nanotube formation is deactivated might also be similar to how filament formation 

deactivates: by the catalyst particle carbiding or becoming covered with carbon. 



Figure 5.14 Illustration of an 
intermediate condition between a 
shell and a nanotube. 
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Figure 5.15 Illustration of the 
appearance of a growing nanotube. 
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The current results show that for short reaction times shells predominate, 

and for long reaction times with all other conditions constant the product contains 

many nanotubes. That is consistent with the theory that nanotubes form from 

shells. Ostensibly, the rate of tube formation is slower than that of shell 

formation. 

It is also possible that the apparent delay in nanotube growth is simply 

because their inception period is longer. Nanotubes are catalyzed by generally 

smaller particles than shells. By the previously discussed inception theory (section 

5.2.3), a smaller particle would probably have more difficulty with inception since 

a greater fraction of its mass can interact with the support (due to the increased 

surface area per mass with decreasing radius). 

To verify the elongated apple theory of catalytic nanotube growth, 

micrographs would be needed to show the various stages of the transformation. 

Unfortunately, as was discussed earlier, the apple formation is not likely to be 

stable enough to still exist by the time of TEM analysis. Some of the formations 

captured in the TEM, however, do lend to support the theory. 

One micrograph, seen in Figure 5. J 6, shows a nanotube end that is 

consistent with the above theory. Although it is not a clear image, the end of the 

structure is indicative of the apple shape. As was previously discussed, an active 

catalyst particle could deactivate suddenly by changing phase to the carbide, and 

freeze in the growth formation. 
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Figure 5.16 A TEM micrograph showing the termination of a nanotube that 
appears to have a shape consistent with the present growth mechanism theory. 
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The next micrograph (Figure 5.17) shows the expected configuration of an 

active growing nanotube. Actually, the reaction conditions that produced this 

"near nanotube" included a small concentration of H 2, so there are a few open 

graphite edges. But it appears to be growing in an edge addition mode, with the 

graphite tube ends generally perpendicular to the catalyst particle. Insufficient 

hydrogen was available to allow the conical (with edges) precipitation growth of 

a filament. As a result, the proposed edge addition growth mechanism occurred, 

where only occasionally was enough hydrogen available to form a graphite edge 

at the outer circumference of the tube. The figure shows both an example of how 

nanotubes grow without H2, and how a somewhat smooth transition between 

nanotube growth and filament growth can occur with increasing H2 concentration. 

The value of the apple theory is that there are no strong arguments refuting 

it. There are weaknesses in that the orientation of graphite basal planes near 

perpendicular to the catalyst surface is not a common occurrence. And there are 

strengths in how the theory can explain otherwise difficult to rationalize 

encapsulations, and be extended to explain other morphologies such as nanotubes 

and un-associated graphite. 
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Fagure 5.17 This TEM micrograph shows how a nanotube might appear during 
stable, continuous growth by a carbon edge addition process. 
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5.4 Impact of Hydrogen 

Comparison of the data obtained in the following experiments with low 

concentrations of Hz in the reaction gas, to the above results with no H2, 

demonstrates that hydrogen affects the morphology of catalytic carbon formation. 

A summary of these results is given in Table 5.2. This section will further assess 

the impact of hydrogen, and present a theory originated to explain how hydrogen 

plays a role in carbon deposit morphology. 

Table 5.2 Summary of results for experiments conducted with H, present. -
React. % a c Reaction Carbon Morphology 
Temp. Hz time (hr) loading 

(K) (g/gr-;;) 

745 0.1 18 20 4.2 Filament (few edges) 

745 0.5 18 16 6.3 Filament 

745 1 16 19 7.1 Many filament 

745 1 19 6 3.8 Filament, rare shell 

745 1 27 4 3.5 Filament 

745 2 21 7 * Filament 

785 0.5 8 19 4.8 Filament (few edges) 

785 0.5 18 3 3.6 . Shell, Fil. (few edges) 

785 1.0 11 7 5.2 Filament (few edges) 

785 1.0 16 5 6.4 Filament (few edges) 

785 1.0 17 5 6.7 Filament (few edges) 

785 1.0 19 3 3.5 Filament, some shell 

* Value not known due to TG problems. 
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5.4.1 Carbon Deposit Morphology with H2 Present 

TEM results for carbon deposits exhibited an obvious variation in 

morphology when H2 was added to the reaction gas. Comparing micrographs of 

morphologies provides confirmation of the earlier hypothesis on the impact of 

hydrogen: 

1. When no H2 (or any other source of hydrogen) was present during 

reaction, only closed carbon formations w'ere produced. 

2. As the concentration of H2 was increased, graphite edges began to 

appear in the tubular carbon formations, giving way to an "open" 

form of carbon filaments. That result is shown in Figure 5.18. 

Graphite edges were found on tubular formations only (not on spherical 

formations). The formations produced with very low H2 concentrations (e.g., 0.1 % 

H2 at 745 K and 0.5% H2 at 785 K) are similar to nanotubes, except that the 

graphite orientation is no longer exactly parallel to the axis of the tube. The 

location of catalyst particles in the tubes with open edges (that is, filaments) can 

be found at the growth end, and particles remaining along the length are seen less 

frequently than for nanotubes. For filaments with the larger orientation angle 

between basal planes and tube axis, the inside diameter is generally smaller. In 

some cases the formation is not hollow appearing, making it a solid cylinder 

instead of a tube (as seen to some extent in Figure 5.18 for 2% H2). 
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10 nm 
Figure 5.18 TEM micrographs of specimens produced at 745 K, with 
increasing H2 concentrations resulting in more graphite edges. 
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The factor believed to be the key to the growth of filaments is formation 

of graphite edges at their outer circumference. When the formation of such edges 

is enabled, the structure of the tube changes to stacked conical sheets of graphite. 

Given this condition, a mechanistically different growth process is possible, 

wherein carbon precipitation from the catalyst particle nucleates and grows with 

basal planes generally parallel to the particle surface. That distinction 

differentiates filaments from the nanotubes described in section 5.3.3. 

The filaments described above are essentially the same as those discussed 

in the vast literature. For example, the formations shown in Figure 5.18 at the 

higher H2 concentrations are very similar to those shown in Tracz, et al. (1990). 

Interestingly, those similar formations are produced under very different 

conditions than the present work. The catalysts were Nil Alz0 3 and Ni/MgO, and 

the carbon was formed during steam reforming of n-butane over a larger range of 

temperatures. 

Data for the reaction experiments done with Hz present exhibit a trend in 

graphite orientation angle and number of open edges in the filamentary product, 

versus the Hz concentration. Measurements were done on TEM micrographs from 

the experiments listed in Table 5.2 with ac = 18-19. Three parameters were 

measured to characterize the tubular formations present: The tube radius (r), the 

graphite orientation angle with respect to the tube axis (8), and the number of 

graphite basal plane edges per nm of tube length (£). The data are given in 
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Chapter 4. Mean values for measurements of multiple tubes in each specimen are 

given in Table 5.3. The standard deviation in the measurements was typically 20-

30% of the mean. The deviation was predominantly due to an actual variation as 

opposed to measurement error. Graphite orientation angle was not closely 

defined, and various radii were present. See Appendix E for a statistical analysis 

of some of the data. 

Table 5.3 Average of measured morphological properties with increasing H2 
concentration. 

Temp. %H2 Average Predicted E Measured Average 
(K) orientation from angle cone edges tube 

angle, 8 (cones nm'l) per nm, E radius, r 
(deg) (average) (nm) 

745 0.0 0 0 0 10 

745 0.1 4.3 0.22 0.24 8 

745 0.5 12 0.61 0.47 8.6 

745 1.0 25 1.2 1.1 9.1 

745 2.0 31 1.5 1.4 9.3 

785 0.0 0 0 0 7 

785 0.5 6.6 0.34 0.29 10 

785 1 11 0.54 0.52 11 

The predicted E is calculated from the measured angles 8 and equation 5.29. A 

reasonable correlation is found between the predicted and measured E. 

Figure 5.19 shows how the tubular carbon orientations vary with reaction 

gas hydrogen content (at constant temperature). Since H2 dissociatively adsorbs 
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Figure 5.19. Graphite edges per nm (E), and orientation angle (6), plotted 
versus the square root of % H2 in the reaction gas (at 745K and Uc = 18-19). 
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on the catalyst metal surface, the surface concentration of monatomic hydrogen 

would be expected to vary as the square root of gas phase H2 concentration at 

equilibrium, based on 

(5.21) 

Keq => (5.22) 

Because of this, the E and 8 were plotted versus the square root of % H2• Figure 

5.19 shows that there is an approximately linear variation of E and 8 with the 

concentration of monatomic hydrogen expected to be on the surface. 

5.4.2 The Influence of Temperature with H2 Present 

There is a trend in the filament graphite orientation with temperature of 

reaction for a given constant H2 concentration. At higher temperature, E and a 

decrease. The same effect was produced by Tracz, et al. (1990) in the catalytic 

steam reforming of butane. They showed filaments with decreasing a at higher 

reaction temperatures, but did not explain the cause for that trend. They also 

noted that the MgO supported catalyst gave results similar to those obtained at 

temperatures about 100 degrees higher with the AI20 3 supported catalyst. By 

measurement of the TEM micrographs published in their work, data on e was 
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obtained. Equation 5.29 is used to compute E for comparison with the present 

results. Unfortunately, the hydrogen concentration under their reaction conditions 

cannot be determined since the steam to butane ratio is not known. The trends 

for E in the two distinct systems are qualitatively similar, showing an 

approximately linear decrease with increasing temperature (Figure 5.20). 

If the decrease of e and E is linear with temperature, then it may not be 

attributable to equilibrium thermodynamics since Kcq(T) for reaction 5.21 varies 

exponentially with inverse temperature. A comparison can be made with the 

result to be discussed later where carbon deposition rate increases linearly with 

H2 concentration. Thus it may be kinetics that determine the temperature effect, 

as discussed in 5.5.I. 

In general, the above trend is consistent with the morphology dependence 

on temperature found in the literature. At a low and fixed H2 concentration, as 

temperature was increased, the carbon deposit morphology changed from filament 

(8 > 0) to shell (effectively 8 = 0) in Guinot, et (II. (1981). In Tracz, et al. (1990), 

shells began to appear in otherwise filamentary ~eposit at higher temperatures. 

Walker, et al. (1959) also found that the Hie ratio of the product decreased with 

increasing temperature, which is predicted in the discllssion that follows. Finally, 

Figure 5.20 can be used to explain why nanotubes can be produced from a 

hydrocarbon gas (Amelinckx, et aI., 1994). Any hydrocarbon gas has a hydrogen 

fugacity that would have the same effect of added H2• At a sufficiently high 



200 

3=---------~----------~--------~--------~ 

s... 
~2-t----------t---...:::-=-----!-----------I--------==---J. 

'-" 

..... 
o 
s... 
<l.J 

.D 

6 
;:::l 
z 

O+----------t-----------!-----------I---------~ 

673 723 773 
Temperature (K) 

823 873 

Figure S.20 Graphite edge measurements for the present work with 1 % H2 (.) 
and 0.5% H2 (*), and from Tracz, et al. (1990): Ni/MgO (D); Nil Al20 3 (.). 



201 

temperature, however, the number of edges will go to zero even with this 

hydrogen present. 

5.4.3 Hydrogen at Graphite Edge Valences 

A new theory on the role of hydrogen in carbon deposition is proposed to 

explain the morphology results of the present work and the results of the literature 

(Nolan, et al., 1995). The forms of carbon observed when hydrogen is not present 

have been found to be closed; exhibiting no free or open graphite edges. 

Filaments have open edged graphite planes. Open graphite plane edges would 

have a high surface energy from the series of unsatisfied valences. As such, the 

surface of a filament would be energetically difficult to form. 

If something is present to cap the surface valences, formation of the open 

edges would become energetically feasible. Hydrogen may come from added H2 

or a hydrocarbon, and cap graphite plane edges to allow their formation. Other 

intermediate steps may be involved, but its final relevance in the deposited 

material is to satisfy graphite edge valences. When no species such as hydrogen 

is present to serve this purpose, edges do not form. Then closed forms of carbon, 

such as shells and nanotubes, are energetically preferred. 

Assuming that hydrogen is necessary at the outer edge of each graphite 

layer, we can estimate the minimum number of hydrogen atoms required to form 

a filament. The geometry of a layer of carbon from a theoretically perfect 

filament can be modeled as a cone, as shown in Figure 5.21. 
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The number of carbon atoms in this single cone may be calculated using 

equation 5.23: 

2 carbon atoms per hexagon * ~ r 2 (cone area) 
~{fb2 (area of a hexagon) smS 
2 

47rf 2 (5.23) 

3{fb 2 sinS 

where b is 0.142 nm, the C - C bond length in graphite, and thus the length of 

each side of a hexagonal unit cell of graphite. To satisfy the valences, one 

hydrogen atom is required for every two carbon edge atoms, as shown in Figure 

5.22. 

Based on the number of carbon atoms at the circumference of the cone 

edge, the number of hydrogen atoms required per cone is: 

2 carbon atoms 1 H atom * 21T r (circumference) * 
{fb (distance) 2 C atoms 

= 21T r (5.24) 

{fb 
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Figure 5.22. Hydrogen atoms satisfying valences at the edge of a graphite 
plane. One H is required for every two C atoms. 

Dividing equation 5.23 into equation 5.24 gives: 

3 b sin a (hYdrOgen atoms) required for the filament. (5.25) 
2 r carbon atom 

Equation 5.25 is simplified to give 

H = 0.21 sina . (5.26) 
C r 
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There is an alternate approach to determining the H/C ratio. The number 

of carbon atoms per unit length can be calculated using a graphite density of 2.3 

glcc (which is 120 atoms nm-3) as 

C atoms = 120 'It r2 
nm 

(5.27) 

which, when divided into equation 5.24, gives the following approximation for the 

H/C ratio: 

H 
C 

21tr E 
Jjb E 

= 0.068-. (5.28) 
120 'It r2 r 

Where E is the measured number of frustum edges per nm of tube. Since 

equation 5.28 can be written as 

E = sinS 
0.34 ' 

H = 0.20 sinS. 
C r 

(5.29) 

(5.30) 

The two approaches give the same result within the accuracy of the constants 

used. 
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The H/C values give predicted minimum hydrogen utilization requirements 

to produce tubes given the graphite orientation. For example, solving equation 

5.30 for a filament with r = 10 nm and a = 25 degrees, indicates that there must 

be approximately 8 X to·3 hydrogen atoms for every carbon atom. Equation 5.28 

is plotted in Figure 5.23 to show the effect of H/C ratio in a filament, and the 

filament radius, on the number of edges per unit length. The maximum possible 

E, corresponding to a a of 90 degrees, is 2.9 edges per nm based on graphite basal 

plane spacing. Thus the figure shows that a HIe ratio in a filament of about 0.05 

and greater does not occur, since filaments with that small radius are not 

observed. 

The only available data from an attempt to measure filament HIe ratios 

is that given in Walker, et al. (1959). They ascertained HIe ratios in their carbon 

deposit by measuring gas flow rates during the production of filaments using an 

iron catalyst at various temperatures and with varying levels of H2• They reported 

a H/C ratio of 0.0465 for 0.8% H2 at 773 K, and filament radii of between 50 and 

250 nm. That result is inconsistent with the present results, by about an order of 

magnitude too high. Their method gave the total H/C ratio in a filament. That 

would include both the hydrogen on graphite edge valences, and any hydrogen 

associated with amorphous carbon present in the center of filaments. The HIe 

ratio of the material in the center of a filament, which could be on the order of 

one, would significantly increase the total filament H/C ratio. 
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The usefulness of the Hie ratio as determined in this section is that it 

explains the trend in graphite orientation with monatomic hydrogen availability. 

It has not, however, been related to the gas phase precursors, since we have not 

been able to measure H2 utilization. This theory also predicts that only closed 

forms of carbon would be produced with no hydrogen (or other bond satisfying 

species) present. It can suitably explain all of the morphology results obtained in 

the present work, and does not conflict with morphology results in the literature. 

5.4.4 Other Effects of Hydrogen 

In addition to the role of atomic hydrogen to satisfy valences and create 

open carbon forms, the presence of hydrogen may play other roles in the carbon 

deposition process. It has a well known influence on reaction rate, which will be 

discussed in section 5.5. The effect of H2 on the deactivation process was covered 

earlier. Other possible effects of hydrogen will be discussed in this section. 

A group of miscellaneous hydrogen effects can be categorized as 

"introduction of complexity." That hydrogen suppresses carbide formation, or that 

it causes surface restructuring, are potential complexities with roles about which 

little is understood (Somorjai, et aL, 1992). Some issues have already been 

addressed, such as the concern of water production during reaction (section 3.2). 

Others include the generation of methane and other by-products that might modify 

results. Methane, as could be produced by the reactions in equation 3.1 or 5.19, 

is detectable by the GC analysis of reactor outlet gases. No methane was detected 
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in the reactor outlet gas during any of the experiments. But it may have been 

present in small quantities (Le., parts per million), at less than the GC detection 

limit. 

Of concern is that, even in small quantities, the presence of H2, H20, and 

CH4 can influence the gas phase carbon activity. The presence of H2 was not 

taken into account when calculating ac in the present work. The combination of 

methanation (reactions 3.1 and 5.19), CO hydrogenation (reaction 3.2), and the 

water-gas shift reaction 

co +~O = CO2 +~ (5.31) 

make exact determination of ac futile without knowing the concentrations of all 

the gas constituents at the catalyst surface. The GC column used was not 

designed for detection of H20. And when experiments were done with added H2, 

the H2 content in the reactor outlet gas was too low for accurate determination 

of concentration. 

The ac contributed by H2 (ac
CO

-
H2

) would be determined from CO 

hydrogenation, repeated here from equation 3.2 

CO+~ = C+~O (3.2) 

from which 

CO-H2 CO-H2 P co P ~ 
ac = Kcq • 

PRzO 
(5.32) 
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But if the water-gas shift reaction is in equilibrium at the catalyst surface, 

then this would reduce to the equation for ac by CO disproportionation (equation 

2.2) since the addition of the CO hydrogenation reaction and water-gas shift 

reaction gives the CO disproportionation reaction. Then thermodynamics cannot 

determine the effect of Hz on ac. It would be a matter ultimately determined by 

the kinetics of carbon formation by the competing reactions. 

Olsson and Turkdogan (1974) indicated that the rate of carbon formation 

by reaction 3.2 is small compared with the rate of CO disproportionation at low 

concentrations of Hz. In that case ac could be determined by equation 2.2 for 

small Hz concentrations. But their result is not presently believed to be accurate 

due to another capability of hydrogen: to cause metal fragmentation. Olsson and 

Turkdogan (1974) concluded that hydrogen had a "catalytic" effect on CO 

disproportionation. That conclusion was arrived at by measuring the reactant 

concentrations, which showed that reaction 3.2 was not occurring to any notable 

degree even though carbon deposition weight gain increased significantly from 

when no Hz was present. Those results are consistent with the conclusion that 

hydrogen caused the metal catalyst particles (which consisted of unsupported Fe) 

to fragment and increase the number of active sites, and thus reaction rate. A 

more detailed analysis of the H2 effect on ac in the present work is provided in the 

next section. 
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5.5 Analysis of Maximum Rate Data 

No comparable reaction rate data for CO disproportionation on a 

supported Ni catalyst with a verified absence of hydrogen has been reported in the 

literature. It is clear from the previous discussion that carbon deposition is 

complex. Several decades of careful studies have not produced a consistent set 

of results because of this. Variations in process parameters can be of pivotal 

consequence, so that data are difficult to compare between experiments in the 

same laboratory, and nearly impossible to correlate between different researchers. 

Nevertheless, the rate data produced in the present work has a degree of self 

consistency worthy of trend analysis. 

The primary deficiency of the present rate data is that steady rates were 

not observed. As discussed in the literature review, usable data can be derived 

from the maximum rate. The difficulty is that comparisons are questionable if the 

number of active sites, when the maximum is observed, is different between 

experiments. Another weakness in the analysis of rate measurements is the great 

sensitivity of ac to temperature and CO/C02 ratio. In the literature ac is used 

instead of CO partial pressure as the preferred variable to evaluate reaction rates. 

Large error can be introduced when analysis is attempted on the data using ac as 

an evaluation parameter, since slight variations in the measurement of CO/C02 

ratio and temperature cause significant variation in ac. 
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5.5.1 Kinetics 

The following is an analysis of the maximum rates from weight gain curves 

recorded during the carbon deposition experiments. An overall view of the 

maximum rates measured with no hydrogen present is given in Figure 5.24. 

If the error in ac (from Appendix D) is shown on a rate versus ac plot, as 

is done in Figure 5.25, it illustrates that the trend may reasonably be considered 

as generally linear. That result would be consistent with the finding that rate is 

linearly dependent on ac (Audier and Coulon, 1985). Since ac varies as the square 

of CO partial pressure, it suggests that rate might be second order with respect to 

CO concentration. 

The rate dependency on gas precursor concentrations disagrees with an 

important result in the literature. For a variety of catalysts under a variety of 

reaction conditions using hydrocarbon gases as the precursor, the reaction rates 

for filament growth have been shown by Baker to be solid-state diffusion 

controlled (Baker, 1989). This solid-state diffusion is independent of the gas 

phase, so no rate dependency on gas precursor concentrations was indicated in his 

results. 

This discrepancy can be explained using the results of Bianchini and Lund 

(1989). They found that, for low carbon activities, rate is linearly dependent on 

ac' but at higher ac (greater than that for carbide formation) rate is independent 

of it. Their data agreed with Audier and Coulon (1985), which was taken at low 
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carbon activities. In hydrocarbon decomposition, ac is very high. As such, it is 

apparent that Baker's experiments were conducted only in that ac regime wherein 

reaction rate is independent of ac' Since the experiments of the present work 

were conducted with low carbon activities, the regime where rate is linearly 

dependent on ac was observed. 

The influence of H2 concentration on the measured maximum rate at 745K 

and constant ac is shown in Figure 5.26. The response to increasing H2 

concentration (up to 1 mol%) is a generally linear increase in reaction rate. That 

result is consistent with the literature findings for Fe catalysts (Walker, et aL, 1959; 

Olsson and Turkdogan, 1974; Ando and Kimura, 1989; Jablonski, et ai, 1992). 

That was not the result found by Jablonski et aL (1992) for a Ni foil, where no 

dependency on gas mixture was observed. Their reaction conditions were in the 

high ac regime, and thus consistent with the results discussed above. 

In the literature carben deposition rates with no hydrogen present have 

been found to be zero or very low. The present work has "filled in" the data at 

low H2 concentrations, as given in Figure 5.26. There is in fact a significant 

carbon deposition reaction rate at 0% H2• 

The literature results of near zero carbon deposition rates without hydrogen 

might be attributed to other effects of H2, such as its ability to prompt inception 

by causing fragmentation. That apparently occurred in the case of Olsson and 

Turkdogan (1974), where rate increased significantly when H2 was added--without 
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any indication that CO + H2 reactions were taking place. It also should be 

considered that in many studies carbon activity is not controlled (e.g., use of pure 

CO instead of CO/C02 mixtures). If the reaction conditions are in the carbide 

formation region of the catalyst stability diagram, then hydrogen can play a 

coincidental role of preventing deactivation by carbide formation. 

If a study is conducted on a catalyst with a metal-support interaction that 

is too strong, inception might be prevented as discussed in section 5.2.3. In that 

condition, the addition of H2 might weaken the metal-support interaction by 

providing more reducing conditions. The result would be that reaction rate is zero 

with no hydrogen, and a measurable value with sufficient H2 present because 

inception is made possible. 

The particle-support interaction effect on inception applies to both filament 

and shell/nanotube growth since both require separation of particle from support. 

It was seen in the present work that the particles present in nanotubes and 

filaments are similar--especially in size--so the inception process may be very 

similar even if growth is by a different mechanism. The H2 impact on inception 

was not great (as shown Figure 5.4), so the present results may feature only one 

influence of hydrogen: on the steady state chemical reaction rate. Hence, it can 

be concluded that in the present results the increase in carbon deposition rate 

with H2 concentration is due to the occurrence of reaction 3.2. 



217 

No obvious reason exists for reaction rate to be linear in H2 concentration. 

Based on the thermodynamics of H2 dissociation (equation 5.22), a square root 

dependency might be predicted. The linear result might be ascribed to kinetics 

and not thermodynamic equilibrium. It indicates that filament growth is first 

order in H2 concentration, so that, with all other parameters constant, 

r - k~]. (5.33) 

This first order chemical kinetics dependency is consistent with the reaction 

order in [H21 for methanation reactions (Alstrup, 1995). Dissociative adsorption 

of H2 on a catalyst surface, where CO is also adsorbing, could be a step common 

to both methanation and reacton 3.2. If so, then Alstrup (1995) provides an 

explaination for a linear increase in carbon deposition rate with H2 addition, 

where reacgtion 3.2 provides the additional deposited carbon. 

In addition to reacting with CO to produce carbon, hydrogen atoms have 

a second function in filament growth: to cap graphite plane edges. The greater 

amount of carbon deposition that was measured with 1% H2 compared to no H2 

(at 745 K) would require about one tenth of the H2 that was flowing past the 

catalyst to react with CO. About one thousandth of the flowing H2 would be 

needed to saturate valences at filament edges based on the earlier theory (section 

5.4.3). 
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It can now be explained how, for a constant hydrogen fugacity, graphite 

basal plane orientation angle would decrease with increasing temperature. The 

activation energy for dissociative adsorption of Hz on Pt and Rh surfaces has been 

found to be zero (Hickman and Schmidt, 1993). If a similar result is true for Ni 

at the temperatures of interest, then the rate of Hz supply to the reaction surface 

does not increase with temperature. Since the rate of carbon deposition at 

constant ac does increase exponentially with temperature, at some point there 

would not be an adequate rate of supply of hydrogen atoms to cap graphite edge 

valences and form filaments. 

The earlier discussion on the effect of Hz on ac (section 5.4.4) can now be 

readdressed based on the rate data. If the increased reaction rate shown in Figure 

5.25 is attributed to CO + Hz reaction (equation 3.2), then the amount of HzO 

produced can be approximated. One mole of water is produced for every 

additional mole of carbon, by stoichiometry. The difference in reaction rate for 

1 % Hz over that for 0.0% Hz is 10 mgc minot gNi-t which is 2 • 10-6 mole min-t. 

The total gas flow rate was about 3 • 10-3 mol minot, so the added HzO supply 

would result in a mole fraction for water of 7 • 10-4. Since the mole fractions of 

CO and Hz are set for the experiment, we have all the information needed to 

calculate the ac due to CO + Hz by equation 5.32 (using a equilibrium constant 

of 107 for 745 K from Rouine, 1989). The value calculated is 200, or ten times 

the ac calculated from CO disproportionation. 
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The above indicates that the driving force for carbon deposition by reaction 

of CO with available Hz is large. That reaction might then be dominating when 

adequate Hz is present, should kinetics allow. With Co and Fe catalysts at 900 K, 

the rate of reaction for carbon production by CO + Hz reaction was greater than 

for CO disproportionation when both reactions had the same ac as set by the 

reactant gas mixture (Guerts and Sacco, 1992). That result may not be directly 

comparable to the present work since they used high concentrations of H2 (60-

70%) in their gas mix. From this information, a different way of looking at the 

increase in carbon deposition rates when Hz is present: the addition of H2 causes 

"total ac" to increase, which then increases reaction rates. Total ac would be the 

summation of ac due to CO disproportionation and the ac due to reaction 3.2. To 

separate the two reactions, it is assumed that the water-gas shift reaction 

(equation 5.31) rate is negligible, as was found by Turkdogan and Vinters (1974). 

5.5.2 Mechanisms 

Insight on reaction mechanisms by kinetics analysis is often gained by 

determining the activation energy of a process. Using the maximum rate data 

from the present experiments, Arrhenius plots were generated (by the method 

given in Appendix E) to determine apparent activation energies. The resulting 

values are of very limited accuracy because of the minimal span of reaction 

temperatures available. 
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Figure 5.27 is the Arrhenius plot prepared from the maximum rates 

measured at several different approximate values of ac with no H2 present. The 

average apparent activation energy determined from Figure 5.27 is about 170 kJ 

mOrl. That is intermediate between the literature value for carbon deposition on 

a Ni catalyst of 140 kJ mol-l found by Tottrup (1976), and the possible value found 

earlier for inception of about 200 kJ mOrl. Thus, a combination of the two 

mechanisms might have been measured, due to the lack of a steady state weight 

gain. Thus, the present results may not allow for a kinetics evaluation of 

mechanisms (beyond what has been previously discussed). 

Figure 5.28 is the Arrhenius plot obtained from the results of experiments 

conducted with two different concentrations of H2• The apparent activation 

energies determined therein were 140 kJ mol-l for 0.5% H2 (ac -18) and 70 kJ 

mol-l for 1.0% H2 (ac -17-18), where the rate for 785 K at 1 % H2 appears to have 

been measured too low, causing a very low calculated Ea. These values are also 

of very limited accuracy, but they exhibit an interesting trend. As the amount of 

H2 is increased, apparent activation energy lowers. That could be the result of the 

reaction of CO with H2 having a lower activation energy than CO 

disproportionation. In that case, it indicates that in the overall process the rate 

limiting step is not in the subsequent steps of carbon formation, such as diffusion 

or precipitation. On the other hand, the result could be from carbon formation 

as the rate limiting step, either by the H2 capping graphite edges to allow filament 
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formation instead of closed carbons, or because of different forms of carbon 

precipitatiom (parallel versus perpendicular to the catalyst metal). 

The value for apparent activation energy at 0.5% H2 is the same as given 

by Tottrup (1976), where in both cases filament growth occurred. If that can be 

taken as the correct value for filament growth with a Ni catalyst (it also agrees 

with the results of Baker), and if the value 30 kJ mo}"l higher given above is 

correct for shell and nanotube growth, then an important distinction between the 

two types of carbon formation can be made. A higher activation energy for closed 

carbon growth would explain why, whenever hydrogen is present to allow 

significant filament growth, shells and nanotubes are not found coexisting in the 

final product as well--since a path of lower activation energy is available. 
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5.5.3 Morphology and Rate Interdependencies 

From the results presented here, it is clear that the carbon deposit 

morphology is of vital consequence to reaction rates. When reaction rates for CO 

disproportionation (only) are reported, but the product morphology is filamentary, 

the data is probably not correct (e.g., Tottrup, 1976). If filaments are produced, 

then hydrogen or some other edge valence satisfying species is present. 

The rate information presented here for no H2 in the reaction gas is the 

first such reported values using the understanding of the impact of hydrogen. This 

new rate data contributes to the various plots of rate versus increasing H2 addition 

that previously showed generally no reaction at 0% H2• This work showed that 

in order to accomplish inception of that rate, suitable conditions are required. In 

particular, the catalyst chosen must have the necessary properties (e.g., metal

support interactions) as discussed in 5.2. 

Unfortunately, we have not been able to determine specific production 

rates for each of the two closed carbon formations, shells and nanotubes. The 

only result found was that it took a greater reaction time to produce nanotubes 

than to produce shells. That may be due to different carbon formation rates, or 

different inception times for the two carbon formations. Or it could be because 

a nanotube forms from a shell. And one other possibility is that the two 

formation processes are competitive, such that nanotubes form after the shells are 

self deactivated by encapsulation. 



CHAPTER 6 

CONCLUSIONS 

6.1 The Process of Catalytic Carbon Formation 
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In this concluding section the overall process proposed for the formation 

of carbon from CO is described. The effect of small concentrations of H2 on the 

carbon deposition process is also elucidated. The use of a supported catalyst is 

considered, since significant carbon deposition on an unsupported catalyst metal 

is typically not observed without hydrogen present. 

The first stage of carbon deposition is a catalyst activation process, called 

inception in the present work. During the inception process, CO 

disproportionation occurs at a very low rate until the catalyst achieves a suitable 

condition for extensive carbon deposition. In the present work it was found that 

the presence of H2 did not have a significant impact on inception, probably 

because the mechanism of inception was not changed by H2• In the literature, 

catalysts with large initial particle size (e.g., unsupported) generally require 

hydrogen in the reaction gas in order to achieve inception. That would be 

because inception required a different process: the fragmentation of catalyst 

particles to the necessary size/shape to produce carbon formations. With an 

appropriate catalyst, such as a high loading of Ni supported by silica-alumina as 

used in the present work, inception is possible without hydrogen. That occurrence 
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made it possible to gain new understanding of carbon deposition by CO 

disproportionation, as well as of the influence of H2• 

The state a catalyst particle must be in for extensive carbon deposition to 

occur is believed to be very complex. Clearly, the catalyst particle size must be 

within a narrow (nanometer) range, based on the size of particles found within 

carbon formations by TEM analysis. Other factors such as particle shape and 

crystallographic orientation may also be important. The inception mechanism is 

found here to consist of two concurrent steps. The first is agglomeration of 

supported particles to an appropriate size, typically greater than about 4 nm 

radius. The second is separation of catalyst particles from their support by carbon 

formation at the interface. This second step may be strongly dependent on the 

catalyst used and its preconditioning. Whether carbon formation at the interface 

between particle and support to separate the two is possible depends on the 

degree of metal-support interaction in the catalyst system. If the metal-support 

interaction is too strong, as can happen if interfacial compounds or metal oxides 

have formed, then it is difficult or impossible for the surface energy to be lowered 

by carbon formation at the interface. Based on TEM analysis, separation of the 

catalyst from its support is imperative to produce the carbon formations, since 

support material is not seen on catalyst particles in the final product. If the 

particle cannot be separated, then carbon cannot continue to deposit. 
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The second stage of carbon deposition is the growth of carbon formations. 

Three different formations are produced: filaments, nanotubes, and encapsulating 

shells. Which of these is formed depends on reaction conditions. It was shown 

that hydrogen must be present to produce filaments. Reaction rates are greater 

when H2 is present, since in addition to CO disproportionation the CO may react 

with hydrogen to produce water and an additional amount of carbon deposit. 

Filaments differ from nanotubes in that they consist of stacked cones with 

graphite edges at their outer circumference. Hydrogen atoms serve to satisfy the 

valences at the edge of each graphite basal plane. If more hydrogen is present, 

then more edges can exist. It was shown that with a greater concentration of H2 

in the reaction gas, more edges per unit length are produced in filaments. At 

higher temperature, hydrogen availability at the reaction surface becomes limited 

compared to an increasing rate of carbon deposition by CO disproportionation. 

So, at a sufficiently high temperature, no edges may form even with some 

hydrogen present. In that situation a nanotube may be produced. Nanotubes 

have no edges, since the graphite basal planes are parallel to the axis of the tube. 

We have shown that nanotubes are produced instead of filaments when no 

hydrogen is present. 

The other carbon formation that is produced with little or no hydrogen 

present is encapsulating shells. Shells have been reported in the literature, but a 

satisfactory theory for how they grow has not previously been described. In all of 
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the different types of carbon formations described in this work, graphite is formed 

by carbon precipitation from the catalyst metal. That explains how crystalline 

graphite, which normally requires very high temperatures to form from non

graphitic carbon, can be produced at temperatures as low as 700 to 800 K. The 

difficulty in explaining shell formation is that for multiple layers to precipitate 

from the metal, the outer layers have to expand as their radius is increased. Since 

the covalent bonding in a graphite basal plane is very strong, it is not possible for 

the expansion to be accommodated by the lattice enlarging. Thus the outer layers 

would have to break up as inner layers to form. The breakup of outer shells does 

not occur based on TEM micrographs in the literature and the present work. 

Also, breaking the basal plane would not be expected, due again to the strong 

covalent bonding. A new theory is required to explain shell formation. 

To interpret shell (and nanotube) formation, it is necessary to postulate 

that carbon may precipitate from the catalyst with graphite basal planes not 

parallel to the metal surface. Precipitation of carbon "end-on" from the metal 

surface has not been reported in the literature, and is not necessary to explain the 

more common filament growth. In filament growth, graphite basal planes 

precipitate with nucleation and growth generally parallel to the catalyst particle 

surface. In addition, all types of catalytic carbon formations end up with their 

graphite basal plane orientations conforming generally parallel to catalyst surfaces, 

as observed by TEM and reported in the literature. It is the intermediate 
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formation process that must involve precipitation with basal planes oriented more 

perpendicular than parallel to the catalyst surface. Graphite thus precipitates by 

carbon atom addition to the edge of basal planes that are growing away from the 

surface, instead of complete planes one at a time forming parallel to the surface. 

The final product does not retain this edge to surface orientation. That is 

hypothesized to be because end-on orientations are not stable compared the 

parallel orientation. Micrographs from the present work demonstrate the 

possibility of perpendicular graphite basal plane precipitation (i.e., Figure 5.12). 

Now the growth of shells can be explained, where edge to surface 

(perpendicular) graphite basal plane precipitation takes place during their 

formation. As shown in Figure 5.11, shells can form with edges contacting nearly 

perpendicular to the particle surface. Then the outer shells may have carbon 

atoms added to them as their radius is increased during formation of additional 

inner layers. A region of the catalyst particle remains exposed to the gas phase 

to continue CO disproportionation. Evolution of this process also explains the 

formation of nanotubes. Stable continuous nanotube growth can occur by edge 

precipitation from a spherical particle, as shown in Figure 5.17. It may also be 

used to explain a smooth transition from nanotubes to filaments as hydrogen is 

added to the reaction gas. 

Completing the process of shell growth requires restructuring of the 

graphite edges into completely spherical shells. That process would be driven by 
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the increased stability of a closed spherical formation, with no graphite edges (and 

complete covalent bonding). It represents the finaj stage in carbon deposition: 

deactivation of the catalyst by encapsulation in graphite (for filaments, carbiding 

of the catalyst metal may also cause deactivation). The number of graphite layers 

formed in shells is limited to a certain number. Why this number is generally 

constant between reaction conditions, and especially particle size, will remain the 

greatest mystery of this work. 

6.2 Final Remarks and Future Work 

We are still a long way from a complete understanding of the process of 

carbon deposition. Applications for the carbon formations described in this work 

are many, with new uses being thought of regularly. Several avenues to pursue for 

increased understanding were identified. 

Other catalysts could be studied, in particular Co since its properties are 

similar to Ni, and Ru because it does not form a carbide. Also, alloy catalysts 

have been shown to have interesting and often better properties than the pure 

metals. Catalysts should be prepared in the laboratory, to allow complete 

flexibility in formulation. The use of different support materials would be 

valuable to characterize the metal-support interactions. 

A wider range of reaction temperatures would allow better characterization 

of temperature effects. Experiments where temperature is cycled between carbon 
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deposition and carbon gasification could also provide data on catalyst longevity 

and inception. 

A complete statistical analysis of carbon deposit TEM micrographs for 

particle and carbon formation sizes would be useful. It would allow a better 

enumeration of the effect of reaction conditions on the resulting carbon 

morphology. 

Attempts to prevent deactivation of the catalyst could result in longer 

nanotubes and more carbon deposition. Shifting reaction conditions to clear the 

exposed catalyst particle surface of carbon overlayer or surface carbide would be 

one approach. Other factors, su.ch as reaction pressure, might be important to 

how much carbon may be formed. 

Study of the concept of graphite precipitation with basal planes 

perpendicular to the catalyst metal surface would help prove the present carbon 

formation growth theory. Methods such as abo initio computer modeling could be 

used to describe the mechanism and evaluate its traits. 

Further understanding of the influence of hydrogen may be obtained by 

conducting experiments using other sources of hydrogen, such as water. Also, 

attempts at measuring the actual hydrogen utilization during carbon deposition 

could allow determination of how much is reacting with CO and how much ends 

up at graphite edges. 
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To better characterize reaction kinetics, experiments with constant ac and 

different CO partial pressures (and vice versa) are needed. Measurement of the 

kinetics of supported particle agglomeration would be valuable to resolve the 

mechanism of inception. 

More about carbon deposition might be learned by using different carbon 

precursor gases, such as (CNh, HCN, CS2, or CF4, Also, other species might be 

tried that could satisfy the valences at carbon edges, like Cl of F from a source 

such as a chlorofluorocarbon gas. 

End use of the tubular formations may be studied by producing composites 

with the carbon formations as additives. It would be interesting to see how 

different graphite orientations (and number of edges) in tubes effect their strength 

and modulus properties, and their bonding to the matrix material. 

Much is left to be done. Even with the extensive literature, and increased 

understanding provided by the present work, there is still a great deal of science 

on catalytic carbon formation yet to explore. 
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PRODUCI10N PLANT FOR CO/02 ROCKET PROPELLANT 
ON THE SURFACE OF MARS 

A.1 Purpose 
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Estimates accepted by NASA in the beginning of the 1990's for the cost of 

a program to explore Mars were around forty billion dollars. With creative 

mission architecture, the cost might be brought down to a level reasonable enough 

to achieve federal budget consideration. One way to significantly reduce mission 

cost is by lowering the spacecraft and propellant mass that is transported to Mars. 

The cost to lift mission mass from the surface of the Earth has been found to be 

the greatest cost of an entire planetary mission. 

This appendix discusses the construction of a plant that uses Martian 

atmosphere to make rocket propellant, as outlined by Kaloupis, et al. (1992). How 

such a plant might appear is shown in Figure AI. 

The plant would be sent to Mars ahead of a "sample return" mission, to 

produce and store propellant for the return trip. Propellant mass is the majority 

of total mission mass. This concept could save a large percentage of the mass that 

would have to be brought to Mars by producing the propellent for the return trip 

using local Martian resources. The plant design discussed here is adequate to 

produce propellant for a robotic mission to return Mars soil samples to Earth for 

analysis. 
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AND 80% OF PlANT VOLUME) 

Figure AI. Side view of an 02/CO plant on Mars. 

Estimation of the mass of propellant required to transport a vehicle 

through space is possible using the rocket equation: 

(AI) 

Here mo is the dry vehicle mass, mj is the initial mass of dry vehicle plus 

propellant required, t:.. V is the velocity increment for the mission (addition of all 

accelerations conducted by rocket firings), Isp is the specific impulse of the fuel, 

and & is the Earth's gravitational acceleration (9.81 m/s2). The values used for 
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Isp and A V are given in Table At These values are based upon first travelling 

from Low Earth Orbit (LEO) to the surface of Mars, using aerobraking in the 

Martian atmosphere, and then taking off from Mars and returning to LEO with 

the soil payload, using aerobraking in the Earth's atmosphere. 

Table AI. Fuel/Oxidizer Combinations and their Optimum Specific Impulse. 

Fuel/Oxidizer lSI> OfF Ratio Used For Trip: llV 

Hi02 454 s 5.5 From LEO to 4242 m/s 
Mars 

CH4/02 340 s 3.5 From Mars to 6454 m/s 
LEO (case 1) 

CO/02 290 s 0.4 From Mars to 6454 m/s 
LEO (case 2) 

Solving equation Al with the values from Table Al gives the mass 

requirements for a Mars mission. For a sample return mission that brings back 

1-10 kg of material, it is estimated that a 750 kg vehicle (dry weight) is necessary 

to return from the surface of Mars to LEO. A set of calculations were completed 

to determine the launch mass required if the entire mission were run using 

propellants brought from Earth (case 1). In a second set of calculations, the 

outbound leg to Mars uses H2/02 propellant from Earth, but the return leg 

utilizes CO/02 produced on Mars (case 2). 

The decision to study the CO/02 propellant option was based primarily on 

two factors. The CO/02 plant provides the greatest cost savings (has the lowest 

mission mass). Another reason was that most other options for the fuel to be 



235 

produced on Mars require hydrogen, which would have to be imported from 

Earth. Hydrogen is very difficult to store for long periods of time. It has a high 

leakage rate due to its low boiling point and small molecular size. And it must 

be stored at a very low temperature. These disadvantages of H2 can become 

serious in long Mars missions. 

The mass savings by using case 2 would be 11,500 kg. But this does not 

take into account the capital cost (mass of the plant). If plant mass is greater than 

4440 kg, then there is no savings for single mission use . 

. The total amount of propellant that would need to be produced on Mars 

is 6,500 kg. This amount should be produced over a period of two years, since 

this is about the duration between launch windows and thus the time between the 

propellant plant arrival and the sample return mission landing on Mars. Thus 

production rate is 3,300 kg/yr or 9 kg/day. Since the oxidizer to fuel ratio for this 

propellant is 0.4, the individual components production rates would be 2.6 kg/day 

O2 and 6.5 kg/day CO. 

A.2 Chemical Processes 

Oxygen and CO are produced directly from Martian atmosphere carbon 

dioxide. This can be done using a solid oxide electrochemical cell. The reaction 

CO2 = CO + 1/2 O2 
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takes place at the cathode. Oxygen is transported across the solid oxide 

electrolyte by ionic conduction, separating it from the CO. The history of ionic 

conduction (Takahashi, 1989): 

1839 Faraday first reports ionic conduction in a solid. 

1899 Nernst patents a lamp using a solid ionic conductor as the filament. 

1901 Westinghouse introduces lamps with Zr02-Y203 filament. 

1936 First Zr02-Y 203 fuel cell is constructed. 

1971 Westinghouse uses Zr02-Y20 3 cells to make O2 from CO2 in a 

successful space life support system prototype. 

The solid oxide cell is the least developed technology used in this plant, 

although its capability has been demonstrated (Isenberg, 1989). For 1 kg/day of 

oxygen production (31.25 mol/day) Faraday's constant can be used to determine 

the equivalent electrical current. Four electrons are conducted for each molecule 

of oxygen that transverses the ceramic membrane. This gives a total current 

requirement of: 

I = 31.25 mol X 4 X (96,487 ~) X day X A·sec = 139.6 A (A2) 
day mol 86,400 sec C 

The ideal power requirement to perform the carbon dioxide reduction can 

be found from its standard free energy of reaction: 
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(A3) 

Here AIfl is the enthalpy of formation (280.7 kJ/mole), T is the gas temperature, 

ASo is the entropy (85.15 J/mole K), n is the number of electrons (2 eo), F is 

Faraday's constant (96,487 C/mole), and V is the minimum potential required for 

the reaction to occur. The carbon dioxide is assumed here to have a steady state 

25% dissociation rate based on the results of Richter (1981). Thus four CO2 

molecules are converted to three CO2 and one CO. For a temperature of 1273 

K, equation A3 gives the minimum potential as 0.833 V at one atm. Using this 

potential, the theoretical minimum electric power required to produce 1 kg/day 

of oxygen is found from P = V· I to be 116 We at one atm oxygen pressure. 

Actual efficiencies seen in the literature are 60% (Isenberg, 1989), which would 

give an expected electrical power requirement of 193 watts. Additional heat 

energy would be necessary for the total enthalpy of reaction. 

Nominal Martian atmospheric conditions are 8 mbar pressure and 215K 

temperature. CO2 averages 95.3% of the atmosphere, nitrogen 2.7%, and argon 

1.6%. Various other gases, including water vapor, exist in trace amounts but were 

not considered in this work. Dust is present in the atmosphere at up to 10 ppm, 

except during occasional d'jst storms, in which levels can be much higher. 
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Several processes were considered to separate the CO (for storage) from 

the CO2 (for recirculation). Possibilities include the use of a polymeric 

membrane, liquefaction, selective adsorption, and catalytic disproportionation. 

The method preferred--based on reliability, size, and energy consumption--was the 

use of catalytic disproportionation. 

A.3 Plant Design 

A process flow diagram for the proposed plant is presented in Figure A2. 

It contains many simplifications. For example, redundancy and heat exchange are 

not detailed. The heat flow and power requirements presented in the flow 

diagram will be useful for predicting the plant size and power requirements. 

In the first plant component the Martian atmosphere is filtered of dust and 

pumped to plant operating pressure. A higher operating pressure is desirable 

since it reduces the size of the plant (by improving mass transport rates). 

Operating pressure was chosen as 1 atm for simplification. An adsorption pump 

might be considered for its mechanical simplicity, though such a pump would 

operate intermittently and might require a substantial heat rejection system, 

making its overall feasibility unclear. The use of a mechanical pump is assumed 

here. 

Nitrogen and argon will also be brought into the plant from the Martian 

atmosphere. In this plant design the inert gases are liquified with the CO, by 

using a portion of the recirculation gas stream as the carbon gasification step 
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reactant. The presence of inert gases in small percentages does not significantly 

reduce the efficiency of the fuel in rocket operation. 

The CO2 is reacted in the solid oxide electrolytic cell, leaving CO and 

unreacted CO2 exiting from the cathode. Catalytic CO disproportionation is used 

to regenerate CO2 from the CO. Two catalyst beds would be required. While 

one unit is removing CO from the recirculation gas stream, the other is at higher 

temperature to gasify deposited carbon from the catalyst and produce CO. 

Heat exchangers are used in several places in the plant design. One 

reduces the thermal losses in the CO2 recirculation loop. Heat exchangers 

(radiators) are also used to reject heat from the plant in the cooling of gases for 

storage. The propellants are liquified using coolers and compressors, and stored 

in tanks at slightly below their critical temperature and pressure. 

Solar energy is used to provide the required electric power to the plant. 

Photovoltaic cells directly convert solar (light) energy to electric power. This 

would restrict plant operations to daylight hours, so a regenerative fuel cell is used 

to store power during the day for use at night. For example, the Advanced 

Photovoltaic Solar Array (APSA) concept uses 20% efficient GaAs solar cells, and 

has an array mass of 0.9 kg/m2 (Landis and Appelbaum, 1991). Solar energy 

available at a low latitudes on Mars averages about 200 W 1m2 based on Viking 

Lander data. Thus, for the power required to run the plant (1200 W) and that to 

be stored for overnight (another 1400 W based on about 80% efficient power 
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storage) the array area required is 65 m2
• The mass of the array including its 

support structure and power conditioning is estimated to double, totaling 100 kg. 

A.4 Component Information 

Appropriate companies proposed to manufacture major plant components 

were selected based on a canvas of suppliers. Discussion with the suppliers and 

calculations from basic principles were used to determine estimated size, mass, 

and electrical power consumption of the components. It was necessary to 

determine total power consumption of the plant in order to estimate the details 

of the power supply system. Table A2 gives the resulting figures. 

Table A2. Major Plant Components Mass, Size, and Power Consumption 
Estimates. 

ITEM MANUFACfURER MASS SIZE POWER 
kg m3 W 

Compressor Leybold 20 0.05 60 

Electrolyzer Westinghouse 100 0.4 800 

CO Separator AC Rochester 100 0.05 0-100 

Heat exchanger Electrofusion 50 0.02 0 

Cryro coolers Henderson, LTD 100 0.5 70 

Tanks Brunswick Defense 600 8 0 

Computer IBM 10 0.02 100 

Communication Motorola 14 0.02 10-100 

Structural Electrofusion 100 0.1 0 

Power System TRW 150 0.1 -

TOTAL 1244 9.26 1200 
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A.S Mass Detennination 

As can be seen in Table A2, the total plant mass is estimated to be 1200 

kg. If this amount is included as a "capital expense" mass that must be taken to 

Mars, then the total mass delivered to Mars is 1950 kg (including the return 

vehicle). Using equation A1, the mass required in LEO to transport this mass is 

5050 kg. As given earlier, the mass required in LEO for a mission not utilizing 

this plant is 13,450 kg. With the propellant plant available, the mission mass is 

reduced by 8400 kg. At an assumed $10,000 per kg cost to lift mass into orbit, the 

savings achievable by the use of this approach are $84 million. 

A.6 Plant Capital Cost Detennination 

Three different approaches to the factors method of cost estimation were 

used. Each costing method was tailored to best provide a cost estimation for a 

particular type of component, whether the equipment is completely novel or is 

similar to equipment with existing industry experience. 

Costing method A was used for equipment items that have close 

equivalents being produced commercially today. For this case, the start cost is 

based upon manufacturers quotes for a similar item. The factors then account for 

the additional costs of adapting the component to this space use, both to make it 

lightweight and to produce it with high quality for the space environment. If the 

equipment as quoted already possesses these characteristics, then the factor used 
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is one. A larger factor is used as the difficulty of conversion increases. Costing 

method B is for novel items that would have to be produced entirely from raw 

materials. In this case the start cost is the estimated cost of materials, while the 

factors account for fabrication, and for the add on cost of instrumentation, 

engineering, etc. (~he more common use of the factors method). Costing method 

C is used for the determination of final assembly costs (in house) and profit. 

Table A3 shows the estimated cost determinations of this work, listed by 

equipment item. The total cost to build the plant is estimated as $16.4 million. 

The most expensive components are electronics, tanks, and the power supply. 

Listed with the table is a breakdown of how the start cost and the factors were 

used for the three different costing methods. The final cost is arrived at for each 

item by multiplying the start cost by the first factor, then multiplying that total by 

the second factor (unless the factor is 1). 
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Table A3. Cost Determination Summary By Equipment Item 

EQUIPMENT COSTING START II 12 FINAL 
ITEM METHOD COST COST 

(DOLlARS) 

Compressor A 5,000 5 3 75,000 

Electrolyzer B 75,000 3 2 450,000 

CO Separator B 10,000 3 2 60,000 

Heat exchangers A 15,000 1 2 30,000 

Cryro coolers A 1,000,000 1 1 1,000,000 

Tanks A 3,000,000 1 1 3,000,000 

Electronics A 5,000,000 1 1 5,000,000 

Power system A 2,000,000 1 2 4,000,000 

Structural B 100,000 3 2 600,000 

Integration C 1,000,000 2 1.1 2,200,000 

TOTAL 16,415,000 

Costing Method A: 
Start Cost is the manufacturers quote for the item. 
II is the multiplier to manufacture the item out of lightweight materials. 
12 is the multiplier to make the item space rated quality. 
Multipliers of 1 are used for items that were quoted as space ready. 

Costing Method B: 
Start Cost is the construction materials cost. 
II is the mUltiplier for fabrication of the item. 
12 is the multiplier for instrumentation, electrical, and engineering. 

Costing Method C: 
Start Cost is an estimated labor cost (10 engineers, 2 years, $50,000 salary). 
II is the multiplier for miscellaneous integration costs and engineering. 
12 is the multiplier for profit. 
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The primary costing method used, in terms of end costs, was type A. By 

weighing the different costing method for how much of the total cost it 

contributes, and assuming that costing method A and C are accurate to 25%, and 

B is only accurate to 100%, the overall cost estimate accuracy would be.±. 30%. 

This gives the final cost estimate of $16.4 million.±. $5 million. The high end 

estimate is thus $21.4 million. 

A. 7 Conclusion 

The mass of the plant proposed here is estimated as 1200 kg. Including the 

propellent required to transport the plant to the surface of Mars, the total capital 

cost of the plant in terms of launch mass is 2800 kg, giving a transportation cost 

of $28 million. Using an approximation of $20 million cost to build the plant, a 

total of $48 million is required. Since the launch mass of the sample return 

spacecraft is about 2000 kg, adding another $20 million, it can be seen that this 

complete sample return mission scenario could conceivably cost under $100 

million -- far less than estimates commonly given in the past. 

Commercial use of a plant of this nature has never been attempted 

(Subbarao, 1980). Continued development would be necessary to prove these 

concepts. Also, this approach is just one of many possible alternatives for 

utilization of local resources for Mars exploration cost reduction. Which approach 

is best would have to be determined based on analysis of overall mission 

archi tecture. 
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SPECIFICATIONS AND SOURCES 
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Given here are details on the supplies and equipment used for experiments 

reported in the present work. 

Gases: 

Balance: 

Nz was UHP, 99.99% purity, supplied by U.S. Airweld. 

He was UHP, 99.9% purity, supplied by Liquid Air. 

CO was UHP, 99.9% purity, supplied by Matheson and Linde. 

CO2 was Coleman Grade, 99.99% purity, supplied by Matheson. 

Hz was 99.95% purity, supplied by Air Products. 

10% Hz in Nz was 99.99% purity (less than 1 ppm Oz), supplied by 

Air Products. Actual Hz content was certified as 10.3%. 

The microbalance was Cahn Instruments model R-100. Cahn 

Instruments is now owned by ATI, Madison WI. 

GC: Shimadzu GC-SA with Thermal Conductivity Detector and Alltech 

erR I column. 

TEM: 

SEM: 

Hitachi H-8100, Gaithersburg, MD. Point-to-point resolution 

0.20 nm, spherical aberration coefficient 0.55 mm. 

Jeol 840A, with resolution of 3 nm. 
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APPENDIX C 

REACfOR CHARACfERIZATION 

C.I Gas Flow 

The Reynolds number for the thermogravimetric system, useful in 

determining the type of flow (laminar or turbulent), can be calculated using 

D Vx P 
R =---

e ~ 
(Cl) 

where D is the characteristic dimension, in this case the tube diameter (cm); p is 

the density of the gas (g cm-3); and J.I. is the fluid viscosity in poise (or g cm-I sec-I). 

The average linear gas flow velocity Vx (cm sec-I) is calculated for a tube of radius 

r (cm) from known volumetric flow rates v (cm3 sec-I) at room temperature. 

Average gas volumetric flow rates were obtained at room temperature (298 K) 

using the soap bubble method with an inert gas cushion. The inert gas was 

employed to prevent CO or CO2 from dissolving in the soapy solution. At a 

particular reactor temperature T (K), the average linear velocity is given by: 

v T vx =-- --. 
1t r2 298 

(C2) 

Density was determined assuming ideal gas: 
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p (C3) 
22400 an' [T(K)] 

, mol 273 

where M is the molecular weight of the gaseous species. 

Viscosity for a gas (in poise) may be determined using the Lennard-Jones 

constants, a and n (Bird, et aL, 1960) and equation C4. 

(C4) 

The value of 1900 for the Reynolds number is used here as the transition 

between laminar and turbulent flow in a smooth tube. A typical value for the 

volumetric flow rate used during experiments was 85 ml min-to Using this flow 

rate and a reactor temperature of 773 K, the calculated Reynolds number for the 

inlet tubing (D = 0.5 cm) was 20. Reynolds number for the reactor tube (D = 

3 cm) was 4.4. It is clear from these results that flow in the reactor was laminar, 

since all values are well below 1900. Flow at the edge of the sample pan is not 

so easily predicted, and is likely not completely laminar. 

Co2 Thermal Characterization 

The axial temperature profile at the interior, center of the reactor with the 

furnace set to maintain a steady 500°C is given in Figure Cl. Measurements were 

done using a calibrated thermocouple (without the sample pan attached). 
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Figure Ct. Reactor axial temperature profile with the controller set 
at SOOae. Zero on the x axis represents furnace centerline. 

The importance of temperature calibration is discussed in section 3.2.5. 
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A calculation of the pre-heating achieved through the reactor inlet tubing 

was done to ensure that reaction gas was brought to the desired temperature 

before it was exposed to the sample. The mathematical approach used to estimate 

the heating of gas flowing through a tube is a common method, using average 

(bulk) properties. An example of that approach is given in Geankoplis (1983). 

Calculations were performed to determine if the reaction gas is adequately 

pre-heated for an experiment run at SOoae. Using a volumetric flow rate of 85 ml 

minot, which is among the highest flow rates used in the experiments, the 
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calculated temperature of the gas after flowing through the inlet tubing and a 

portion of the reactor vessel before exposing the sample was about 490°C. These 

calculations use many estimations, and a variety of constants (some of which were 

only available with two digit accuracy). As such, this result is indicative that 

adequate preheating occurs (as was found empirically in section 3.2.5). 

Another case was considered: where gas flow rate is doubled. An 

experiment was done with a volumetric flow rate of 160 ml min·t (HO HH 500-2). 

The measured reaction rate was notably less, which could be due to inadequate 

pre-heating of the gas, or to other constraints such as flow stratification around the 

sample pan. The pre-heating calculation was repeated for this high flow case, 

which gave a temperature of about 420°C at the sample pan. This difference from 

the desired 500°C may be significant with respect to the calculation accuracy, and 

thus explain the lower reaction rate observed. 
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The following properties were directly measured. Each is given with its 

assumed measurement accuracy (±): 

1. Temperature; Type K thermocouple, 2.2 degrees or 0.75% (3.75 

degrees at 773 K) as given in the Omega Temperature Handbook. 

Temperatures were checked with a calibrated thermocouple, which 

reduces the reading error. But there is still an opportunity for error 

due to the furnace temperature profile, and variations over the 

several months of experimentation. A conservative estimate of 4 

degrees temperature accuracy will be used here. 

2. Specimen weight, before and after carbon deposition (by analytical 

balance); 0.2 mg (less than 5% for most specimens). 

3. Thermogravimetric balance weight gain; 0.1 mg 

4. Time; no error assumed. 

5. Gas concentrations 1,.,y gas chromatograph; 1% for CO and 0.3 % 

for CO2 based on repeatability for a gas standard. Unfortunately, 

GC measurements of the reaction gas exhaust from the TG 

apparatus were not always taken at the time of maximum rate. The 

concentrations tended to vary over the course of an experiment due 



to fluctuations in the flow of each gas at the mixing station. Thus, 

actual gas concentration errors were probably double the above 

values. 
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Based on the above accuracies, the possible errors in calculated values were 

derived. Of particular interest was ac (given by equation 2.2), which is based on 

CO and CO2 concentrations, temperature, and thermodynamic data. The greatest 

effect on the ac calculation is temperature error, causing large variation in ~. 

A temperature variation of - 4 degrees (which is worse than for + 4 degrees) 

causes a 15% error in ~ at 785 K The error in the CO to CO2 pressure ratio 

is conservatively 5%. Thus, the accuracy of ac is estimated as 20%. 

D.2 Repeatability and Variation 

Three types of data reported in this work were determined in a manner 

that is better evaluated by analysis of their repeatability or statistical variation. 

Those data are: the reported reaction rates, the measured number of edges in 

filaments, and the measured orientation angle in filaments. 

For the reported reaction rates, the value taken depends on how the weight 

gain data is averaged. The value of maximum rate is reported with the 

appropriate number of significant digits based on the data scatter in the calculated 

rate. The weight gain/rate curves given in the results can be referred to in order 

to observe how some experiments had a clear rate maximum and others did not. 

To estimate the data variation in maximum rates, some experiments were 
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repeated with the same reaction conditions. Repeated experiments include HO H 

500, HO HH 500, and HO HH 480. Error was assumed to be three times standard 

deviation in maximum rate for the repeated experiments. In each case this turned 

out to be approximately 8%. As such, the error in maximum reaction rate is 

assumed here to be 10%. 

For the measured number of edges and graphite orientation angle in a 

filament, a similar approach to estimate measurement error based un standard 

deviation in measurements was not appropriate. In the case of these filament 

measurements, there is a variation in values that is natural (i.e. really exists) and 

not due to error. In such a system, the better approach to analysis of data 

viability is the statistical analysis given in the next section. 

D.3 Statistical Analysis of Filament Data 

The micrograph measurement data on filament orientation angles 6 and 

edges per nm ,E, are given in section 4.4. A statistical analysis was used to 

determine the significance of the difference in the means of experimental values. 

This was done by conducting two sample t-tests (assuming unequal variances) for 

some of the data. For that test, an index is calculated using a null hypothesis that 

the two sample means are equal. When the index is greater than tabulated values 

(for the t distribution), the null hypothesis is rejected. The index is calculated by: 
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difference of means h 
w ere Sd - Sxz 

SxI - Sx2 

where nl is the size of the first sample, SI is the standard deviation of the first 

sample, etc. 

The following results were obtained. For the two data sets given in Table 

I, the index value calculated by the equation is 4.8. The tabulated critical t value 

(for a 0.05 significance level and 6 degrees of freedom) is 1.9. Since the 

calculated index value for two sets of data (two means) is greater than this value, 

the means are considered significantly different. 

Table I. Data tested. 

Data Set Temperuture %H2 Measured values of Mean Sj 

# E (edgesjnm) 

1 745 0.5 0.35 & 0.43 & 0.56 0.447 0.106 

2 745 1 1.36 & 1.0 & 1.1 & 1.09 0.263 
0.7 & 1.3 
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APPENDIXE 

APPARENT ACfIVATION ENERGY DETERMINATION 

E.1 Approach 

The standard technique for determination of apparent activation energy 

begins with a collection of rate data taken at different temperatures. The rate 

data can be in any dimensional form, as long as it is self consistent. In general, 

it is necessary for the rate datum to be at the same extent of reaction for each 

temperature. 

The first step is to plot the natural logarithm of the rate values versus the 

inverse of temperature in Kelvin. If the data plots linearly, it indicates that the 

process maintained the same mechanism over the temperature regime plotted. 

The above is based on Arrhenius theory that reaction rate temperature 

dependency can be characterized by 

Then, rearranging 

(Ea) 1 lnr = inA - R T' 

Then it can be seen that the slope of the plotted line is Ea/R. The units of Ea are 

J marl when the gas constant R of 8.314 J mol-l K-l is used. 
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E.2 Apparent Activation Energy for Inception 

For this determination it is assumed that the onset of inception is 

equivalent to a certain extent of reaction for each experiment. The inverse of 

inception time is the inception rate. Plotting the values from Figure 5.3 for ac = 19 

gave a reasonably straight line, as shown in Figure E.t. The slope of the line 

gives a value for Ea of about 200 kJ mol-I. 
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Figure E.1 Arrhenius plot of inception rate (inverse of 
inception time). 
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