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ABSTRACT 

This investigation focuses on the uses of non-equilibrium plasmas to enhance the 

chemical reactions involved in materials processing. The main emphasis of this work 

was the reduction of TiOz and FeTi03 in a hydrogen plasma. The plasma was 

maintained in a single resonant cavity using microwave energy (2.45 GHz). The 

reaction was monitored for volatile species by a quadrupole mass spectrometer. The 

extent of reduction was measured by analyzing the surface product layer with X-ray 

diffraction (XRD); the weight fraction of the reaction products was determined by an 

external standard XRD technique. The effect of process variables (absorbed power, 

chamber pressure, time of plasma-solid contact, and applied voltage) on the extent of 

the reactions and on the process temperature was investigated. 

An investigation into the chlorination of TiOz in a chlorine plasma was also 

perfOlmed; but, the numerous side reactions that developed during these experiments 

made analysis difficult. The volatile metal chlorides formed during these experiments 

were identified using a statistical calculations. The compound that were identified 

show agreement with the mass spectra obtained during successful chlOlination 

experiments, but have not been reported in the literature. 

The reduction of fused silica as a result of contact with the plasma was also 

investigated. Thermodynamic calculations suggest that the reduction proceeds by the 

formation of silane in the plasma; metallic silicon was formed by the subsequent 
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thermal decomposition of silane in a nonoxidizing environment. A mechanism for the 

formation of silane is proposed. 

Finally, it is proposed that this technology could be used for the production of 

oxygen in situ from the lunar soil. Experimental values and thermodynamic data are 

used to develop a plasma process flow diagram for the production of oxygen. The 

mining requirements, hydrogen flow rates, and power demands for this system are 

compared to a more conventional process under consideration for the production of 

lunar oxygen. 
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Conventional processmg of refractory oxide ores is performed at high 

temperatures (T>2000 K) in order to make the thermodynamics of the desired reaction 

favorable. One method of obtaining these temperatures is the use of a thermal plasma. 

In this application the plasma acts as a high enthalpy source capable of generating gas 

temperatures of 3000 to 6000 K for the heating of entrained particulates or underlying 

melts [Feinman and MacRae, 1991]. However, high bulk sample temperatures are not 

the only method available to make the change in chemical potential of the desired 

reactions negative. "Cold" plasmas can produce the same chemically reactive species 

that are generated conventionally by high temperatures by simply applying an 

electromagnetic field to a low pressure gas. 

"Cold" plasmas have been used to enhance chemical reactions for years in the 

semiconductor industry. One of the primary uses of this technology is the dry etching 

of unwanted material from a substrate. These unwanted materials consist of metals and 

oxide materials. The latter are very stable and resistive to chemical attack (eg. Si02, 

W02, and photoresist) and are removed while the substrate remains at relatively low 

temperatures [Flamm and Herb, 1989]. 

The applied electromagnetic field generates the highly reactive plasma. Free 

electrons (present in small quantities in all gases) gain energy from the applied field. 
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These high energy electrons produce the reactive ions, free radicals (neutral particles 

with an unpaired bonding electron, ego H or CH3) and more free electrons through 

inelastic collisions with gas molecules. The reactive nature of the plasma can provide 

new reaction paths that are not available in conventional processing. 

Along with these reactive species, voltage gradients in a plasma can be used to 

enhance chemical reactions. A potential gradient is formed around all insulating 

objects in the plasma as a result of the difference in the mobilities of the various 

charged plasma species. This voltage drop is called the Debye sheath and has a 

magnitude ranging from 1 to 100 Volts. This voltage gradient will cause positive ions 

to be accelerated across the sheath toward the sample surface, resulting in ballistic 

impact [Oehrlein, 1990]. These ions can gain enough energy crossing the sheath to 

break bonds on the surface of the sample (7 eV can break a Ti-O bond). These broken 

bonds can then easily react with radicals or ions to form volatile products such as 

water. 

The primary motivation for this work is to see if a non-equilibrium plasma can 

provide an alternative pathway around thermal processing of refractory ores. This 

work has applications both terrestrially in the development of low grade ores, and 

extra-terrestrially for the production of oxygen for life support as well as the 

production of construction materials. The extra-terrestrial application is novel, and 

shows promise. This process will be discussed later in this manuscript. 

This work focuses on the chlorination and hydrogen reduction of titanium 
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bearing oxide ores, specifically anatase, Ti02 and ilmenite, FeTi03 (some unexpected 

work was also performed on the hydrogen reduction of fused silica). Anatase was 

chosen to be the focus of this investigation for a variety of reasons. First, the 

refractory nature of this oxide provides a good test of the reactivity of the plasma. 

Second, the Ti-O system has multiple oxidation states. A survey of the literature 

shows that there is a large variety of stoichiometric titanium oxides. The formation 

of these oxides will provide an indication of the reductive power of the plasma. 

A third reason is that Ti02 is a primary component of ilmenite. This is the 

mineral of choice for extra-terrestrial oxygen production due to its abundance in the 

lunar soil (up to 15 weight percent [McKay et al., 1991]). To date, conventional 

processing of ilmenite has focused on the extraction of the iron bound oxygen only. 

As such, these processes only make use of a small fraction of the oxygen that is 

available on the moon. Therefore, any oxygen production from Ti02 will increase the 

amount of oxygen produced per kilogram of beneficiated regolith. 
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Chapter 2 

A Review of Plasma Processing 

The following chapters discuss experimental work performed investigating the 

plasma reduction and chlorination of metallurgically significant refractory oxides. The 

main focus of this work is the actual chemical reactions occurring in the plasma and 

at the plasma-solid interface, not the physics of the plasma itself. However, the design 

and operation of plasma reactors requires a basic understanding of the plasma state and 

the physical and chemical processes that occur within it. The purpose of this chapter 

is to present the basic principals of plasmas as a background for the rest of this 

manuscript. 

2.1 The Plasma State 

The most basic definition of a plasma is simply: a highly ionized gas. In its 

simplest form a plasma contains charged and neutral species, including some or all of 

the following: electrons, positive ions, negative ions, atoms and molecules. On 

average, a plasma is electrically neutral, therefore the density of electrons and negative 

ions is equal to the density of positive charges in the plasma [Cecchi, 1990]. The 

presence of ions and free electrons makes the plasma electrically conductive, however, 

the high mobility of these charge carrying species precludes a potential drop across the 

plasma. The plasma state is often referred to as the fourth state of matter, because it 

occurs by adding energy to a gas as shown below: 
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Solid < liquid < gas < plasma (2.1) 

where Eq. 2.1 is written for increasing energy. There is not, however, a distinct phase 

change during the transition from a neutral gas to the plasma state. It has been 

estimated that greater than 99% of the matter in the universe is in the plasma state 

[Chen, 1983], as the gas found in interstellar space is ionized. Everyday examples of 

plasmas include fire, neon signs and lightning. 

Because a plasma contains free electrons and ions, an impOltant parameter of 

the plasma is the degree of ionization. This is defined as the fraction of the original 

neutral species of the gas that have become ionized in the plasma. Plasmas with a 

degree of ionization much less than unity are weakly ionized, and have a large 

population of neutral species which will dominate the behavior of the plasma. Highly 

ionized plasmas have a degree of ionization approaching unity; the properties of these 

plasma are dominated by ions (and free electrons). Weakly ionized plasmas nOlmally 

occur in low pressure gas systems, while the fully ionized discharges typically occur 

at pressures approaching one atmosphere. The plasmas that are of interest to the 

present work are weakly ionized. The characteIistics of these plasmas will be 

discussed further below. 

2.1.1 Uses of Plasmas 

Plasmas have been used industrially for various processes; these range from 

welding and melting metals to enhancing chemical reactions and sUlface modifications. 

One of the largest uses of plasmas is in the electronics industry, as plasmas provide 
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the means for deposition and removal of material during the production of 

microelectronic circuits. Plasma etching is the only production method that provides 

the resolution required to produce the millions of components found on any given 

integrated circuit chip [Flamm, 1989]. Another major industIial use for "cold" plasmas 

is the formation of products that cannot be formed by conventional (thermally) 

activated processes. For example, the deposition of ceramic coating on polymer 

substrates is not possible by thermal processing technology. The high temperatures 

required for the formation of ceramic coatings will cause severe damage to the 

polymer substrate. 

"Cold" plasmas enhance chemical reactions by raising the chemical potential 

of the reactants with the applied electro-magnetic field. Figure 2.1 shows how the 

chemical potential of reactants can be raised in compaIison to conventional reactants. 

The interaction of the applied electric Held with the free electrons in the plasma 

produces highly reactive species (such as F, CI or H radicals) through a valiety of 

processes. Once formed, these reactive species can react through a variety of reaction 

paths (represented by Ull'OWS in Figure 3.1) to form products. The products formed 

can be stable to both conventional and plasma processing, metastable to both 

conventional and plasma activated reactants, or metastable to plasma activated 

reactants. 
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Plasma Activated 
Reactants ~ 

\ ~ Products - Metastable 
to Activated Reactants 

----- Reaction Path ------I~~ 

Figure 2.1. A representation of how plasmas can open reaction paths to products that 
are not possible through conventional processing. 

2.1.2 Plasma Kinetic Theory 

As stated above, the properties of weakly ionized plasmas are dominated by 

neutral species. Much of what is known about weakly ionized plasmas comes directly 

from the gas kinetic theory. Kinetically, a gas is nothing more than a collection of 

individual particles all moving randomly, with a distribution of velocities represented 

by: 
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d n(v) 4 (m) 2 (mV2) = 1tn V exp -__ 
dv 21tkT 2kT 

(2.2) 

where n(v) is the number of particles with a velocity between v and v+dv, m is the 

mass of the particle, n is the number of particles in the distribution, k is the Boltzmann 

constant and T is the absolute temperature of the gas. This distribution is referred to 

as a Maxwellian distribution. 

When dealing with a plasma it is often easier to think in telms of the energy 

of a particle rather than the velocity of the particles, because it is the amount of energy 

that the plasma particles possess that givl':' the plasma its unique characteristics. 

Rewriting Eq. 2.2 in terms of particle energy gives an energy distribution for the 

plasma particles: 

1 

f( e) = ~2_e_'Y ~ exp ( __ e_) 
1t~(kT)~ kT 

(2.3) 

where e is defined as 

(2.4) 

and is referred to as the kinetic energy of the particle. 

It is often easier to deal with the average energy of the distribution than the 

whole energy distribution given in Eq. 2.3. The average kinetic energy of a pmticle 

is found by integrating the normalized energy distribution over all energies, as shown 

below: 
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(2.5) 

(2.6) 

where e is the average kinetic energy of a given plasma palticle. Eq. 2.6 indicates that 

the temperature of a collection of particles is a measure of the average kinetic energy 

that the particles possess. Thus, it is common to refer to particle temperatures when 

referring to the energy of a plasma particle. 

It should be noted at this time that, strictly speaking, only the molecular and 

lOmc species of a weakly ionized plasma have a Maxwellian energy distribution 

[Cecchi, 1990]. The high energy end of the free electron energy distribution is 

effectively truncated due to collisions between the electrons and the atomic and 

molecular species in the plasma. These collisions tend to restlict the motion of the 

electrons in the direction of the electric field, and thus restrict the amount of energy 

that can be obtained from the field. Although the energy distlibution of the free 

electrons is not necessarily Maxwellian, it is still common to speak of an electron 

temperature when refell'ing to the average electron energy [Bell, 1987]. 

2.1.3 Plasma Production 

The production of a plasma requires some energy source to produce the 

ionization required to maintain the popUlation of free electrons in the plasma. In a 
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steady state plasma, the rate of ionization must balance the loss of electrons and ions 

occul1'ing in the plasma, therefore, a continual power input is required to maintain the 

concentration of free electrons in the discharge. T most common energy source used 

to produce ionization is an electric field, although lasers can be used. The electric 

field is sustained by either direct current (dc) or alternating current (ac) power 

supplies. Typical frequencies for ac power supplies used for plasma generation range 

from 100 kHz, through radio to microwave frequencies. Microwave energy (2.45 

GHz) is used in the present work. This frequency was chosen because microwaves are 

used principally as free radical generators [Fuller, 1990]. 

In principal, any charged species in the plasma may gain energy from the 

applied electric tield. In a dc field, charged species are simply accelerated parallel to 

the electric field, E. An ac field also has an associated magnetic field, B. The 

motion of a charged particle through this magnetic field will result in a v x B drift. 

The acceleration of a charged particle is given by: 

dv q _ :::: _(E + vxB) 
dt m 

(2.7) 

The resulting motion of the electron is a helical orbit perpendicular to both the E and 

B fields. 

A solitary electron orbiting in an electro-magnetic field does not gain energy 

from the field, provided it is not colliding with other particles. The electron is 

accelerated parallel to the applied field; once the field reverses, so does the 
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acceleration of the electron. However, if collisions are allowed, the applied field 

pelfonns work on the electron by realigning its motion parallel to the electric field. 

At high frequencies, particles with a low charge to mass ratio (i.e. ions) will have too 

much ineltia to respond to the ac field; ionic species cannot gain energy from the 

microwave field [Cohen, 1989]. Electrons have a high charge to mass ratio and can 

easily respond to the frequency of the microwave field. Therefore, free electrons are 

the only species in the plasma that gain energy directly from the applied electric field. 

The ti'ee electrons then partition this energy to the various plasma species through a 

variety of elastic and inelastic collisions. 

The power absorbed by the free electrons is given by: 

(2.8) 

where P is the average power gained by an electron per cycle of the applied field, n 

is the plasma density, q is the charge on the electron, Eo is the electric field strength 

of the applied field, m is the mass of an electron, vm is the elastic collision frequency 

(see Eq. 2.15 for the definition of the collision frequency) and 0) is the frequency of 

the applied field. Vasiliv (1950) has shown that the average power transfell'ed during 

a collision between an electron and a gas molecule is a function of kinetic energy of 

the free electrons only. Because the average kinetic energy of the electrons is related 

to the electron temperature, Tc' factors affecting the electron temperature will have 
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dramatic effects on the processes occurring in the plasma. Massey and Cannon (1965) 

have shown that Tc is dependent upon two physical parameters of the discharge: 

E 
T oc ~ 

e p 

where p is the plasma pressure, and Eccc is the effective field strength: 

(2.9) 

(2.10) 

Eq. 2.9 allows the plasma processes to be related to physically measurable plasma 

parameters. Lunt and Meeks (1936) have shown the effect of this ratio on the 

dissociation of hydrogen; Cooper et ai. (1968) correlated the breakdown of hydrogen 

chloride gas in an oxygen plasma to the this ratio. 

2.1.4 Plasma Temperature 

It was shown above that energy of a collection of particles (and thus their 

velocity) is related to temperature (Eq. 2.6). A collection of particles with a larger 

average velocity exhibits higher temperatures. Since a plasma is composed of a 

variety of particles of different average energies, there will be different temperatures 

associated with each type of particle. 

There are essentially three different temperatures in the plasma: T j , Til' and Tc 

for the ions, neutrals, and electrons, respectively. However, T j and Til are essentially 

the same and are usually referred to as Til (H for Heavy). A plot of particle 

temperature as a function of pressure is shown in Figure 2.2 (Note: this figure is drawn 
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for an argon arc plasma. However, similar temperature-pressure curves should be 

obtained for other gas species). At low pressures, the temperatures of the electrons 

and heavy patticles are different. This is due to a low collision rate in the low density 

gas (and the energy transfer function for elastic collisions being small for particles of 

largely differing masses, as will be discussed later). Low pressure plasmas are 

normally classified as "cold" plasma due to the low temperature of the heavy species 

[Chang and Szekely, 1982]. 

Low Pressure Transition High Pressure ------------------__ .~1~.~--__ .·1~4~--------------... 
T 

1 Atm. 

10 

Pressure (Torr) 

Figure 2.2. The temperature of electrons and heavy particles in the plasma as a 
function of plasma pressure. 
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As the pressure increases, the number of collisions between the pmticles also 

increases. Therefore, the amount of energy gained by the electrons between collisions 

decreases, and the cumulative amount of energy transfelTed from the electrons to the 

heavies is increased. As a result, the temperature of the electrons decreases, while the 

temperature of the heavy particles increase. As the pressure increases further, the 

collision frequency gives a uniform energy distribution among all plasma species. 

High pressure plasmas are called "thermal" plasmas because the temperatures of the 

ions and neutral species is extreamly high. 

The present work (p = 6 to 46 tOll') falls in the transition region indicated in 

Figure 2.2. Transition plasmas still have vastly different electron and ion temperatures, 

however not as large as in the low pressure region. As such, these plasmas are still 

considered "cold". Typical temperature values for heavy particles and electrons in a 

"cold" plasma are given as [Chapman, 1980]: 

TIl "" 500 K "" 0.05 eV eavy 
(2.11) 

Te "" 23,200K "" 2 eV (2.12) 

2.2 Plasma Species Generation 

The extensive use of plasmas for enhancing chemical reactions is a result of the 

nature of a plasma. The plasma is an efficient generator of chemically reactive 

species. These species are generated by the bombardment of molecules and atoms by 

free electrons in the plasma. These free electrons have sufficient energy to break most 
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chemical bonds. Once formed, these collision induced species can undergo further 

reactions to form additional reactive species, metastable products or stable products 

(see Figure 2.1). 

The probability of a collision occurring between two incident particles in the 

plasma is determined by the collision cross section (a) of those particles. The 

• 

Figure 2.3. The probability of an electron colliding with a molecule is given by its 
collision cross section, nAXq. 

collision cross section is defined as follows. Consider an electron approaching a 

volume of gas with a thickness AX and an area A, as shown in Figure 2.3. If the gas 
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has a density of N molecules per unit volume and the effective collision area of each 

molecule is q, then the probability of a collision occurring as the electron passes 

through the volume is: 

(j = N I1X q (2.13) 

This is equal to the fraction of the cross sectional area occupied by the molecules, 

assuming that none of the particles overlap and the atom appears as a "hard sphere" 

to the electron. 

However, in reality, the molecule does not appear as a solid sphere; instead it 

appears as an agglomeration of orbiting electrons with the associated electric fields. 

The interaction of the electron and the molecule takes place due to the strong 

electrostatic forces that develop between the incident electron and the molecular target 

[Chapman, 1980]. These electrostatic interactions can occur over long distances, 

therefore, the amount of area projected by the molecules in the gas is directly 

influenced by the magnitude of these electrostatic interactions. As a result of these 

long range interactions, the area projected by a given molecule is not constant, but is 

dependent upon the energy (i.e. velocity) of the approaching electron. This can be 

thought of by remembering that the interaction time of the electron and the molecule 

varies with the electron velocity (and thus energy). 

Each of the collisional processes discussed below has its own characteristic 

collision cross section. Since the collision cross section is the probability that a given 
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collision type will occur, the plObability that any collisional process will occur is 

simply the sum of all the individual cross sections. 

The average distance traveled by a particle between collisions is 

(2.14) 

where N is the density of the particles in the plasma, and cr is the collision cross 

section for the interaction. If the particle has a velocity v, then the collision frequency 

is defined as: 

v = Ncr v (2.15) 

This has the units of inverse seconds (sec-I). The time between collisions is therefore 

given by V-I. 

2.3 Collision Types 

As indicated above, chemically active species found in the plasma result from 

collisions between the high energy electrons and the various plasma species. The 

collisional processes occurring in the plasma can be broadly divided into two 

categories: elastic and inelastic. The type of energy that is transfen'ed between the 

colliding bodies determines the type of collision the palticles have undergone. 

Particles have two types of energy that can be transferred during a collision: kinetic 

and potential. Kinetic energy is pmtitioned in the motion of the pmticles, and is 

defined above in Eq. 2.4 for translational motion. Potential energy is a measure of the 

energy partitioned to the internal states of the colliding pmticles. This energy may 
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take the form of electronic excitation, ionization, etc. The following is a brief 

discussion of the relevant collisional processes responsible for the generation of 

important plasma species. 

2.3.1 Elastic Collisions 

By definition, an elastic collision is one in which there is only a transfer of 

kinetic energy between the colliding palticles. An inelastic collision has no such 

restriction. Internal energy may also be exchanged during the patticle collisions. This 

concept is shown schematically in Figure 2.4. The energy levels of the excited states 

in a noble gas are higher than the average kinetic energy of the electrons (i.e. the first 

excited state in He eS) occurs at 19.8 eV). Excitation of an electron in a He atom to 

this level is not probable. As a result, elastic collisions predominate in noble gases. 

However, in the case of molecular gases, low energy vibration, excitation and 

dissociation levels exist below the average electron energy [Flamm and Herb, 1989]. 

Therefore, a larger fraction of collisions between electrons and molecules are inelastic. 

The amount of energy transferred during a given collision depends upon 

whether the collision is elastic or inelastic. For an elastic collision, the energy transfer 

function is dependent upon the masses of the colliding particles and the angle at which 

the particles approach: 
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Figure 2.4. Noble gases primarily transfer energy through elastic collisions due to the 
amount of energy required to reach the lowest excited states. Molecules do not have 
this problem because of the rotational and vibrational states. 

E 
I (2.16) 

E. 
I 

where Et and Ej are the kinetic energies of the target and incident particles 

respectively, mj is the mass of the incident particle, mt is the mass of the target 

particle, and 8 is the angle between the line joining the centers of the two patticles and 

the velocity vector of the incident particle. 
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The elastic energy transfer function indicates that there can be extremely 

efficient transfer of energy between atoms of roughly the same mass, but very poor 

energy transfer when the masses of the particles are very different. In fact, for a 

collision between an electron and an argon atom, the energy transfer function is 

roughly 2xlO-4 [Cecchi, 1990]. During the collision, the electron simply changes 

direction without significantly changing its speed. Since electrons are the only species 

in the plasma that can gain energy from the applied electric field, this poor transfer of 

energy is the reason that molecules and atoms in the plasma have a much lower 

temperature than the free electrons. 

The major elastic collisional processes in the plasma are: Electron-Neutral, 

Electron-Electron and Neutral-Neutral. These collisional processes are responsible for 

forming the energy distributions of the respective particles. 

2.3.2 Inelastic Collisions 

During an inelastic collision, kinetic energy ti'om the incident particle is 

converted into potential energy in the target particle. The energy transferred during 

an inelastic collision is again a function of the masses of the two particles and the 

angle of incidence. The maximum amount of kinetic energy that can be converted into 

potential energy is given by: 
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= (2.17) 

where ~U is the amount of potential energy formed during the collision. As Eg. 2.17 

indicates, as the mass difference between the two pUlticles becomes larger, the mass 

term tends to 1. Therefore, the inelastic transfer coefficient is only a function of the 

angle of incident, e. This indicates that nearly all of the kinetic energy of the incident 

electron can be converted to internal energy during a head on inelastic collision. 

Therefore, in the case of an electron colliding with a hydrogen molecule, the electron 

can promote the hydrogen molecule to an active state, Hz·, or even dissociate it. 

2.3.3 Collisional Processes 

The chemically reactive nature of the plasma is due to the presence of highly 

reactive particles such as fi'ee radicals, ions or activated complexes. These species are 

produced through inelastic collisions between the free electrons and gas molecules in 

the plasma. There are many types of collisions that can occur in the plasma due to the 

large variety of plasma particles. Considering all possible collision permutations 

would be extremely difficult. FOltunately, some of these collisions are more impOltant 

than others when considering the production of chemically active species. The main 

inelastic collisional processes occurring in the plasma are: ionization, recombination, 

excitation (and relaxation) and dissociation. Each of these processes will be discussed 

below. 
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2.3.4 Electron Production: Ionization 

The most important collisional process for maintaining the plasma is electron 

impact ionization. This process is responsible for the production of the free electron 

in the plasma. Impact ionization occurs when the incident electron removes an 

electron from the target atom, producing a positive ion and two electrons. This is 

shown schematically for hydrogen: 

(2.18) 

The two electrons produced can then be accelerated in the electric field until they 

undergo electron impact ionization. This cascading effect is responsible for 

maintaining the free electron concentration in the plasma. 

For ionization to occur in a single step, the electron must have enough energy 

to remove the most weakly bound electron in the molecule. Therefore, the minimum 

amount of energy the electron must have prior to the collision is the ionization energy. 

Below this minimum energy, the collision cross section for impact ionization must be 

zero. The ionization potential for diatomic hydrogen is 15.427 eV [Weast, 1977]. 

Only the electrons in the high energy tail of the electron energy distribution will 

possess the required ionization energy. However, electrons in the whole energy 

distribution can cause ionization by a process known as pumping [Capitelli and 

Molinari, 1980]. As indicated in Figure 2.4, molecules contain many low energy 

rotational and vibrational energy levels. Excitation of a molecule to these levels is 

relatively easy for all but the lowest energy electrons in the plasma. Once in the 
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excited state, the molecule can relax, as indicated above, or it can undergo another 

collision with an electron. Under most plasma conditions the time between collisions 

is much shorter than the lifetime of the excited state. This means that the next 

electron collision can pump the molecule to the next obtainable excited state. This 

process continues until ionization is achieved or relaxation occurs. 

Inelastic collisions between electrons and neutrals are not the only means for 

ionization. Any process which can input the minimum amount of energy may produce 

the same effect as indicated in Eq. 2.18. Such processes include thermal ionization 

and photon ionization. Thermal ionization indicates that the required energy is 

received by impact with neutral, ground state atoms or with the atoms of a wall. In 

the present discussion of "cold" plasmas, the gas temperature and the wall temperatures 

do not greatly exceed ambient, so thermal ionization does not play a significant role 

in "cold" plasmas. 

Photoionization, however, can have a significant effect on the production of 

fi'ee electrons. The photon's energy is related to its fi'equency and wavelength as follows: 

he 
E = hv = T 

(2.19) 

where h is Planks constant, c is the speed of light and v and A are the frequency and 

wavelength of the wave associated with the photon, respectively. 
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The collision cross section for photo ionization is relatively small compared to 

that of impact ionization (due to the speed of the photon), yet photons have enough 

energy to cause a significant amount of ionization. From Eq. 2.19 it is found that: 

12523 A is equivalant to 1 e V (2.20) 

These photons can, again, pump the electrons to energy levels above the ground state. 

If the last photon contains more energy than is required for ionization, the extra energy 

will appear as kinetic energy of the emitted electron. This emitted electron can cause 

further ionization without interacting with the electric field. Another possibility is that 

the molecule will emit a second photon as electrons from higher energy levels till the 

empty energy level formed in the ionization process. 

2.3.5 Electron Loss 

In a steady state plasma, the production of electrons must be balanced by the 

loss of electrons. In a plasma there are a number of possible loss mechanisms, but 

only two are imp0l1ant in "cold" plasmas [Cecchi, 1990]. These are recombination and 

wall or boundary losses. 

Recombination is the major electron loss mechanism in the plasma. This 

process is important from the stand point of maintaining enough free electrons to 

sustain the plasma. Recombination is the process by which an ion acquires an electron 

and forms a neutral species. This is shown schematically for hydrogen: 
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e + Hz+ ~ Hz (2.21) 

However, this process is not as simple as illustrated in Eq. 2.21. Based upon 

momentum and energy balances, two body recombination is not probable (because the 

two particles must have identical momenta prior to collision for this process to work). 

Other forms of recombination are available, however they are not as simple as those 

indicated above. These processes are: three body recombination, two stage 

recombination and radiative recombination. 

Three body collisions allow the energy and momentum conservation 

requirements to be satisfied simultaneously, as the third body removes the excess 

energy and momentum from the system. The third body may be a wall or another gas 

atom. However, the probability of three bodies colliding at the same instant in the gas 

phase is not large. Therefore, gas phase recombination does not account for a 

significant amount of electron loss in the plasma. The most likely mechanism for 

three body recombination is to have the collision occur at the chamber wall or any 

stationary surface in the plasma. Electrons and ions are can'ied to the chamber walls 

by either diffusion or convection. Once at the wall recombination readily occurs. 

Another recombination scenario is that of two stage recombination. In this 

process the electron attaches to a neutral molecule to fOlm a negative ion. This 

negative ion may then collide with a positive ion to form two neutral molecules. This 

is shown schematically below: 
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(2.22) 

(2.23) 

Negative ions are not very stable, and can relax rapidly by ~ emission. The second 

collision must occur very rapidly after the fOlmation of the negative ion for this type 

of recombination to work. Therefore, as the pressure increases, two stage 

recombination should become more prevalent. 

Radiative recombination is basically the opposite of photoionization. In this 

process, the extra kinetic energy the incident electron possesses pdor to collision is 

call'ied away as an emitted photon. This is shown schematically as: 

(2.24) 

2.3.6 Excitation 

When the incident electron does not possess enough energy to cause ionization 

or dissociation of the target molecule, excitation may result. Excitation does not 

remove a bound electron from the target, but raises an electron from a lower energy 

level into a higher energy level in the molecule. The molecule is then said to be in 

an activated state. Excitation is represented as 

(2.25) 

where (*) indicates that the hydrogen molecule is in some activated state. These 

activated molecules have a higher chemical potential than non-activated species. 
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Therefore, they can play an important role in the chemistry occurring in the plasma. 

Once activated, however, these species can undergo spontaneous relaxation by photon 

emission: 

(2.26) 

with the life time of the activated complex lasting from nanoseconds to seconds. This 

process is similar to radiative recombination, except no electron is captured. 

2.3.7 Dissociation 

One of the most important collisional processes to occur in the plasma for 

enhancing chemical reactions is the fOlmation of radicals. Radicals are highly reactive 

particles because they contain unpaired bonding electrons. The production radicals can 

occur if the incident electron has enough energy to break apart a molecule. For 

example, a hydrogen molecule can be broken into two hydrogen radicals: 

e + H2 ~ e + 2H 

or a hydrogen ion and a hydrogen radical: 

(2.27) 

e + H2 ~ 2 e + H+ + H (2.28) 

These processes require an energy above the dissociation threshold. Since the 

dissociation energy (see Table 2.1) is larger than the average energy of the electrons, 

dissociation usually occurs via the pumping mechanism discussed earlier (see 

ionization). 
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Table 2.1. The homolytic and heterolytic dissociation energies for various polyatomic 
molecules (data from Weast, 1977). 

Molecule Dissociation Heterolytic Homolytic Heterolytic 
Energy Dissociation Dissociation Dissociation 

(kJ/mol) Energy Wavelength Wavelength 
(kJ/mol) (A) (A) 

H-H 435.13 1667.78 2750 713 

CI-CI 242.67 - 4930 -
F-F 160.00 - 7520 -

H-F 569.02 - 2100 -
H-CI 430.95 1397.45 2770 856 

CH3-H 435.13 1309.59 2750 913 

2.3.8 Other Collisional Processes 

Collisional processes occurring in the plasma can produce a variety of different 

reactive species. These processes include: charge transfer collisions, electron 

attachment (or negative ion fOlmation), and collisions with molecules in their excited 

states. These processes do not greatly effect the concentration of electrons or 

chemically active species in the plasma, however they can playa role in the chemical 

reactions that occur in the plasma. 

2.4 Plasma (Enhanced) Thermodynamics 

The thennodynamics of reactions involving polyatomic molecules can also be 

enhanced if, instead of starting with the polyatomic species, the polyatomic species 
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were dissociated prior to the reaction. There are two fOlms of dissociation to consider: 

homolytic and heterolytic. In homolytic dissociation each fragment maintains one of 

the electrons used to make the covalent bond. Heterolytic dissociation, on the other 

hand, indicates that both bonding electrons remain with the same fragment. Homolytic 

dissociation and heterolytic dissociation are represented in Eq.s 2.29 and 2.30, 

respectively. The dots in the equations indicate electrons. 

A:B = A·+ B· (2.29) 

A:B = A + + B:- (2.30) 

The homolytic and heterolytic bond dissociation energies for various molecules 

are listed in Table 2.1. Simple heterolysis of a neutral molecule yields a positive and 

negative ion, as indicated by the charges associated with the fragments in Eq. 2.30. 

Separation of these oppositely charged particles requires a great deal of energy due to 

their coulombic attraction. This attraction can result in as much as 400 kJ so more 

energy than that required for the separation of neutral fragments (see Table 2.1). In 

the gas phases, therefore, bond dissociation generally takes place by the easier route, 

homolysis. 

The product of homolytic dissociation is a class of chemically reactive species 

known as radicals. Chemically, a radical is nothing more than an atom or group of 

atoms possessing an unpaired bonding electron [MOlTison and Boyd, 1986]. Because 

the homolytic dissociation energy for the hydrogen molecule is so low (only 242 
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kllmol [Weast, 1977]), the formation of hydrogen radicals is energetically easy. The 

energy required for dissociation can be supplied by heat or light. The wavelength of 

light required for the dissociation of these molecules is also shown in Table 2.1. The 

wavelengths required for homolytic dissociation are in the ultraviolet (UV) region of 

the electromagnetic spectlUm. The wavelengths required for heterolytic dissociation 

are in the soft X-ray. Once formed these radicals are extremely reactive because of 

their tendency to satisfy the unbounded electron. 

Processing refractory oxides conventionally (i.e. in a non-plasma environment) 

requires relatively high temperatures for reactions to proceed spontaneously. The 1m al 

energy is required to boost the chemical potential of the reactants to a level where the 

desired reactions become energetically favorable. However, with a "cold" plasma, 

elevated temperatures are not required for reactions to be energetically favorable. For 

example, consider the reduction of Ti02 to elemental Ti at 700°C. The reactions for 

both plasma and conventional reduction are shown below: 

Ti02 + 4H (g) ~ Ti + 2H20 AGO = -289.98 kllmal (2.31) 

Ti02 + 2 H2 (g) ~ Ti + 2 H20 (g) AGo = 373.22kllmal (2.32) 

where AGO is a measure of the driving force for the reaction to proceed. At 700°C 

the plasma reduction is favorable, while the thermal reduction is not. The plasma uses 

the energy of the free electrons to raise the chemical potential of the reactants, while 
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the reactants themselves remain at temperatures much below those of conventional 

processing. 

As stated above, a "cold" plasma is not in thermal equilibrium: 

(2.33) 

therefore, chemical reactions occurring in this environment are not limited by 

conventional thermodynamics. High energy electrons can produce chemically active 

species at temperatures much lower than are required in thermally activated processes. 

The presence of these plasma activated species can make reactions thermodynamically 

favorable at low temperatures. 

2.5 Chemical Kinetics in the Plasma 

The kinetics of chemical reactions occurring in the gas phase are not altered by 

the presence of the plasma, in fact a plasma reactor is very similar to conventional 

chemical reactors which require thelmal activation of chemical reactions [Coulson and 

Richardson, 1979]. Typically, these reactors produce reactions that follow the 

Arrenhius rate law: 

K = A exp (- RQr J (2.34) 

where k is the reaction rate constant, A is the pre-exponential factor, Q is the 

activation energy for the reaction, R is the universal gas constant, and T is the absolute 

temperature. 
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For a given mechanism A and Q are constant, the rate only depends upon 

temperature. Since weakly ionized plasmas are typically low temperature plasmas, the 

chemical kinetics associated with the reactors would be expected to be inferior than 

those associated with conventional, thermally activated processes. However, the 

activation energy for the chemically active species formed in the plasma can be lower 

than for thermally activated processes. This decrease in the activation energy is a 

result of the increased energy of the plasma reactants. This is shown schematically in 

Figure 2.5, where Qp and QT represent the activation energies of the plasma activated 

processes and thermally activated processes respectively. In actual practice, other 

factors such as fluid flow, heat transfer, mass transfer, etc. will also play an important 

role in the reaction rate. 

2.6 Plasma - Surface Interactions 

Plasma patiicles can interact with any sudace exposed to the plasma in a 

variety of ways. Exposed sUli'aces can enhance chemical reactions that occur in the 

plasma by acting as catalysts for chemical reactions occurring in the plasma, such as 

recombination of radicals and electron-ion pairs [Flamm, 1989]. Sud'aces may even 

play an integral role in the plasma process itself, such as targets in sputtering, or 

substrates in both sputtering and chemical vapor deposition [Flamm, 1989]. Since low 

pressure laboratory plasmas must be confined in some SOli of reactor, sudaces are 

always available to playa role in the processes occurring in the plasma. 



51 

t Plasma Activation QT 

~ ~ 
~ Thermal Activation 

r1J 

Products 

Reaction Path .. 

Figure 2.5. A schematic representation of the activation energy required for thennally 
activated and plasma activated processes. 

2.6.1 Recombination 

The major loss mechanism of free electrons and free radicals from the plasma 

is recombination. Any time two particles (i.e. electron-ion or two radicals) collide, 

there is a finite probability that the pair will recombine. The mechanisms for electron 

loss are covered in section 2.3.5. Similar recombination reactions can be written for 

radicals: 

(2.35) 

H + H = H2 

where Eq. 2.35 is written for hydrogen. Recombination is catalyzed by chamber walls 

and other surfaces exposed to the plasma, since the momentum of the pmticles must 
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be conserved. The loss of plasma species through recombination of particles will be 

dependent upon the nux of these species to the surface exposed to the plasma. These 

loss mechanisms will be balanced by the production mechanisms in a steady state 

plasma [Flamm, 1989]. 

2.6.2 Impingement Flux 

Electrons and ions will diffuse out of the plasma to the plasma boundary due 

to their thermal energy. From the kinetic theory of gases, the nux, j, of these particles 

is found by integrating: 

00 

j = J n(v) vdv (2.36) 

o 

where n(v) is given by Eq. 2.2. Integrating Eq. 2.36 yields: 

j = 
4 

nv (2.37) 

where v is the thermal velocity found by equating Eq. 2.4 and Eq. 2.6, and 

rearranging: 

v = (3 kTJ~ 
m 

(2.38) 

This impingement nux represents the number of particles activated by thermal energy 

that will strike a unit surface area in a unit time. 
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2.6.3 Sheath Formation 

As stated earlier, the plasma is a quasi-neutral environment, as the number of 

electrons is essentially equal to the number of positive ions. The number density of 

these charged species is much less than the number density of the neutral species in 

a weakly ionized plasma. However, if an isolated substrate is placed in the plasma, 

it will become electrically charged. The charge buildup is a result of the difference 

in the electron and ion fluxes to the surface. The flux difference results from the 

difference in the thelmal velocities discussed above. The total electron and ion flux 

to the surface respectively is given by Eq. 2.37. Since the average velocity of 

electrons is much larger than that of ions, the substrate immediately starts to build up 

a negative charge, hence a negative potential with respect to the plasma. This negative 

potential causes electrons to be repelled from, and ions to be attracted toward the 

smface. Eventually, a steady state flux of electrons and ions will be achieved at the 

substrate surface. The potential of the plasma is referred to as the plasma potential, 

Vp, while the potential of the surface is refell'ed to as the floating potential, Vf' The 

region devoid of electrons due to the charge build up on the sample is referred to as 

the Debye sheath. Electrons entering the sheath region must have enough energy to 

overcome the potential difference Vp-Vr or they will not enter the sheath region. Eq. 

2.37 also represents the flux of ions entering the sheath region, since once they enter 

the sheath region they are accelerated to the surface. 
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When a conducting sutiace is exposed to the plasma, the same charge build-up 

does not occur, as the electrons can be .. ~.moved from the smface. If a net CUll'ent 

flows to or from the sutt'ace, then sheath potential can be determined from Poisson's 

equation. However, if no net current flows to or from the smface, as would be the 

case in an ac discharge, no sheath will develop [Cecchi, 1990]. 

2.6.4 Surface Damage 

One of the most salient features of a "cold" plasma is the ability to produce 

high energy ions in the vicinity of a substrate sutt'ace. Ions are formed as discussed 

above, and are accelerated to energies of up to 50 e V by the strong electric fields that 

develop naturally near substrate surfaces. These ions can playa synergistic role in the 

removal of surface material [Flamm and Donnelly, 1981]. This synergistic effect will 

be discussed further below. 

The negative potential of the floating (isolated) substrate causes positive ions 

to be attracted, but does not increase the flux of ions to the substrate sutt'ace, The flux 

is limited by the random arrival of ions into the sheath region, The potential 

difference does increase the energy with which ions strike the surface of the substrate. 

Since, the ions enter the sheath region with a small amount of energy, it will strike the 

surface with the kinetic energy associated with the sheath voltage, Vp - Vf' The 

resulting kinetic energies are on the order of the interatomic binding energies of the 

substrate (usually between 1 and 10 eV). These impacts may result in broken sutiace 

bonds, and thus have a positive effect on reactions occurring at the sutt'ace. 
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This process is used industrially, and is known as reactive ion etching. In this 

process, ion impacts break bonds and leave the bonds dangling. These dangling bonds 

can then easily react with the plasma patticles. 

2.7 Summary 

This brief discussion of the physical and chemical processes OCCUlTing in the 

plasma has been provided as an introduction to the plasma processing. Many of the 

concepts developed here will serve as the background for the processes occurring in 

the work to be discussed. The following points are the relevant concepts that should 

be taken from this chapter: 

1. The plasma is a generator of highly reactive species. The presence of high 

energy free electrons make "cold" plasmas a unique environment. These 

high energy electrons gain energy from the applied electro-magnetic field 

and partition it to the other gas species through a variety of elastic and 

inelastic collisions. As a result, the plasma can efficiently generate a 

variety of species with large chemical potentials. These reactive particles 

are formed at relatively low temperatures because of poor elastic energy 

transfer between the electrons and the heavy gas palticles. 

2. The thermodynamics and kinetics of reactions are enhanced in a plasma. 

The high energy electrons can raise the chemical potential of the plasma 
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reactants, and thus can make reaction spontaneous even at low 

temperatures. These reactive radicals are formed through inelastic 

collisions with the free electrons, at much lower temperatures than in non

plasma processes. The presence of the chemically active species can 

decrease the activation energy of a given set of reactions while also 

enhancing the thermodynamics of these reactions. 

3. Processing temperatures in a plasma are cooler that in conventional 

processes. "Cold" plasma are not in thermal equilibrium; the temperature 

associated with the free electrons in the plasma is orders of magnitude 

larger than that of the neutrals and ions. As a result of the efficiency of 

energy transfer between particles of vastly different masses, the process 

temperatures will be on the order of TH• 

4. The difference in the mobility of the charged species in the plasma result 

in voltage gradients near sample surfaces. The presence of these induced 

voltages on samples can increase the collision frequency of ionic species 

in the gas. These ions can be accelerated through voltages of up to 50 

Volts. Ions accelerated through these voltage gradients can cause damage 

to the surface of sample. As a result, faster kinetics will result. 
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Chapter 3 

Experimental Equipment and Procedures 

An experimental program was developed to investigate the effects that the 

power absorbed by the plasma, plasma pressure, gas composition and time of plasma 

contact have on the plasma-solid reactions. Experiments were conducted in the 

pressure range of 6 to 46 torr at plasma powers of 0.2 to 1.2 kW. Factors affecting 

the contact between the sample and the plasma were also investigated. 

3.1 Experimental Equipment 

Figure 3.1 shows a schematic of the experimental set-up used during the course 

of these experiments. A Gerling Laboratories model102-A variable power microwave 

generator was used to generate and maintain the plasma in the fused silica (Si02) 

reaction chamber. A standing wave was generated in the reaction chamber by properly 

adjusting the height of the four tuning stubs on the tunable waveguide. Proper 

adjustment of the tuning stubs cause the impedance of the reaction chamber to be 

matched, thus allowing approximately 100% of the input power to be adsorbed by the 

plasma. When properly tuned, the electric field maximum was located at the center 

of the reaction chamber. Hewlett Packard 420C crystalline power detectors were 

connected to the waveguide, and allowed both the forward and reflected power to be 

measured. These measurements allowed the power absorbed by the plasma to be 

determined. 
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Figure 3.1. Schematic of the experimental set-up. 
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An Extrel C-50 quadrupole mass spectrometer (9.5 mm rods, 200 watt, 1.2 

MHz with a cross axis ionizer, and a max. mass range of 1200 AMU) was used to 

continuously monitor the plasma gas for volatile reaction products. The mass 

spectrometer was controlled through a Teknivent data acquisition system connected to 

an AT class personal computer. The Teknivent system provided complete computer 

control of all of the mass spectrometer settings (i.e. lens voltages, ionizer voltages, 

filament currents, etc.). The settings for the mass spectrometer were adjusted to 

provide the largest signal to noise ratio at the masses of interest (i.e. H20, C12, TiCI4, 

etc.). A list of the mass spectrometer settings used in these experiments, unless 
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othelwise noted, are shown in Table 3.1. See appendix B for the procedure of 

optimizing the mass spectrometer settings. These settings were not altered again 

during the course of these experiments. 

Table 3.1. The settings used for the mass spectrometer 

eV -70 V Multiplier -3.5 V 

Emission 0.36 rnA Ion Region lOY 

Ion Polarity 1 (on) extractor -30 V 

Delta M OV Lens 1 -100 V 

Delta Res. -1 V Lens 2 OV 

DC Resolution 1 (on) Lens 3 -20 V 

Sensitivity 
Med. or 

Lens 4 -150 V 
High 

The reaction chamber used in these experiments was a 38 mm a.D. x 32 mm 

I.D. fused silica tube. The reaction vessel was 61 cm in length, with a side ann 

located 28 cm from the bottom. The side ann consists of a 76 mm length of 15.2 mm 

a.D. x 12 mm I.D. fused silica tube. This assembly is shown in Figure 3.2. The side 

arm was used for tapping the plasma for a gas sample, and provides a path between 

the mass spectrometer and the reaction vessel. The gas enters the reaction chamber 

through the top of the reaction chamber through an orifice in the aluminum cap. The 

aluminum cap assembly contained a fused silica view port. This allowed the sample 

to be viewed during the reaction. The bottom of the reaction chamber consisted of an 
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Figure 3.2. A cross section of the reaction chamber with its gas inlet and vacuum 
connections. The side arm allows the plasma gas to be sampled by the mass 
spectrometer. 
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aluminum end cap similar to the top. The sample support rod was inserted into the 

chamber through the bottom of this assembly, while the connection to vacuum was 

made through the wall of this assembly. In order to maintain the reduced pressure in 

the reaction chamber, all glass-metal seals and metal-metal seals in this assembly were 

made with O-lings. 
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Figure 3.3. The connection between the reaction chamber and the mass spectrometer. 
The inset shows the modified KF centering rings used to maintain the pressure drop 
between the chambers. 

The connection between the reaction chamber and the mass spectrometer is 

shown in Figure 3.3. This assembly provided the path for the plasma gas sample to 

travel on the way to the mass spectrometer. This unit fulfilled three functions: first, 
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it must allow a sample of plasma gas to be transported from the reaction chamber to 

the mass spectrometer without altering the gas composition; second, it must bridge the 

pressure drop between the reaction chamber (between 6 and 60 torr) and the mass 

spectrometer chamber (approx. 10-5 torr); third, it must not allow any of the volatile 

products to condense on the tube during their transit through this assembly. 

The housing of this assembly was made from two 316 stainless steel KF-16 Tee 

flanges (Leybold), measuring roughly 25 cm in length. The connection between the 

reaction chamber and the tapping tube assembly was provided by a Cajon Ultra torr 

fitting. A gate valve was situated at the end of this assembly in order to provide quick 

and complete isolation of the mass spectrometer in case of an emergency. 

The pressure difference between the reaction chamber and the mass 

spectrometer was bridged by placing a roughing chamber between the two chambers. 

The pressure in the roughing chamber was held at approximately 10-2 ton' by a vacuum 

pump dedicated to this chamber. The flow of gas into and out of this chamber was 

restricted by the modified KF vacuum flange centering rings A and C shown in the 

inset of Figure 3.3. Centering ring A restricts the flow of gas into the mass 

spectrometer; centering ring C ensures that the gas flowing into the roughing chamber 

from the reaction chamber passes through the tapping tube. 

The gas sample was delivered to the mass spectrometer from the reaction 

chamber via a 1.7 mm D.D. x 0.8 mm LD. alumina "tapping tube". A cross section 

of the tapping tube assembly is shown in Figure 3.4. The gas sample was delivered 
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as a result of the pressure differential maintained between the various above mentioned 

chambers. This tube runs from the reaction chamber to the gate valve separating the 

mass spectrometer and the roughing chamber. 

Electrical Connections for Heating Elements Outer Tube 

iiiiiiiiiiiiiiiiiiiiii~ Electrical I Insulation 

AI' Tu~~ Silver .. 
Wire 

Figure 3.4. A cross sectional view of the tube used to draw a gas sample from the 
reaction chamber to the mass spectrometer. 

A heating element was wrapped around the tapping tube to ensure that the 

volatile components of the gas sample would not condense during transit. The power 

to this heating element was supplied through an electrical feedthrough mounted in a 

KF fitting. The heating element consisted of a 0.5 mm diameter silver wire (Aldrich) 

helically wrapped around the alumina tapping tube. A second alumina tube was used 

as a sheath to cover the return end of the heating element; thus providing electrical 

insulation between the heating coil and the electrical connections. This whole heating 
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unit is placed inside a 7 mm O.D x 5 mm I.D. alumina outer tube to provide 

mechanical integrity for this assembly. 

In order to ensure that the sample flows down the inner tube, and to avoid t: 

chemical attack of the heating coil in the plasma, a zirconia dip coating (ZYP) was 

poured into the outer tube. This coating was cured by applying a voltage to the 

heating element. Small amounts of the ZYP coating were applied at the same time 

with curing OCCUlTing between applications to minimize porosity. 

The power to the heating element was supplied by a Variac variable 

transformer. A setting of 20 was maintained on the Variac throughout the course of 

the experiments. This setting maintained a temperature of 300°C in the tapping tube. 

This temperature was chosen to ensure that the metal chlorides produced during 

chlorination would not condense out of the gas phase during transpOlt into the mass 

spectrometer. 

The powdered sample sits in a sample holder on a sample support rod, as 

shown in Figure 3.5. The sample holder and the support rod can be either conducting 

or insulating depending upon whether or not a ground was to be maintained in the 

plasma. The support rod extends down through the bottom pOltion of the reaction 

chamber and was connected to the sample positioning system via a drill chuck. This 

system allowed the sample to be raised and lowered in the reaction chamber, as well 

as allowing the sample to be rotated to ensure a uniform sample temperature. 
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Figure 3.5. The sample holder was designed so that it could be removed from the 
reaction chamber and directly inserted into the XRD, thus ensuring that the sud'ace 
product layer would therefore not have to be disturbed. 

The gas f10w was controlled by rotameters (Mathison #600). Since the gas was 

being delivered to a vacuum, a pressure gauge (Mathison 15.2 cm test gauge) which 

could read both positive pressure and vacuum was placed in line after the rotameters. 

The pressure drop across the rotameter was fixed by adjusting the pressure on this test 

gauge to zero (atmospheric pressure). This ensured that the pressure drop across the 

rotameter could be reproduced for each run. The chamber pressure was established 

by throttling the gas flow into the chamber with a metering valve. 

Other equipment used during the course of experimentation included a Micron 

M90-H optical pyrometer for non-contact temperature measurement. This pyrometer 
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is a single color pyrometer which operates in a spectral band of 0.76 to 1.06 microns, 

and has a minimum spot size of 4.2 mm. The pyrometer allowed a sample emissivity 

between 0.1 and 1 to be entered, thus allowing for the sample temperature to be read 

directly from the pyrometer. The temperature range of this pyrometer was 600 to 1300 

DC. The pyrometer was sighted through the fused silica window in the upper portion 

of aluminum cap assembly. An emissivity correction was made in order to account 

for the transparency of this window. 

The removal of chlorine from the exhaust gas stream was pelformed by placing 

a slake lime (CaC03 *2H20) trap between the reaction chamber and the vacuum pump. 

This trap ensured the removal of unreacted chlorine and the oxidation of metal 

chlorides in the exit gas stream. The slake lime was replaced as required, typically 

every 4-6 months. 

During some experiments, a Hewlett Packard 6515A variable DC voltage power 

supply (max voltage 1.5 V, max. current 5 rnA) was used to try to accelerate ions to 

the sample sudace to enhance reaction. The power supply was connected to an 

electrode which was placed in the plasma and ground (this placed the electrode 

potential with respect to ground). The electrode was placed 15 cm above the sample. 

The polarity of the electrode was determined by which terminal it was connected to 

on the power supply. The electrode was placed in the reaction chamber as shown in 

Figure 3.1. 
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3.2 Sample Preparation 

Various solid samples were used in the course of these experiments in order to 

determine the "reduction potential" of the plasma. Table 3.2 gives the relevant 

information on the nature of these materials. Those samples marked with the • indicate 

the purity was determined on a metals basis. 

All of these materials were stored in a desiccator until used. In the case of 

Ti02, the powder was dried at 400°C for 24 hours to remove any absorbed H20. The 

drying temperature was determined by Thermal Gravimetric Analysis (TGA). Upon 

removal from the furnace the Ti02 was placed in a desiccator (while still warm) to 

minimize water pick up from the atmosphere during cooling. 

Table 3.2. InfOimation on the various sample materials used in the course of these 
experiments. 

Sample Chemical Company Purity Particle Size 

Ti02 Aldrich (#23,203-3) 99.9+% 55 micron 

Ti20 3 Alfa (#77127) 99+%' -325 mesh 

TiO Alfa (#88520) 99+% chips 

FeO*Ti02 Alfa (#13137) 99.9+%' Fine Powder 

Ti Alfa (#10398) 99.9+% Metal Plate 

The chlorine used in the chlorination experiments was supplied by Mathison 

Corporation. The following chlorine gas mixtures were used: 100% C12, 10% Cl2 in 
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UHP Nitrogen and 10% el2 in Argon. These mixtures were certified as "research 

purity". Other C12-N2 and CI2-N2-CO gas mixtures were mixed as needed using pure 

components. UHP carbon monoxide (CO), for use as an additional reducing agent 

during chlorination, was also supplied by Mathison. 

The pure hydrogen for the plasma reduction experiments was supplied by 

Liquid Air Corporation. This gas was of research purity. Pre-mixed cylinders 

containing 3% H2 and 10% H2 in UHP nitrogen of the same purity were also supplied 

by Liquid Air. Additional H2-N2 concentrations were mixed as required with the pure 

end components. 

The powders were placed in the sample holder and lightly packed with a wide 

blade spatula to ensure a smooth uniform surface. In the case of the Ti02, this 

packing technique formed a sample that would not fall out of the holder when turned 

over. The sample holder was made out of copper and provided an exposed sample 

surface area of 3.88 cm2. The dimensions of the sample holder are shown in Figure 

3.6. 

Instead of using carbon monoxide as a reducing agent during chlorination, some 

of the lUns used solid carbon as the reducing agent. An activated carbon (Darco 0-60) 

was chosen for the carbon source. Mixtures of 20%,40%, 60% and 80% carbon (by 

weight) in Ti02 were prepared. Samples were prepared out of these mixtures in the 

same manner as above. 
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Figure 3.6. Powder sample holder used in the plasma chlorination and reduction of 
refractory oxides. 

The TiO had to be processed prior to sample preparation for hydrogen 

reduction experiments. TiO chips were ball milled to fOlm a powder. Care was taken 

to minimize the amount of heating the TiO underwent during milling to minimize 

oxidation. XRD analysis of the TiO after milling showed no significant oxidation. 

The weight gained during re-oxidation of the TiO powder showed excellent agreement 

with the theoretical weight gain, indicating that no oxidation OCCUlTed during ball 

milling. No size distribution for the powder was detelmined. 

Metal coupons were cut from the 2 mm thick sheet of metallic titanium. These 

coupons were processed in two different methods depending upon the type of 

experiment. For the chlorination experiments, some of the coupons were used in the 
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metallic state. Chlorination of the metallic Ti ensured that the mass spectrometer was 

properly calibrated in the region where titanium chloride species are found. 

Other metal coupons were oxidized to form solid sheets of Ti02• The extent 

of oxidation varied depending on whether the samples were to be used in chlOlination 

or hydrogen reduction experiments. The coupons for chlorination were oxidized in a 

furnace at 900°C for 48 hours. This heating scheme produced a completely Ti02 

coupon; weight gain for the sample and XRD indicated that the sample was entirely 

Ti02• These samples had the advantage over the powdered samples as they can be 

easily used in weight loss experiments (i.e. the samples could be handled without 

sample loss). 

3.3 Experimental Procedure 

An experiment was begun by making the desired sample (whether powdered 

or solid) as indicated above. This sample was placed in a sample holder, and the 

sample holder placed on the support rod through the top of the reaction chamber and 

was lowered to a position near the bottom of the reaction chamber, so that the sample 

would not be in contact with the plasma when ignited. The chamber was evacuated, 

and then flushed with the reaction gas until the signal intensity from the mass 

spectrometer for the impurity gases (i.e. H20, N2, °2, etc.) was below 1 % of the 

intensity for the reaction gas. In the case of hydrogen reduction, the chamber was 

flushed with nitrogen prior to the initiation of the flow of hydrogen. This was done 
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in order to minimize the possibility of spontaneous explosion (due to oxygen from the 

air). 

After t1ushing the system, the gas t10w rate was adjusted in order to provide 

the desired reaction pressure. The pressure was allowed to stabilize and the plasma 

was ignited. The forward and ret1ected powers were set to the desired levels by 

adjusting the tuning stubs on the waveguide. 

The plasma was allowed to run for approximately four minutes without plasma

sample contact. During the tirst two minutes of the run no data were collected by the 

mass spectrometer, as the plasma was allowed to heat the chamber in order to remove 

any components adsorbed to the walls of the reaction chamber from the system (i.e. 

H20, N2, °2, etc.). At the end of this cleaning period, background data collection was 

initiated. For the next 2 minutes, the mass spectrometer collected background data on 

the volatile compounds found in the plasma and reaction chamber (Le. H20, N2, etc.). 

This background signal was then subtracted ti'om the sample signal during data 

processing to remove any component that was in the system prior to the reaction. 

After the background data were collected, the sample was raised into the 

plasma and was positioned just below the tapping tube, as shown in Figure 3.5. 

Positioning the sample holder just below the tapping tube, as shown, provided the 

largest signal intensities in the mass spectrometer as a function of sample height in the 

reaction chamber. In this position, the sample was approximately 3 cm below the 

waveguide, which also minimized the effects of direct sample heating by microwaves. 
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The plasma power was re-adjusted to the desired power input, as the sample will alter 

the impedance of the reaction chamber. The time of sample exposure to the plasma 

ranged from 2 to 480 minutes, depending upon the run. 

When the desired amount of plasma-sample contact time was achieved, the 

plasma was extinguished by tuming off the power to the microwave generator. At this 

time, the mass spectrometer data collection was also terminated. The sample was 

allowed to cool in the chamber under a continuous flow of reaction gas. The chamber 

was then flushed and backfilled with dry nitrogen. The sample was removed and 

placed in a desiccator to await further analysis. A new sample was placed in the 

reaction chamber and the procedure was then repeated. 

During the course of the experiment, the reaction chamber was cooled with a 

t10w of forced air; this kept the outer wall of the reaction chamber at approximately 

50°C. 

3.4 Product Analysis 

Two different analysis procedures were used in conjunction with the 

chlorination and hydrogen reduction experiments. The difference in the two 

procedures derives from the difference in the nature of the products formed in the 

chlorination and hydrogen reduction work. 

Plasma chlorination produced primarily volatile products which were analyzed 

in the mass spectrometer. Any solid products that were formed during chlorination 

condensed out on the chamber walls, and were diftlcult to obtain. Since these solids 
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were mainly metal chlorides, they were very reactive with moisture in the air; as a 

result, these samples could not be analyzed by XRD. 

During the hydrogen reduction work, mass spectroscopy was used in 

conjunction with XRD for product analysis. The mass spectrometer monitored the 

amount of oxygen removed (in the form of water) from the sample during the course 

of the experiment. XRD analysis gave an indication of how much oxygen was lost 

from the sample surface by identifying the phase transfOlmations that occurred in the 

sample. The methodology used in these analysis techniques is discussed in more detail 

below. 

3.4.1 Mass Spectrometry 

The mass spectrometer provided infOlmation on the type and the amount of 

volatile products produced as a function of time during the tUn. A scan of the desired 

mass range was obtained approximately every second. This allowed very precise 

infOlmation on the composition of the volatile reaction products to be obtained as a 

function of time. The signal at each mass was integrated for 5 milliseconds and then 

averaged 5 times. This increased the signal to noise ratio, therefore allowing even 

trace products to be observed. From the data generated by the mass spectrometer, the 

mole fraction of the various components in the gas phase can be determined, by: 

I. 
X. = ' 
'TI; 

(3.1) 
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where X is the mole fraction of the species of interest, Ii is the intensity of the mass 

peak of interest and I,Ij represents the sum of all mass intensities found in the mass 

spectrometer. The mole fraction obtained in this manner could then be compared to 

those predicted by thermodynamic calculations. 

3.4.2 x-Ray Diffraction 

After the lUn was completed the surface product layer was analyzed with a 

Scintag XDS 2000 X-Ray Diffractometer (XRD) using Copper Ka radiation (Iv = 1.54 

A). XRD analysis determined the crystalline products formed during contact with the 

plasma. The sample holder shown in Figure 3.6 was designed to be inserted directly 

into the diffractometer, thereby avoiding any disturbance of the sUlface product layer. 

The sample was scanned over the 28 range of 20 to 70 degrees, at a scan rate of 5 

degrees per minute. The data were background corrected for K~ emission lines by 

the operating software for the diffractometer. A peakfile was generated for the 

identified peaks, and a computer search in made using the JCPDS database. To limit 

the time required for searching the database, the search was limited to look for 

compounds composed only of elements known to be in the reaction chamber. Once 

the search was complete, a hard copy of the spectrum was obtained in graphical form. 

The extent of the phase transformation was quantitatively determined by an 

extemal standard technique using intensity averaging [Cullity, 1978]. This method 

compares the intensity of a given 28 peak in the two phase mixture to the intensity of 

the same peak in the pure component, as shown in Eq. 3.2: 



Ia W = __ 
a I 

a pure 
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(3.2) 

where W is the weight fraction of a in the mixture, Ia is the intensity of a given 

diffraction peak in the two phase mixture, and Ia pure is the intensity of the same 

diffraction peak in pure a. For a detailed derivation of this equation see Appendix A. 

The depth of penetration of the X-rays into the sample is a function of the 

diffractometer angle. As calculated in Appendix B, the penetration depth of Cu Ka X-

rays in to Ti02 and Ti20 3 is roughly 5 11m. This means that the XRD data is derived 

from the first few layers of the sample. 

3.5 Temperature Measurement 

The determination of the temperature of a sample while in the plasma is 

difficult due to the nature of the plasma. Two methods of temperature determination 

were used: direct measurement by a thermocouple, and inferred by the optical 

pyrometer. These two methods gave temperatures with in approximately 15°C of each 

other when the pyrometer was properly adjusted. These two methods will be discussed 

below. 

3.5.1 Direct Measurement 

Using a thermocouple for temperature measurement offers an expetimentally 

simple method of temperature determination. Due to the nature of the experimental 

set-up, it was not possible to make direct temperature measurements via a 

thermocouple during each run. Therefore, the sample temperature as a function of the 
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plasma power and pressure was determined with a thermocouple. The temperature of 

the sample during an actual experiment was determined from this knowledge, when 

the pyrometer was not available. 

Using a shielded, grounded type-K thermocouple, the temperature of the 

exposed surface of Ti02 being heated in a hydrogen plasma was deteJmined as follows. 

A sample holder was modified to allow a thermocouple to be placed inside the sample, 

as shown in Figure 3.7. The Ti02 was placed in the sample holder and packed down 

around the thermocouple tip. This whole assembly was then placed in the reaction 

chamber, and the experiment was begun. The system was pumped down to the proper 

pressure, and the plasma ignited as indicated above. Temperature measurements were 

made at a variety of power and pressure settings. The thermocouple signal was 

allowed to stabilize to a constant value before the temperature was recorded. The 

same sample was used for all temperature measurements. Measurements were made 

under conditions of sample heating and cooling. This gave an approximate range of 

temperatures that were possible for the sample under the given conditions. 

3.5.2 Indirect Measurement 

An optical pyrometer was used in the second procedure for temperature 

detelmination. The sample temperature can be infelTed from the amount of energy 

emitted, assuming the sample's emissivity is known. Pyrometry is a non-contact 

temperature measurement technique. 
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K -Type Thennocouple 

Figure 3.7. The modified sample holder that allowed a thermocouple to be place 
inside the sample. 

The direct measurement of the sample temperature with the pyrometer gave 

erroneous temperature readings when the true spectral emissivity of the sample was 

used. This error was due to the photonic emissions (or absorptions) occurring in the 

plasma, which intelfere with the pyrometer measurements. A method was developed 

to remove this intelference and allow the true spectral emissivity of the sample to be 

used. In this method the plasma was extinguished prior to temperature measurements 

involving the pyrometer. The temperature of the sample, while in the plasma, was 
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back calculated from cooling curves generated by the pyrometer after the plasma was 

extinguished. 

To ensure that the pyrometer was reading the actual sample temperature, the 

measurements were compared to those obtained with a k-type thelmocouple. The 

pyrometer was focused on an alumina cap that was placed over the end of the shielded 

thermocouple used earlier. This set-up is shown in Figure 3.8. Alumina was chosen 

since its emissivity has been detelmined very accurately to be 0.20, over the 

wavelength used by the optical pyrometer (Ortega et ai., 1991). This assembly was 

placed in the reaction chamber, and the plasma was ignited. The alumina cap was 

heated by the plasma until stable readings were obtained for both the pyrometer and 

the thermocouple. This required approximately 5 minutes. When a steady temperature 

reading was obtained by both devices, the plasma was extinguished (NOTE: the 

pyrometer temperature and the thermocouple temperature did not agree when the 

plasma is on due to the plasma intetference). Data collection was started and twenty 

readings were taken with the plasma on to ensure that the temperature was steady. 

After the 20th reading the power to the plasma was cut. The pyrometer collected 

datum every second down to a temperature of 600 DC (the low limit of the pyrometer). 

The datum obtained from the pyrometer was plotted vs. the time of cooling. 

A second order polynomial was fitted to the data. A two second delay from the time 

the plasma was extinguished to the tlrst temperature used in the fit was necessary since 

there was no way to exactly time the pyrometer measurement with the extinction of 
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Alumina Cap 

Figure 3.8. A schematic of the set-up used in the indirect approach of temperature 
measurement. 

the plasma. The sample temperature was then determined by back calculating the two 

second delay to the time of the plasma extinction. 
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The concept of temperature in a plasma is complicated due to the nature of the 

plasma. As discussed in Chapter 2, a plasma is a collection of free electrons, ions 

(both positive and negatively charged) and neutral species, all of which will have 

different energy distributions and thus different temperatures [Flamm, 1989]. The 

temperature difference between the particles arises from the differences in charge to 

mass (urn) ratio of the plasma particles and the frequency of the applied electric field. 

In high frequency discharges, free electrons (high urn) are the only species able to 

gain kinetic energy from the applied electric field. These free elect"ons then partition 

some of the energy gained from the applied field to the heavy gas species (low urn) 

and solids in contact with the plasma through elastic collisions. The amount of kinetic 

energy gained by the heavy species per elastic collision with an electron is small due 

to the large mass difference between the colliding particles (see Eq. 2.16). However, 

the kinetic energy t1ux (kinetic energy gained per particle per time) increases with 

increasing collision rate (i.e. with increasing pressure). Therefore, at low pressures the 

temperature difference between the electrons and heavy species is large due to the low 

number of elastic collisions; as the collision rate increases the electron temperature, To, 

and the heavy species temperature, Til' become uniform. The particle temperatures are 

shown in Figure 2.2. 
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4.1 Sample Temperature 

Detelmining the temperature of a sample heated in a plasma is crucial to the 

present investigation. Knowledge of this temperature will allow the extent of reaction 

data obtained in this work to be compared to data presented in the literature for 

conventional processes. 

A survey of the literature revealed little information on temperature 

measurement in non-equilibrium plasmas. Most of the work involving non-equilibrium 

plasmas has centered on the determination of the type and concentration of the species 

present in the plasma and the temperature of the free electrons in the plasma. One 

study involving a non-equilibrium plasma under similar conditions of power and 

pressure to the present work, repOlted gas temperatures in the range of 500 to 700°C 

for a 100 watt hydrogen chloride - oxygen plasma [Cooper et al., 1968]. No 

discussion was given as to how these temperature measurements were detelmined. 

The temperature that a solid sample attains when heated in the plasma, will be 

a function of the now of energy into and out of the sample. By applying an energy 

balance to the sample, qualitative insight into the factors affecting the sample 

temperature can be gained. The exact temperature cannot be detelmined theoretically, 

as the number and types of collisions occull'ing in the plasma are too difficult to 

predict. Possible mechanisms for energy input include: elastic collisions, inelastic 

collisions, radiative inputs and heat due to exothermic reactions. These energy inputs 

must be balanced by loss mechanisms, which include: radiative losses, conduction 
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losses (down the support rod), and heat losses associated with chemical reactions. This 

energy balance is shown schematically in Figure 4.1, where the size of the arrow 

represents the relative magnitude of the energy t1ux associated with each mechanism. 

The steady state energy t1ux will determine the "equilibrium" temperature of the 

sample. The size of the arrows is based upon the following discussion. 

Heat of Mass Loss Reaction 

Elastic Radiation 

Collisions 

Inelastic Conduction 
Collisions 

Radiation Convection 

Figure 4.1. A schematic representation of the energy balance of a solid heated in a 
plasma. 

In a high frequency plasma, the temperature of the heavy gas species and solids 

in contact with the plasma should be determined by the kinetic energy of the free 

electrons and the collision rate between the heavy gas species and the solids. The 
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amount of energy transfelTed per collision is small, but the collision rate is large (-

1011 Isec.). Therefore, the sample will gain energy from the plasma. Assuming, as an 

approximation, that the collision cross section for the solid and the heavy gas species 

is similar, then the temperature of the solid sample should be the same as that of the 

heavy gas species in the plasma. 

The amount of energy input into the solid via the other mechanisms is small. 

Radiative inputs should be negligible provided that the sample does not directly couple 

with the microwaves and the chamber walls do not reflect energy in the infrared (lR). 

The amount of energy imparted to the sample by inelastic collisions should also be 

small. Inelastic collisions increase the chemical potential of the surface, not the 

temperature (the energy of the electron is input into the electronic states of the surface 

atoms, not vibrational states of the lattice). Energy impatted to the sample by 

exothenuic reactions occurring at the surt'ace may playa role in heating the sample, 

because most of the reactions involving plasma activated reactants are exothermic. 

However, the material flux from the sample sUlface (as determined by weight, 

assuming volatile reaction products) is small, typically 10-6 mol/cm2/s. Therefore, 

assuming that the plasma-solid reaction liberates 500 kJ/mol at the sample surface at 

this rate only 0.02 Watts of power is put into the sample. Therefore, energy input by 

chemical reactions is small. 

Energy losses from the solid sample are not as easy to characterize as the 

energy inputs. The main energy loss mechanisms from the sample should be a 
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combination of: conduction of heat down the SUppOlt rod, radiative losses and 

convective losses. 

The amount of heat conducted away from the sample depends upon the size of 

the plasma. At lower pressures, the plasma expands to fill a large portion of the 

reaction chamber; at higher pressures, the plasma will shrink to a very small pOltion 

just sUlTounding the sample. This is shown schematically in Figure 4.2. Therefore, 

the amount of heat from the sample conducted down the support rod is a function of 

the size of the plasma. At lower pressures, less heat is removed from the sample 

because the temperature of the support rod will be higher. Conversely, as the pressure 

increases, the resulting in a larger thermal flux away from the sample increases. 

Calculations of the amount of heat conducted away from the sample show that 

roughly 65 watts will be removed from the sample at high pressures, while only 20 

watts will be removed from the sample at low pressures. These calculations are based 

upon a stainless steel support rod; the temperature difference was assumed to be 900 

°C over a length of 8 cm for conditions of high power, and 25 cm for conditions of 

low pressure. 

Convective heat loss should be zero if the sample and the heavy gas species are 

in thermal equilibrium. However, if the sample couples directly with the microwave 

energy, then a thelmal gradient may exist. Assuming the sample is 150°C warmer 

than the heavy species of the plasma due to direct coupling, energy losses via 

convection will be on the order of 50 Watts, for a hydrogen plasma with a gas 
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Low Pressure High Pressure 

Figure 4.2. A schematic representation of the size of the plasma as a function of 
pressure. 

temperature of 1000 dc. 

Radiative losses will dominate at elevated temperatures (by Stefan's law). 

Under normal expelimental conditions, the sample color was "dull orange" after the 

plasma was extinguished. Therefore, radiative losses are small for sample temperatures 

below 600 DC. 

The exact nature of these loss mechanisms is difficult to quantify due to the 

nature of the plasma. However, it is assumed the nature of these losses should be 
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roughly the same for all plasma conditions, as the factors affecting these loss 

mechanisms do not vary significantly with changes in the plasma parameters. 

4.2 Temperature Measurements 

The temperature of a solid in contact with the plasma was determined as 

described in Chapter 3. Temperature-power and temperature-pressure contours were 

generated fi'om experimental data. These contours were developed using two 

measurement techniques: optical pyrometry (non-contact) and contact thelmometry. 

The upper limit of the sample temperature was also inferred by thermal equilibrium 

(i.e. inferring the sample temperature from information known about the materials in 

contact with the sample). These methods and the type of information obtained by each 

will be discussed below. 

4.2.1 Thermal Equilibrium 

Thermal equilibrium between the solid sample (i.e. Ti02, FeTi03, etc.) and the 

sample holder provided an upper limit of the sample temperature. In the present 

investigation, a copper sample holder was in contact with the sample under all plasma 

conditions (i.e. absorbed power, plasma pressure, gas composition, sample composition, 

etc.). For all but one set of experimental conditions, the sample holder showed no 

evidence of melting or softening. This places the sample temperature below the 

melting point of copper (1080 DC). The one experiment in which the copper sample 

holder did show signs of melting used extreme conditions of power (1.2 kW) and 
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pressure (46 torr) in a chlorine plasma. These conditions should correspond to 

elevated sample temperatures. 

Another indirect method for temperature measurement was used during 

hydrogen reduction of Ti02• Figure 4.3 shows the stability diagram for the titanium

oxygen system. These plots show the logarithm of the oxygen partial pressure as a 

function of inverse temperature. The labeled areas represent the range of oxygen 

pressure and temperature in which the given compound is stable. 

It can be seen from the stability diagram that Ti30 s becomes stable only at 

temperatures above 253°C (525 K). Therefore, the sample temperature can be inferred 

by the presence, or lack of Ti30 s. Sample analysis (by XRD) after plasma reduction 

indicated that Ti30 s was only observed in samples reacted in high power and pressure 

plasmas (l.2 kW and 26 Torr). These conditions should equate to elevated 

temperatures. It should be noted that this transition is based upon thermodynamics, 

therefore, if the partial pressure of oxygen is low enough Ti20 3 will become stable 

even at elevated temperatures. It is therefore possible that Ti30 s would not be 

observed even if the sample had been at elevated temperatures in a plasma with a low 

oxygen partial pressure. 

These indirect methods do not offer the exact sample temperature, only the 

knowledge of whether or not the sample has reached a certain temperature. As such, 

these methods are used only as reference points in the detelmination of the sample 

temperature. 
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4.2.2 Pyrometer Measurements 

A pyrometer is an instrument which measures the amount of thermal energy 

emitted from a sUlface over a certain energy band. The amount of energy detected by 

the pyrometer is related to the temperature and condition of the sample sUlface. The 

temperature of the sample can be determined by solving Wein's equation for 

tern perature: 

(4.1) 

where lAo is the intensity of the thermal radiation at wavelength A, C1 and Cz are 

constants, q is the spectral emissivity at wavelength A, and T is the absolute 

temperature [Lee and Allen, 1987]. The ratio of the energy emitted by a greybody at 

a temperature T, to the energy emitted by a black-body at the same temperature, T, the 

spectral emissivity (e) of a sample. Therefore, the emissivity of a sample ranges from 

zero to one. If the sample is at a constant temperature, and the pyrometer has a 

narrow spectral band (i.e. A is constant), proper adjustment of the emissivity on the 

pyrometer will therefore allow the sample temperature to be determined by Eq. 4.1. 

Obtaining accurate non-contact temperature measurements using an optical 

pyrometer can be especially difficult in a plasma. The plasma is continuously emitting 

or absorbing photons characteristic of the quantum transitions that are occurring in the 

atoms and molecules that make up the plasma. If the energy emitted (or absorbed) 

during these transitions occurs within the spectral band of the pyrometer, the intensity 
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of the energy reaching the pyrometer will not indicate the actual temperature of the 

sample (this assumes that the emissivity of the sample is known, which is not trivial). 

Pyrometry measurements are also sensitive to environment. In addition to the 

emissions and absorptions occurring in the plasma, other environmental effects can 

result from chemical reactions. During the course of a reaction, gaseous products (i.e. 

H20, TiCI4, etc.) can build up in the boundary layer just above the sample. This 

change in the environment can affect the amount of energy reaching the pyrometer. 

If these products absorb energy in the range of the pyrometer, the intensity of the 

energy reaching the pyrometer will be reduced, thereby reducing the infen'ed 

temperature of the sample. Environment will have a direct impact on temperature 

measurements during hydrogen reduction, as it is well documented that the absorption 

spectrum for H20 has absorption peaks in the range of the our pyrometer (.76 to 1.06 

~lm) [Nutter, 1987]. 

The above issues are a direct result of the plasma, and do not consider the 

problem of detennining a sample's emissivity. It has been well documented that 

complex nature of emissivity determinations can make accurate temperature 

measurements with pyrometry difficult under nonnal conditions [Nutter 1987]. 

Emissivity data reported in the literature usually has a large variance associated with 

it [Mikron]. These emissivity values are generally specific to the environment in 

which they were determined. Emissivity values also depend strongly upon 

temperature. 
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A sample's emissivity is also sensitive to the nature of the surface being 

observed. Nutter [Nutter, 1987] reports variance in emissivity of up to 0.4 between 

"rough" suti'aces and sand blasted surfaces. This variance in emissivity will directly 

alter the inferred temperature of the sample. If a reaction is occurring at a surface, the 

texture of the sample may be constantly changing with time. In the present 

investigation the surface is continuously chemically altered (i.e. reduced or 

chlorinated). Any associated density changes or prefelTed orientation effects occurring 

during these reactions may directly affect the roughness of the sUlface, and thus the 

spectral emissivity of the sample. 

Non-contact temperature measurements do offer advantages over contact 

techniques, despite the above problems. Pyrometry is a non-intrusive method for 

temperature measurements, which is important when dealing with plasmas. The 

plasma is a sensitive environment and inserting probes in to the plasma can have 

drastic effects on the nature of the plasma-sutiace boundary layer (i.e. alter the Debye 

sheath). Also, pyrometry measures only the sUlface temperature, which is impOltant 

when dealing with plasmas, as the chemical reactions and heating occur only at the 

plasma-sUlface intelface. 

An advantage specific to the present investigation is that non-contact 

temperature measurements allowed the sample to be continuously spun while in contact 

with the plasma. Spinning the sample ensures that the sample suti'ace will have a 

unifOlm temperature. Temperature differences of up to 100° C were observed across 
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the sample surt'ace by the pyrometer, if the sample was not spun during plasma 

contact. Therefore, pyrometery is the preferred method of temperature measurement. 

4.2.3 Thermocouple Measurements 

In order to detelmine the effects that the plasma had on pyrometry, it was 

necessary to verify temperatures via another measurement technique. Therefore, 

temperatures were also determined by contact measurement with a grounded type-K 

thermocouple. Contact thermometry offered an easy to use, well understood technique 

to ensure that the pyrometer was reading the actual sample temperature. 

However, contact temperature measurements can be diffIcult in a plasma. The 

very presence of a thermocouple in the plasma can alter the Debye sheath (i.e. voltage 

gradient) that is formed around the sample. Even slight changes in this voltage 

gradient can alter the flux and energy of ions reaching the sample surt'ace, which can 

affect the sample temperature. However, the use of a grounded thermocouple will 

model the actual experimental set-up when the conducting SUppOlt rod was used to 

position the sample, therefore, direct comparison of sample temperatures and bare 

thermocouple temperatures should be possible. 

Another problem is the induction of signals in the thelmocouple leads by the 

oscillating fIeld which generates the plasma. These signals make the thermocouple 

output very noisy. This noise can be avoided by shielding the leads from the electric 

fields. A shielded, grounded thermocouple was used for all temperature measurements 

involving a thelmocouple. 
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During the present work, a disadvantage to contact thermometry developed due 

to the nature of the experimental set-up. The temperature of the sample could not be 

detennined while the sample was spun as this would provide difficulties for the 

thermocouple connections. However, since the thennocouple is positioned in the 

center of the reaction chamber, the measured temperature should represent the same 

temperature as if the sample was spun. 

4.3 Effect of the Plasma on Temperature Measurements 

The above discussion has revealed some of the possible problems associated 

with conventional temperature measurement techniques in a plasma. Because the 

plasma is an environment in which conventional temperature measurements may prove 

difficult, the effect this environment may have on temperature measurements required 

investigation. The following is a discussion of the relevant effects the plasma had on 

both contact and non-contact thermometry. 

4.3.1 Effect of the Plasma on Sample Emissivity 

It was initially assumed that the cooler walls of the plasma containment vessel 

would not int1uence the total energy evolved from the target. This assumption was 

tested by measuring the temperature of an alumina target using both radiation 

pyrometry and a thetmocouple in contact with the target. This experimental set-up is 

shown in Figure 3.8. Experimentally, the target was first allowed to come to a thermal 

equilibrium with the plasma. The power to the microwave generator was then 

extinguished, terminating the plasma. A cooling curve for the target was developed 
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by both the pyrometer and the thermocouple. A typical set of these cooling curves is 

shown in Figure 4.4. The emissivity of alumina used in this experiment was £=0.20 

[Ortega et al., 1992]. 
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Figure 4.4 Cooling curves for an alumina sample heated in a nitrogen plasma. 
Emissivity = 0.20. 

The visual appearance of the chamber walls did not indicate that they were hot 

in comparison to the target. However, the separation of the two cooling curves after 

the plasma is extinguished indicates that radiant energy from the walls was being 

ret1ected by the sample into the pyrometer, thus increasing the effective emissivity of 

the target. Since the chamber walls are cooled by forced air, the wall temperature 



95 

drops more rapidly than the sample temperatme after the plasma is extinguished. The 

drop in the wall temperature reduces the targets effective emissivity, eventually to its 

true value. When the effective emissivity is equal to its true value, the curve obtained 

by the pyrometer and the thermocouple agree. 

Figure 4.4 also indicates that the plasma does interfere with temperature 

measurements made with the pyrometer. With the plasma on, and the emissivity set 

at the true spectral emissivity of alumina, the pyrometer reads a temperature 

approximately 200°C higher than the thermocouple. Most of this temperature 

difference disappears instantly when the power to the plasma is shut off. The fact that 

no significant quantum change is observed in the thermocouple cooling curve indicates 

that the plasma does not effect the thermocouple under these conditions. 

Quantum temperature drops in the pyrometer's cooling curves were also 

observed for Ti02 heated in a hydrogen and chlorine containing plasma. A similar 

effect was also observed for ilmenite in low pressure hydrogen plasmas. No quantum 

drop was observed for the thermocouple cooling curve under any of these conditions. 

The interference from the plasma was larger at lower pressures. This may be due to 

a larger fraction of collisions being inelastic at low pressures. Inelastic collisions can 

promote electrons into excited states, which upon relaxation emit photons, some of 

which may be in the spectral band of the pyrometer. These emissions would cease 

when the plasma is extinguished. 
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The effect of these plasma emissions on pyrometry has been evaluated by 

Ortega and the present author [Ortega et al., 1991]. They compared the temperature 

readings for an alumina sample obtained with a type-k thermocouple and the radiation 

pyrometer, with E equal to 0.20 and 1.00, at various plasma power densities. The 

results are shown graphically for plasma pressures of 16 and 40 ton' in Figures 4.5 and 

4.6, respectively. It was observed that the error in temperature measurement associated 

with plasma emissions was a function of the power density of the plasma. 

Pyrometer readings with the emissivity set to 1.0 show good agreement with 

the temperatures obtained by the thermocouple. It is apparent that the combination of 

the plasma and chamber walls make the sample appear as a black-body radiator. 

When the true spectral emissivity for alumina is used, the en'or in the infen'ed 

temperature measurement can be as large as 250 °e. 

Attempts to compensate for this plasma interference by defining an "effective" 

emissivity for the sample were explored in the present work. This extra energy can 

make the samples "effective" emissivity larger than 1.0 (i.e. at low powers, the plasma

sample combination is emitting more energy than a black-body). If the temperature 

of a sample can be measured independently by a thetmocouple and by the pyrometer 

(with E = 1.0), the effective emissivity of the sample can be determined. The 

difference in the inverse temperatures, from Eq. 4.1, is related to the effective 

emissivity of the sample. This is shown in Eq. 4.2: 
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Figure 4.5. The effect of the plasma power density on the inferred temperature of an 
alumina sample heated in a 40 torr nitrogen plasma. The data is corrected for height 
discrepancies (Ortega, et aI., 1992). 

(4.2) 

where T is the temperature measured by the thermocouple, Tbb is the pyrometer 

temperature (E= 1.0), and the constant is determined by the values of C2 and 'A for the 

pyrometer. 

The effective emissivity of an alumina sample in a nitrogen plasma as a 

function of the plasma power density is shown in Figure 4.7. At low powers, the 
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sample's effective emissivity is larger than one; thus, the sample and plasma are 

emitting more energy in the energy band of the pyrometer than a black-body at the 

same temperature. This extra energy is due to the large number of inelastic collisions 

supplying photons in the spectral band of the pyrometer. As the power increases, the 

effective emissivity decreases. As the power density increases, inelastic collisions will 

promote molecules to higher energy states. Therefore, the photons released dUling 

relaxation and recombination have shorter wavelengths. This shift of energy to shOlter 

wavelengths will decrease the amount of energy emitted in the spectral band of the 

pyrometer. 

The fact that a sample's emissivity is larger than one makes pyrometry 

measurements diffIcult, as emissivity settings on pyrometers do not go above 1.0. It 

was observed that the amount of energy emitted (and/or absorbed) by the plasma was 

not constant, but changed with the conditions of the plasma. Thus, the determination 

of a correction factor for the sample's emissivity would have to incorporate the actual 

change in the sample's emissivity with temperature, and the change in the "effective" 

emissivity due to the plasma. This type of correction was found to be extremely 

difficult, and specific to an individual plasma reactor. As a result of the above 

findings, all pyrometer readings taken during the present work, when the plasma was 

on, used an emissivity of 1.0. This provided reasonable temperature data from the 

pyrometer as shown in Figures 4.5 and 4.6. 
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Figure 4.6. The "effective" emissivity for an alumina sample as a function of the 
power density in a nitrogen plasma. 

4.3.2 Effect of Measurement Technique on Measured Temperatures 

During thermocouple measurements, two different set-ups were used: a bare 

thermocouple and a thetIDocouple buried inside a sample, as shown in Figure 4.8. The 

thermocouple was placed approximately 0.16 cm below the sample sUlface. In both 

set-ups, the thetmocouple was positioned just below the tapping tube, as described in 

Chapter 3. Figure 4.9 shows the comparison of the constant power temperature 

profiles for these temperature measurement techniques. 
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Figure 4.7. A schematic of the sample holder used to allow the thermocouple to be 
placed inside the sample. 

The bare thermocouple is thought to provide a measure of the temperature of 

the heavy gas species in the plasma, as there is no shielding by the sample. If a steady 

state power gradient is assumed in the sample, the 65 watt power loss calculated 

earlier will result in temperature difference of 41°C. 

This temperature difference may also be due to the size of the plasma. As 

shown in Figure 4.2, the size of the plasma shrinks with increasing pressure. Since 

the contact between the SUppOlt rod and the plasma is larger at lower pressures less 

heat is conducted away from the sample; at higher pressures more heat is conducted 

down the support rod because the contact between the plasma and the support rod is 

smaller. 
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Figure 4.8. Variation of the temperature of a Ti02 sample in a hydrogen plasma with 
thermocouple placement. 

4.4 Temperature Contours 

Data from Appendix E have been plotted to generate temperature contours. 

The contours are presented as lines of constant pressure and power for given gas 

compositions and measurement techniques. Figures 4.10 - 4.12 represent the 

temperatures measured by a bare thermocouple in hydrogen, nitrogen and chlorine 

plasmas, respectively; Figures 4.13 and 4.14 represent the temperatures measured for 

Ti02 and FeTi03, respectively, in a nitrogen plasma. 
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It was hypothesized that the sample temperature IS dependent upon the 

temperature of the heavy gas species, as discussed above. The temperature of the 

heavy gas species is dependent upon the kinetic energy of the electrons, the electron

neutral collision cross section and the electron-neutral elastic collision rate. Therefore, 

factors affecting the electron-neutral collision rate (pressure) and the electron 

temperature (applied field strength, and pressure) will also int1uence the sample 

temperature. Assuming thermal equilibrium between the heavy gas species and the 

sample, sample temperatures were determined as a function of the plasma power and 

plasma pressure. 

In addition to the plasma power and pressure effects, the sample temperature 

also appears to be dependent upon: the vertical position of the sample in the reaction 

chamber, the composition of the plasma gas, and the composition of the sample. 

These effects will be discussed in greater detail below. 

In general, the shape of the contours indicate that the sample temperature is a 

large function of plasma power and a slight function of the plasma pressure. These 

contours have the same general shape as the heavy species portion of Figure 2.2 in the 

region of "transition" plasmas. Deviations of the temperature contours from that in 

Figure 2.2 are observed at low and moderate powers for hydrogen and chlorine. 

The emissivities Ti02 and FeTi03 indicated in Figures 4.13 and 4.14 were 

detelmined with the optical pyrometer. The temperature of a sample heated in a tube 

furnace was measured with a k-type thermocouple, and the pyrometer. The emissivity 
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on the pyrometer was adjusted to get the temperature measured by the pyrometer to 

agree with that measured by the thelmocouple. This method was reported to provide 

"first order" emissivity values by Mikron (1980). Theses values agree fairly well with 

other values for oxide minerals reported by Mikron. 

4.4.1 Variation of Sample Temperature with Vertical Position 

The temperature of the Ti02 sample was measured as a function of the vertical 

position in the reaction chamber with the optical pyrometer. Temperatures were 

detelmined at various plasma powers and pressures. The variation in temperature with 

vertical position is shown in Figure 4.15. In this figure, the position of the tapping 

tube was set to be 0 cm. At higher pressures, the temperature of the sample has a 

maximum just below the tapping tube, and drops off rapidly as the sample is raised 

or lowered in the chamber; lower pressures show a more uniform temperature along 

the axis of the chamber. The shape of the profile obtained at high pressures is a result 

of the decrease in the mean free path of the free electrons with increasing pressure. 

Therefore the plasma is confined to the central portion of the reaction chamber. The 

variation of plasma power does not greatly affect the shape of the vertical temperature 

profile, but does alter the measured temperatures, as expected. These results agree with 

data presented by Chapman (1980); the plasma hot spot is pushed down due to the 

t10wing gas. This is the reason that the temperature profile is not symmetric about the 

waveguide. 
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Figure 4.9. Constant pressure and constant power temperature contours for a hydrogen plasma. Temperatures were 
determined by a bare type-k thermocouple. 
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Figure 4.10. Constant pressure and constant power temperature contours for a nitrogen plasma. Temperatures were 
measured by a bare k-type thermocouple. 
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optical pyrometer (£=0.94). 

..... 
o 
....:J 



1100 
I 

1100 
I 

1000 
1000 ..-... 

t.> 
0 ..-... 
--- 900 U 

0 
(1) "-' 900 
M 

(I) +l 
M = 800 .., 

cd ;j 800 M ~ (1) J.. 
~ 700 (I) 

~ 700 a QQQQ9 6 Torr S (1) 
[][][][][J 10 Torr (I) E-t ••••• 16 Torr E-4 600 
~20 Torr 600 
~28 Torr 

500 I 
500 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 0 4 8 12 16 20 24 28 32 Power (kW) Pressure (Torr) 

Figure 4.13. Temperature surface for an ilmenite sample heated in a nitrogen plasma. Temperatures were measured with 
a pyrometer, £=0.88. -o 

00 



1000 
..-. 
t.) 
o 
--- 900 

Q) 
~ 

E 800 
(d 
~ 
Cl) 

p.. 700 a 
Q) 

E-4 
600 

Below Tapping Tube Above Tapping Tube 

• = 0.8 kW, 16 Torr 
• = 0.8 kW, 26 Torr 
o = 0.6 kW, 16 Torr 

500 ~~~~--~~~~--~~~--~ 
-14 -10 -6 -2 2 6 10 

Distance (cm) 

109 

Figure 4.14. Variation in sample temperature with position in the reaction chamber 
for a nitrogen plasma. The temperatures were determine with the optical pyrometer. 
The center of the waveguide is located at the arrow. 

4.4.2 Effect of Gas Composition on Sample Temperature 

The type of gas used to generate the plasma had a large effect on the 

temperature that a sample attained in the plasma. Comparison of Figures 4.10 and 

4.11 indicate that, at low pressures, the temperature of a sample heated in hydrogen 

does not vary with input power, while a sample heated in nitrogen does vary with 

power. Sample temperatures for chlorine are similar to those of hydrogen (Figure 

4.12). It is apparent that the amount of electron energy that is partitioned as kinetic 



110 

energy of the gas species is dependent upon the ease with which the gas species will 

absorb energy inelastically. Hydrogen and chlorine both have low dissociation 

energies, 436.0 kJ/mol and 242.6 kJ/mol, respectively, while nitrogen requires more 

energy for dissociation, 954.3 kJ/mol. As a result, chlorine and hydrogen will have 

larger inelastic collision cross section than nitrogen, and therefore absorb more energy 

into their electronic states. Nitrogen, on the other hand, will undergo more elastic 

collisions, which will result in larger sample temperatures. 

The addition of small amounts of chlorine to nitrogen did not effect the sample 

temperature for the same reason indicated above. Cooling curve data for Ti02 heated 

in a pure nitrogen and a nitrogen - 10% Cl2 are shown in Figure 4.16. No difference 

between the two curves is observable. The low dissociation energy of the chlorine 

allows most of the electron-chlorine collisions to be inelastic, which will not alter the 

temperature of the heavy species in the gas. Therefore, the sample temperature was 

the same in the mixture of 10% el2 in N2 as that heated in pure nitrogen. No 

significant change in the cooling curves was observed with chlorine additions of up to 

50%. 

4.4.3 Effect of Sample Composition on Sample Temperature 

The composition of the sample had a slight, but distinct, effect on the 

temperature of the sample heated in the plasma. A plot of sample temperature vs 

plasma pressure for ilmenite and anatase is shown in Figure 4.17. Temperature 

differences of up to 100°C were observed for these two minerals under identical 
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Figure 4.15. A comparison of the pyrometer temperature for a sample heated in a Nz 
and a Nz-lO% Clz plasma. The effect of the slight amount of chlorine does not greatly 
effect the sample temperature. 

plasma conditions. This temperature difference is due to the dielectric properties of 

the samples. ilmenite can couple (inductively) directly with the microwave energy, 

because of its paramagnetic nature [Wright et al., 1989]. The coupling of ilmenite was 

observed experimentally, as the ilmenite powder "danced" in the sample holder while 

attempting to ignite the plasma. The amount of coupling diminished after the plasma 

was ignited, as the sample "danced" less vigorously. Anatase showed no signs of 

inductive coupling before or after the plasma was ignited. This is due to its low 
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paramagnetic nature. While Lark-Horovitz (1949) has shown that anatase does couple 

directly with microwave energy, this is not observed in the present investigation. The 

lack of direct coupling is attributed to the fact that the plasma is an excellent absorber 

of the microwave energy. When the waveguide is properly tuned, the plasma absorbs 

approximately 100% of the applied power. 
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Figure 4.16. Variation in temperature with sample composition in a nitrogen plasma. 
The temperatures were determined with optical pyrometer (£=1.0). 
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4.4.4 Error in Temperature Measurements 

The en-or associated with the temperature contours presented above ranged from 

±20 °C for temperatures derived via a thermocouple, to ±60 °C for pyrometry 

measurements. These errors are estimated by the en-or found in the reproducibility 

experiments. Some of this error is attributed to the plasma generation equipment, as 

it was difficult to reproduce the exact plasma power and pressure conditions. 

4.5 Summary of Temperature Results 

The temperature measurements that will be used through out the rest of the 

discussion will be those taken with the optical pyrometer (£=1.0). This method was 

shown to be the most reliable. The following are the important concepts derived from 

this investigation of the temperatures of samples heated in a microwave induced 

plasma: 

1. A sample in the plasma appears as a black body; therefore, the sample 

temperature can be determined by pyrometry with the plasma on (Note: 

this is specific to this reactor). 

2. Samples with high dielectric constants can couple directly with the plasma, 

which is the case for FeTi03• 

3. Gas composition is important. Gases with low dissociation energies will 

heat samples to a lower temperature because more energy is paltitioned in 

the electronic states than as kinetic energy. 



4. The temperature of a sample heated in the plasma ranged from less than 

6000 C to approximately 11000 C. The exact temperature of the sample 

was dependent upon the composition of the sample, the composition of the 

plasma gas, the plasma power and plasma pressure. 

5. The sample surface temperature is equal to the temperature of the heavy 

gas species in the plasma, unless the sample couples directly with the 

microwave energy. 

114 
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Chapter 5 

Plasma Chlorination Studies 

Chlorination, as an industrial process, offers many advantages in the extraction 

and purification of the metal values from refractory ores. However, chlorination is still 

not an industrially important process in extractive metallurgy, as only a few metals are 

commercially produced via this route [Landsberg, 1961]. Thermodynamically, 

chlorination of refractory oxides is possible, but only at elevated temperatures and in 

the presence of additional reducing agents. Kinetic studies indicate that, during the 

chlorination of refractory oxides, the pre-dissociation of chlorine may be the rate 

limiting step [Barin and Schuler, 1980]. Chlorination in a non-equilibrium plasma 

may provide a pathway around these thetIDodynamic and kinetic difficulties. The 

chemically active species formed in the plasma can enhance the thermodynamics of 

chlorination, while possibly improving the kinetics by providing a source of 

monatomic chlOline. The plasma will also lower the temperatures required for 

chlorination, as sample temperatures will remain below 1100 °C in a chlorine plasma. 

In the present investigation, plasma chlorination studies centered on the 

chlorination of anatase (Ti02). The refractory nature of this oxide, and the amount of 

kinetic data found in the literature on the chlorination of this oxide made Ti02 ideal 

for this investigation. Investigations into the chlorination of Ti20 3, TiO and ilmenite 

were also performed. 



116 

The primary motivation for this investigation was to determine if refractory 

oxides can be chlorinated, without an additional reducing agent, in the presence of 

chlorine radicals. While this work provided an indication that direct chlorination of 

refractory oxides is possible in the plasma, the chlorination work was not successful 

for a variety of reasons. First, the reaction was difficult to initiate and unpredictable 

in nature. When the reaction did proceed, it often occUlTed as a lUn-away reaction; the 

rapid pressure increase associated with these violent reactions would cause the plasma 

to be extinguished. Second, the metal-oxygen-chlorine system proved to be very 

complicated, making the identification of the reaction products by mass spectroscopy 

very difficult. Third, the deposition of metal chlorides on the reaction chamber walls 

made the plasma difficult (and dangerous) to maintain. 

These obstacles proved too difficult to overcome for an initial investigation of 

this type. Therefore, the chlorination studies were abandoned for hydrogen reduction 

(the reduction of refractory oxides in a hydrogen plasma will be discussed in detail in 

Chapter 6). Despite the above problems, a few useful results were obtained. These 

results will be presented below, along with a discussion of their importance. 

5.1 Review of Chlorination Literature 

The chlorination of refractory ores, such as rutile (Ti02), has been the target 

of significant industrial and govemment research in recent times. Chlorination of these 

ores is attractive for various reasons, both economic and technical. Technically, 

chlorine is ideal for the extraction and purification of metals due to its chemical 
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reactivity and the volatility and solubility of the metal chlorides produced [Landsberg, 

1961]. Metal chlorides are also relatively easily reduced to their respective metals 

[Kroll, 1956; Venable and Jackson, 1920]. The economics of chlorination are also 

positive as chlorine is readily available and relatively inexpensive (as the disposal of 

excess chlorine from the caustic soda industry has long been a problem) [Sharma and 

Bhatnager, 1960]. 

5.1.1 Thermodynamics 

The basic thermodynamic data on the chlOlination reactions was developed by 

Kroll (1952) and Kellogg (1950). The reaction of interest, the chlorination of a metal 

oxide (MO) by chlorine gas, is shown in general fOlm below: 

2 MO +2 el
2 

(g) = 2 MCl2 + O2 (g) (5.1) 

The possibility of the reaction proceeding as written can be predicted by calculating 

the standard state Gibb's energy of the reaction, ilGro. Table 5.1 gives the standard 

state Gibb's energy change for the reaction of metal oxides with chlorine at 500 and 

1000 °C. The negative values indicate that the reaction can proceed as written, while 

positive values show the respective oxides will not be significantly chlorinated at these 

temperatures. The data presented in Table 5.1 indicates that only the least stable 

oxides can be chlorinated as indicated in Eq. 5.1, and then only at high temperatures. 

Temperatures higher than 1000 °C are required for chlorination of the more refractory 

oxides such as Ti02, Cr20 3 and Si02• The requirement of high process temperatures 

makes processing these ores via Eq. 5.1 impractical. 
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Table 5.1. The standard state Gibb's energy change for the chlorination of various 
oxides by gaseous chlorine. 

L1GO 
r 

L1Go 
r 

Reaction (kJ/mol) (kJ/mol) 
(500°C) (lOOO°C) 

MnO + Cl2 = MnC12 + 112 O2 -51.666 -42.175 

FeO + Cl2 = FeCl2 + 112 O2 -24.915 -14.488 

NiO + Cl2 = NiCl2 + 112 O2 -18.729 8.387 

MgO + Cl2 = MgCl2 + 112 O2 1.141 9.386 

113 Cr20 3 + Cl2 = 2/3 CrCl2 + 11202 54.384 81.121 

112 Ti02 + Cl2 = 112 TiCl4 + 112 O2 79.604 76.358 

112 Si02 + Cl2 = 114 SiCl4 + 1/2 O2 120.986 118.441 

113 Al20 3 + Cl2 = 2/3 AICl3 + 112 O2 133.675 152.293 

Thermodynamically, the chlorination of metal oxides requires a low oxygen 

potential [Barin and Schuler, 1980]. Therefore, if a reducing agent is added to the 

system, the chlorination of these refractory oxides can become thermodynamically 

favorable. 

Generalized chlorination reactions with these additional reducing agent are 

shown in Eqs. 5.2 to 5.4: 
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(5.2) 

(5.3) 

4 MO + S2 (g) + 4 Cl2 = 4 MCl2 + 2 S02 (g) (5.4) 

The impact of CO on the chlorination thelmodynamics of the reactions listed in Table 

5.1 is shown in Table 5.2. In all cases ilGr
o is negative when CO is present, indicating 

that the reactions may proceed spontaneously as written. The CO keeps the oxygen 

partial pressure low enough so that oxide formation is not favorable. 

5.1.2 Kinetics 

Chlorination is a diverse process. The chlorination of metals [Landsberg, 

1961], metal oxides [Landsberg et aI., 1972; Dunn, 1979; Barin and Schuler, 1980], 

and organic and inorganic chemicals [Morrison and Boyd, 1983] have been 

investigated. For example, the dry chemical etching of semiconducting materials and 

oxide mask coatings by chlorine has been thoroughly investigated by the 

semiconductor industry [Flamm, 1989]; the plastics industry has investigated the 

chlorination of polymers for the enhancement of their mechanical and chemical 

properties [MOll'ison and Boyd, 1983]. These investigations have included bulk 

chlorination properties as well as the kinetic issues. 
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Table 5.2. The standard state Gibb's energy change for the chlorination of various 
oxides with CO (g) as an additional reducing agent. 

AGO 
r AGo 

r 

Reaction (kJ/mol) (kJ/mol) 
(500°C) (lOOO°C) 

MnO + Cl2 + CO = MnCl2 + CO2 -267.152 -214.096 

FeO + Cl2 + CO = FeCl2 + CO2 -240.401 -186.409 

NiO + Cl2 + CO = NiCl2 + CO2 -234.215 -163.534 

MgO + Cl2 + CO = MgCl2 + CO2 -214.345 -162.535 

1/3 Cr'z03 + Cl2 + CO = 2/3 CrCl3 + CO2 -161.102 -90.800 

112 Ti02 + Cl2 + CO = 112 TiCl4 + CO2 -135.882 -95.562 

1/2 Si02 + Cl2 + CO = 112 SiCl4 + CO2 -94.500 -53.509 

1/3 Al20 3 + Cl2 + CO = 2/3 AICl3 + CO2 -81.811 -19.628 

The extractive metallurgy industry has shown great interest in the kinetics of 

metal oxide chlorination. As mentioned above, chlorination reactions are typically 

can'ied out in the presence of carbon in order to ensure a low oxygen partial pressure 

(and minimize the amount of back reaction). However, despite the amount of research 

that has been done on the kinetics of metal oxide chlorination, the fundamental 

reaction mechanism between the chlorine, carbon and the metal oxide is not 

understood [Landsberg et ai, 1988]. 
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The important kinetic issues involved in the chlorination of compounds, as 

found in the literature are: 

1. Does the chlorine dissociate prior to the reaction or is a whole 

diatomic molecule incorporated during the reaction? 

2. Is prereduction of the oxide required prior to the chlorination, 

or does the chlorine displace the oxygen, which then IS 

removed from the system by reaction with the carbon? 

3. Does the reaction proceed as a shrinking core, or a planer 

surface reaction? 

4. How does the temperature effect the chlorination process? 

These effects and others on the chlorination of metal oxides will be discussed below. 

Since the kinetics of chlorination are complex and still not completely understood, 

these topics will be discussed individually. The discussion will start with the most 

widely accepted ideas and work toward the more complex issues. 

5.1.3 Free Radical Mechanism 

Starting with the gas-gas reaction of the chlorination of alkanes, a mechanism 

has been proposed for the chlorination of organic molecules such as methane or other 

alkanes based upon free radicals [Mol1'ison and Boyd, 1983]. The proposed 

mechanism is shown in the following equations for the chlorination of methane: 

Cl2 + hv -1 2CI' (5.5) 



CI' + CH4 ~ HCI + CH3 ' 
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(5.6) 

(5.7) 

with steps 5.6 and 5.7 altemately repeated until the reaction is complete. This type of 

reaction is known as a chain reaction. The first step, the homolysis of the chlorine, 

is the chain initiating step. Since this bond energy is only 242 kJlmol, the dissociation 

energy can be supplied by either heat or light. The subsequent reactions (Eqs. 5.6 and 

5.7) are the chain propagating steps. This mechanism suggests that the chlorination 

of alkanes will not proceed unless the homolytic dissociation of the chlorine occurs 

prior to the reaction, as the reaction will not proceed in the dark at low temperatures. 

The continued generation of chlorine radicals by the reaction allows the reaction to go 

to completion. 

Some investigators have observed a similar dependence upon homolytic 

dissociation of chlorine prior to the chlorination of metals and metal oxides. Barin and 

Schuler (1980) have suggested that the dissociation of chlorine is the rate limiting step 

in the chlorination of Ti02• They found the chlorination rate to be a function of the 

chlorine partial pressure to the half power. Morris and Jensen (1976) found a 0.665 

power dependence for chlorine pressure during the reaction of Australian rutile in the 

presence of carbon monoxide. Landsberg (1961) also found a half power dependence 

on the chlorine pressure for the chlorination of alumina in the presence of oxygen. 
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However, the idea of pre dissociation of chlorine prior to reaction is not 

unanimously accepted, as other authors have not seen this half power dependence of 

the chlorine partial pressure during reaction with metal oxides. Bergholm (1961) 

found the chlorination of Ti02 to be independent of the chlorine pressure all together 

when CO was present in the system, and directly proportional to the chlorine pressure 

in the presence of solid carbon. Ravel and Dixit (1979) observed a 0.9 power 

dependence on the chlorine partial pressure during the chlorination of Bauxite. They 

suggest that this indicates a first order reaction with respect to chlorine pressure, and 

therefore that diatomic chlorine does not dissociate prior to reaction, instead, they feel 

the diatomic chlorine itself takes part in the reaction. First order kinetics were also 

observed by Blackwood and Cullis (1970) during the direct chlorination of activated 

wood char. An alternate idea is that the chlorine is chemisorbed and thus forms a 

chemically active complex. Investigations by Robsen et ai. (1968) and Blackwood and 

Cullis (1970) suggest that the chlorine may be chemisorbed at active sites of carbon. 

This chemisorbtion is promoted by the production of C-CI complexes which can be 

dissociated while in the gas phase after desorption to form the chlorine radicals. 

Whether the diatomic chlorine dissociates in the gas phase due to thelmal 

dissociation or due to photonic absorption, or the chlorine is first chemisorbed to 

produce carbochlOlides, which then produce radicals, is still at the center of the 

controversy. It has been widely accepted that the chlorination of organic molecules 

is based upon a free radical mechanism [Morrison and Boyd, 1983] and a similar 
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mechanism involving the pre dissociation of chlorine has been suggested for the 

chlorination of metals and metal oxides [Barin and Schuler, 1980; Blackwood and 

Cullis, 1970; Landsberg, 1961; Sharma and Bhatnagar, 1960]. 

5.1.4 Pre-reduction of Ti02 

Thermodynamically the chlorination of metal oxides by chlorine gas alone is 

not favorable (see Table 5.1). However, if a reducing agent is added with the chlorine, 

the chlorination becomes thermodynamically favorable (see Table 5.2). These reducing 

agents scavenge the oxygen from the system, thus reducing the possibility of back 

reaction. 

The mechanism by which the additional reducing agents operate dUl1ng 

chlorination is not very well understood. There are three possible methods of 

interaction indicated in the literature. The first suggests that the reducing agent may 

prereduce the oxide material to a lower oxide that is more readily chlorinated 

[Bergholm, 1961]. The second possibility suggests that the chlorine reacts with the 

metal oxide surface to produce a complex, volatile metal-oxychloride such as TiOCl2 

[Dunn, 1960]. It is this metal-oxychloride that reacts with the reducing agent to form 

CO or CO2, The third approach suggests that carbochlorides are fonned at the carbon 

surface. These carbochlorides are responsible for the transportation of the reducing 

agent to the metal oxide suIi'ace, where the reduction of the oxide takes place 

[Bergholm, 1960]. Understanding the kinetics of the reducing agent will allow for 

more efficient processing of oxide ores via a chlorination route. 
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5.2 Dissociation of Chlorine - The Production of Radicals 

Chlorine has a broad energy absorption band in the range of 2500 to 4750 A, 

as shown in Figure 5.1, where the absorption coefficient is proportional to the amount 

of energy absorbed (from Beer's law). The dissociation of chlorine occurs readily at 

long wavelengths (low energies) due to the low homolytic bond energy of chlorine 

(242 kJ/mol). Theoretically, light with a wavelength of 4900 A or less is required for 

dissociation (chlorine will readily dissociate by direct exposure to sunlight). However, 

the absorption curve is shifted to shmter wavelengths (higher energies) than is 

theoretically required for dissociation. The extra energy that is absorbed, is imparted 

as kinetic energy to the dissociation products, and allows the dissociation products to 

move apart so that recombination will not occur immediately. At higher temperatures, 

the diatomic chlorine has more vibrational and kinetic energy associated with it, 

therefore lower energy photons (or electrons) can impart enough energy to break the 

bond and get the dissociation products to move apalt. Thus, the absorption spectrum 

becomes broader at elevated temperatures. 

In a plasma, inelastic collisions with high energy free electrons in the plasma 

will readily supply the energy required for dissociation. Direct evidence of chlorine 

dissociation in the plasma can be found by monitoring the amount of energy emitted 

in the range of the absorption band. The source of this energy is chlorine radicals 

undergoing recombination and emitting a photon (radiative recombination). The power 

emitted from a pure chlorine plasma at wavelengths of 2500 A, 3100 A and 3600 A 



70r--r--~~--~~--'--.--~--r-~ 

65 

d 60 
CL> 55 ..... 

. ~ 50 
C,j..f 

'S 45 
040 

t.) 
35 

§ 30 ..... 
~25 
~20 

] 15 
< 10 

5 

00000 18°C 
••••• 765°C 

o ~~--~--~--~~--~--~--~~--~ 
2000 2500 3000 3500 4000 4500 

Wavelength (Angstroms) 

126 

Figure 5.1. The absorption peak for Cl2 at 18°C and 765°C [After Gibson and Bayliss 
1933]. 

was measured as a function of the plasma power and plasma pressure. These 

wavelengths were chosen because they are located with in the absorption curve shown 

above. 

The amount of power emitted at 3600 A in a pure chlorine plasma is shown in 

Figure 5.2. As indicated in the figure, a significant amount of energy is emitted from 

the plasma in this range. Since the energy that is used to maintain the plasma has a 

wavelength of 12.4 cm (in a vacuum), this energy emission must be coming from 
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recombination of chlorine radicals; recombination can only occur if dissociation has 

occUlTed. 

The shape of this curve agrees with the expected results; increasing the plasma 

power increases the number of radicals found in the plasma. Therefore, the number 

of photons emitted from the plasma, as a result of recombination, should increase with 

increasing power. Similar curves were obtained at other wavelengths. 
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Figure 5.2. A plot of the amount of power emitted from a Cl2 plasma at 3600 A as a 
function of the applied power and pressure. 

The dissociation of chlorine in the plasma can also be monitored by the mass 

spectrometer. The mole fraction of diatomic and monatomic chlorine is plotted as a 
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function of time (arbitrary units) in Figure 5.3. The plasma was ignited during the 

collection of this data, at the time indicated by the vertical solid line. Initially, the 

signal is 9% diatomic chlorine, with 2% monatomic chlorine, the latter due to 

dissociation of Cl2 in the ionization chamber of the mass spectrometer. With the 

ignition of the plasma, the Cl2 signal drops off steadily to zero, while the signal for 

monatomic chlorine increases steadily to 0.2. This transition occurs over 

approximately one minute. When the plasma was extinguished, the signal reverted 

back to that shown in the "plasma off" portion of Figure 5.3. The plasma power and 

pressure for this experiment were 1.0 kW and 16 torr, respectively. 

5.2.1 Transport of Chlorine Radicals 

The plasma is an efficient generator of chlorine radicals, as shown in Figure 

5.3. In order for this signal to be generated, the chlorine radicals produced in the 

plasma must be transported through an alumina tube to the mass spectrometer (a 

distance of roughly 25 cm), without undergoing recombination. As discussed in 

Chapter 2, one would not expect these radicals to make it into the mass spectrometer, 

as sud'aces tend to promote recombination. However, it has been shown by Flamm 

(1989) that the loss probability of fluorine radicals on ceramic surfaces is very low, 

while recombination on some metallic sUlfaces is rapid. The loss probability of 

various materials, as repOlted by Flamm, is listed in Table 5.3. Recombination on 

alumina occurs roughly once for every 10000 fluorine atoms that reach the surface; 

recombination on zinc is 3 orders of magnitude faster. The slow recombination rate on 
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Figure 5.3. A plot showing the mass spectrometer signal for Clz and CI as a function 
of time. During the collection of this data, the plasma was ignited (at the vertical 
line). 

oxide surl'aces suggests that radicals can be formed in one region, and be transpOlted 

over long distances to the desired reaction area without undergoing recombination, 

provided the construction material for the reaction chamber and transport system is 

chosen properly. 
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Table 5.3: The probability of atomic fluorine loss by recombination on various 
materials. After Flamm (1989). 

Material Temperature, oK Loss Probability 

Alumina 300 6.4 x 10-5 

QUattz 300 1.3 x 10-4 

Pyrex 300 1.6 x 10-4 

Steel 300-470 2.8 x 10-4 

Molybdenum 300 4.2 x 10-4 

Copper 300-570 > 0.011 
Brass 300 > 0.05 
Zinc 300 > 0.2 

Teflon 300 < 7 X 10-5 

As discussed above, the plasma is an efficient generator of radical species. 

Inelastic collisions between the free electrons in the plasma and the plasma gas species 

"pump" the bonding electrons out of their ground states to higher energy levels, 

thereby fOlming excited species. If the inelastic collision frequency is faster than the 

relaxation time for the excited species, dissociation can result. Once formed, these 

reactive radicals do not readily recombine in the gas phase. Therefore, these radicals 

can be generated in one area, and allowed to react in another, provided that the 

reaction vessel constmction material does not promote recombination. 

5.3 The Determination of Metal Chloride Vapor Pressures 

Theoretically, the signal generated in the mass spectrometer should be 

proportional to the vapor pressures of the species generating the signal, as discussed 

in Chapter 3. In order to ensure that the mass spectrometer signal for the metal 
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chlorides fonned during the chlorination experiments was indeed propOltional to their 

partial pressure, the system was calibrated independently against the vapor pressure of 

both CCl4 and TiCl4 (see Appendix D for the calibration procedure). 

The saturated vapor pressure of these compounds was established (individually) 

in the mass spectrometer by bubbling dry nitrogen through either CCl4 or TiCl4 at a 

constant temperature. Eq 3.1 was used to determine the mole fraction of CCl4 or TiCl4 

in the mass spectrometer. The vapor pressure of the compound was determined by: 

(5.S) 

where Pi and Xi are the paltial pressure and the mole fraction of the itll species, 

respectively, and PTotal is the total pressure in the system, which was read from the 

pressure gauge. Figures 5.4 and 5.5 show plots of the measured vapor pressure versus 

inverse temperature for CCl4 and TiCI4, respectively. 

Although there are significant differences in the literature data, the vapor 

pressure of CCl4 obtained in the present work shows good agreement with the 

thermodynamic data obtained from Kelly (1935), and the actual boiling point for CCI4• 

It is believed that the vapor pressure data from Barin et al. (1973) (this is listed as 

B.K.K. in the t1gure caption) is in error, as this data predicts a boiling temperature of 

166°C, which is much higher than the actual boiling temperature of 77 °C (Weast, 

1977). 

The vapor pl'essure of TiCl4 obtained in the present work shows a significant 

difference from that presented in the literature. The data presented by both Barin et 
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Figure 5.4. The vapor pressure of CCl4 as a function of inverse temperature. 

ai. (1973) and Schenk (1953) show good agreement with each other and with the 

actual boiling point for TiCl4 (136.4 °C). The data generated in the present work 

appears to have the same heat of vaporization as reported by both Barin et at. and 

Schenk, as the slopes of the two data sets show good agreement. It should be noted 

that the data reported by Schenk is based upon his experimental data. The source of 

the data given by Barin et al. was not reported, however, since their data is compiled 

from other sources it is likely that it may have been taken from Schenk. 
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Figure 5.5. The variation of TiC14 vapor pressure with inverse temperature. 

The difference between the present work and that reported in the literature may 

be a result of the method of determination. In the present investigation, it was 

assumed that all sub-chlorides of titanium (i.e. TiCI3, TiClz, etc.) found in the mass 

spectrometer were fragments of TiCl4 formed during the ionization process in the mass 

spectrometer. To detelmine the vapor pressure, the peak heights of all Ti-CI 

compounds were summed to give the total mole fraction of TiCl4 in the vapor phase. 

However, it has been indicated that TiCl4 will break down to its sub-chlorides, 

especially TiCI3, with time [Reeves, 1991]. It is therefore possible that some of the 
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sub-chlorides used in the detetmination of the TiCl4 vapor pressure were not fragments, 

but in fact parents formed during the storage of TiCI4• Given the analytical procedure 

employed to measure the vapor pressure of TiCI4, the presence of TiCl3 (or another 

sub-chloride) as a parent, would yield higher values for PTiCI4 than the true value. 

This set of experiments validates the experimental premise, that the mass 

spectrometer signal for a particular compound is proportional to the partial pressure 

of that compound; the CCl4 vapor pressure showed good agreement with that presented 

by Kelly (1935). These experiments also revealed that the thermochemistry of the Ti

CI system is not well understood, as indicated by the breakdown of TiCl4 to its sub

chlorides during storage. This suggests that TiCl4 may not be as stable as indicated 

in the literature. Therefore, TiCl4 may not be the major reaction product for the 

chlorination of titanium metal, as suggested by thermodynamics. 

5.4 Chlorination of Titanium Metal 

Initial chlorination experiments focused on the chlorination of metallic titanium. 

A review of the literature revealed no previous work on the chlorination of titanium 

metal, however, there was a lot of data found on the chlorination of other metallic 

species. This data did not reveal a consensus opinion on the chlorination kinetics for 

metallic species. Landsberg (1960) has shown that the chlorination of rhenium, 

tungsten and molybdenum follow approximately 112 order kinetics with respect to 

chlorine pattial pressure; Landsberg and Block (1965) have shown similar results for 

tantalum and columbium (niobium), but that the chlorination of metallic iron, silicon 
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and germanium follows linear kinetics with respect to the paItial pressure of chlorine. 

Therefore, metallic titanium may follow either fOlm of kinetics. This work may 

provide some information into the kinetics of metallic titanium chlorination. 

Another reason for investigating the chlorination of metallic titanium in the 

plasma is more practical in nature. It had to be established that the formation of metal 

chlorides during the chlorination experiments could be followed by the mass 

spectrometer. Therefore, this set of experiments would ensure that the experimental 

set-up can in fact follow chlorination reactions occun'ing in the plasma. Experiments 

were pelformed under various plasma powers and plasma pressures. The gas 

composition was fixed at 10% Cl2 in nitrogen. 

5.4.1 The Formation of TICI4, TiCI3 and TiCI2 

A composite scan from the mass spectrometer, showing the major families 

formed during the chlorination of metallic titanium, is shown in Figure 5.6. This 

figure is a plot of the signal intensity as a function of the mass to charge ratio (m/z). 

The intensity (ordinate) is given in arbitrary units, while the mass to charge ratio 

(abscissa) is given in units of atomic mass units, AMU (one AMU is defined as 1112 

the mass of C12
, where C l2 has a mass of exactly 12 AMU). These families correspond 

to: TiCl4 (188-196 AMU), TiCl3 (151-157 AMU) and TiCl2 (116-124 AMU). It is 

apparent from the intensities that TiCl3 is the most prominent chloride formed in this 

reaction. The mass spectra for these chlorides show excellent agreement with the 

spectrum obtained during calibration of the mass spectrometer with TiCI4• All of these 



136 

452 

488 .' 

TiC14 
'. 

.~ " 

~ 
358 

388 
1'. 

li :" 

258 
1'\ 

195 
188 185 198 

AMU 

691 

" .. 
TiC1

3 
' '. 

.~ 588 

j 488 .. 
388 ! \ 

191 
145 158 

138 , 

~ TiCIZ 
. . .. 

1 188 

Figure 5.6, A real time scan from the mass spectrometer indicating the reaction 
products formed during the chlorination of titanium metal in a 10% Cl2 -Nitrogen 
plasma, 
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chlorides were observed under all conditions of plasma power and plasma pressure 

during the chlorination of titanium metal. 

Table 5.4. The relative abundatlCe of the various natural isotopes for the elements 
found in the chlorination reaction chamber [Weast, 1977]. 

I Species I AMU I Abundance (%) I 
[ H I 1 I 99.9 I 

16 99.7 

0 17 0.03 

18 0.2 

28 92.2 

Si 29 4.7 

30 3.1 

[ CI 

I 
35 

I 
75.8 

I 37 24.2 

46 8.0 

47 7.3 

Ti 48 73.8 

49 5.5 

50 5.4 

54 5.9 

Fe 56 91.7 

57 2.1 
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The groups of peaks seen in the different plots of Figure 5.6 are refelTed to as 

"families". A family represents a specific chemical compound present in the mass 

spectrometer. A family of peaks result from the natural abundance of isotopes; for 

example, TiCl4 is composed of one titanium atom, which has 5 natural isotopes, and 

four chlorine atoms, each of which has two natural isotopes. 
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Figure 5.7. A comparison of the statistically derived family for TiCl4 and the actual 
mass spectra. 

Assuming that each titanium and each chlorine that makes up a TiCl4 molecule 

comes randomly from a "pool" of these natural isotopes, then TiCl4 should possess a 

family of 9 peaks. The shape of the these families can be derived statistically, 
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assuming that the probability of a compound being formed is proportional to the 

intensity of the peaks in the mass spectrum. This was shown to be true by the 

excellent agreement for diatomic chlorine. The mass spectrum for diatomic chlorine 

should have peaks at 70, 72 and 74 AMU; statistically, the intensities of these peaks 

should be on the ratio of 9:6: 1, which was actually observed. The relative abundance 

of the isotopes that contact the plasma is given in Table 5.4. 

The shape of the statistically derived family for TiCl4 is compared to the 

spectra for TiCl4 obtained during calibration of the mass spectrometer and during 

actual chlorination experiments in Figure 5.7. The intensities of each peak are 

normalized to the major peak for each spectrum (i.e. the peak at 190 AMU). 

The families for pure TiCI4, TiCl4 obtained during chlorination experiments and 

the statistically derived spectrum show excellent agreement. The general shape of 

these families is almost identical; the family widths, the intensities and position of the 

major peaks all agree. 

A statistically derived spectrum is developed in the following manner; there 

are only two isotopes of chlorine, C135 and ce7
, therefore, the distribution of these 

isotopes in a compound follows a binomial distribution. If we assume that the addition 

of a Cl35 atom is a successful event, the probability of getting v successes in n trials 

is given by: 
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n! v II-V --:--:----:-:- p q 
v! (n - v)! 

(5.9) 

where p is the probability of getting a Ce5 and q is the probability of getting a Ce7. 

These probabilities are assumed to be the relative abundances listed in Table 5.4. 

The formation of TiCl4 is then the probability of getting four chlOline atoms 

(i.e. the binomial distribution) multiplied by the probability of getting the desired 

isotope of titanium. An example will help to clarify this procedure. Looking at the 

formation of Ti46(CI35)3Ce7, the probability of obtaining three - Cl35 atoms and one CJ37 

atom is found by Eq. 5.3, with n = 4, v = 3, p = 0.7577 and q = 0.2423. The addition 

of a Ti46 to this molecule is therefore given by: 

Probability = 0.08 * 4 * (0.7577)3 * (0.2423) = 0.035 (5.10) 

where 0.08 is the probability of getting a Ti46. The four in Eq. 5.10 represents the four 

different configurations that this arrangement can have, and comes from the factOlial 

term. Therefore, 3.5% of all TiCl4 molecules will have the isotopic distribution 

5.4.2 The Effect of Grounding the Specimen on Chlorination 

One of the most important effects identified during the chlorination of metallic 

titanium was that placing a ground in the plasma had a major affect on the chlOlination 

reactions. Figure 5.8 shows a typical mass spectrum for TiCl3 taken with (a) no 

ground applied to the SUppOlt rod and (b) a ground applied to the support rod for a 

titanium sample sitting on a conducting support rod. When the sample was isolated 
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(Le. no ground is applied), the mass spectrometer signal showed nothing more than the 

background "noise". When the SUppOlt rod was connected to ground (through an 

alligator clip) the signal shown in (b) developed in roughly 30 seconds. Subsequent 

removal and application of the ground caused the mass spectrometer signal to alternate 

between (a) and (b) respectively. Similar results were obtained for the other Ti-CI 

species. 
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Figure 5.8. The effect of a ground on the chlorination of Ti metal. This data was 
taken from a 1.0 kW, 26 torr 10% Clz - Nitrogen plasma. 
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Exactly why the presence of the ground in the plasma affects the reaction in 

this manner is not yet understood. However, a few possible explanations do exist, and 

are discussed below. 

The ground may reduce the size of the sheath surrounding the sample. As 

discussed in Chapter 2, non-isolated surfaces in contact with the plasma will not 

develop the negative potential due to electron impingement. Therefore, the flux of 

electrons to the surface will be larger for non-isolated samples than for isolated 

samples. The bombardment of the sUlface by high energy electrons may cause surface 

bonds to be broken, making chemical attack easier. The increased flux of electrons 

to the sample surl'ace may also produce more radicals near the sample sUlface, by 

causing dissociation of Cl2 near the surface. 

Another possible reason for the ground enhancing reactions, is the removal of 

heat from the sample. As calculated earlier, the support rod will conduct roughly 70 

watts of energy away from the sample. However, as discussed in Chapter 4, the 

temperature of the sample was not affected by the presence of the ground in the 

plasma. 

Despite the lack of understanding, the presence of the ground in the plasma has 

a significant effect on the extent of the reaction occUlTing in the plasma. As a result, 

all subsequent work was pelformed with a grounded SUppOlt rod. 
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5.5 Chlorination of TiOz 

The chlorination of rutile (TiOz) is important industrially for the production of 

pigment grade TiOz [DuPont Patent, 1955]. This process also shows promise for the 

reclamation of the metal value from the lunar regolith during oxygen production. The 

use of chlorination tenestrially, however, in the reduction and pUlification of refractory 

metal oxides has been slow in development, as chlorination of refractory oxides 

requires elevated temperatures and additional reducing agents. 

The goal of this portion of the experimental work was to determine if the direct 

chlorination (i.e. without any additional reducing agent present) of TiOz and its sub

oxides is possible in the presence of chlorine radicals. The effect of free radicals on 

the thermodynamics of TiOz and SiOz chlorination can be seen in Figure 5.9. This 

plot of the standard Gibb's energy change for the indicated reaction as a function of 

temperature shows that direct chlorination of these oxides with Clz is not 

thermodynamically favorable until extremely high temperatures are achieved (T> 1600 

°C). However, by homolytically dissociating the chlorine prior to reaction, chlorination 

is possible at much lower temperatures. Higher temperatures are required for 

conventional chlorination of the refractory oxides because the dissociation of the 

chlorine itself does not become thermodynamically favorable until above 1800 °C. 

This is shown graphically in Figure 5.10. 

While the goal of this work appeared straight forward, it was quickly 

discovered that the chlorination of refractory oxides was difficult to perform, and the 
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results were difficult to interpret. Chlorination of other materials that came in contact 

with the plasma (i.e. the quartz chamber walls and steel sample support rod) provided 

numerous side reactions dUling the course of the expeliments. The presence of 

chlorination products formed during side reactions made these mass spectra complex. 

While the direct chlOlination of titanium bearing oxides is possible in the 

plasma, the chlorination experiments proved to be too complicated for an initial 

investigation into plasma processing of refractory oxides. However, from the handful 

of successful direct chlOlination experiments, enough data was generated to draw a few 
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Figure 5.10. The standard state Gibb's energy change for the dissociation of chlorine 
as a function of temperature. 

conclusions on the effect of the plasma on the chlorination of titanium bearing ores: 

1. Direct chlorination of titanium bearing oxides is possible in the 

presence of monatomic chlorine. 

2. The presence of additional reducing agents appears to make the 

chlorination of titanium bearing oxides more predictable in the 

plasma. 



3. The presence of water vapor in the reaction chamber during the 

reaction may be a key to direct chlorination of titanium bearing 

oxides. 
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A more detailed account of the development of these conclusions will be presented 

below. 

5.5.1 Direct Chlorination of Ti02 

The direct chlorination of Ti02 was difficult to initiate and unpredictable in its 

extent of reaction. Occasionally, the reaction was rapid, showing extensive 

chlorination, however, this was not the nOlm. Many experiments were perfOlmed 

under identical conditions, with few showing repeatability. The reaction was very 

pressure sensitive; if chlorination was initiated and the plasma pressure was altered 

during the experiments, there was a large probability that the plasma would be 

extinguished. If the plasma was extinguished as a result of this pressure variance, 

immediate re-ignition of the plasma proved to be very difficult. The unpredictable 

nature of the plasma and the chlorination reaction itself made these experiments 

difficult to perform. 

The proposed reaction for direct chlorination is: 

(5.11) 

where X varies from 2 to 4. This reaction is thermodynamically favorable (for all 

values of X), even at temperatures below 1600 °C, due to the presence of the plasma 

activated chloIine radicals. 
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A typical mass spectrum taken during the chlorination of Ti02 is shown in 

Figure 5.11. The separation of the major peaks for some of the families are indicated 

in order to reveal the association of these families. This knowledge is very useful in 

attempting to detennine unknown compounds. 

3491 

AMU 

Figure 5.11. The mass spectrum obtained during the direct chlorination of Ti02• The 
separation of the major peaks is indicated to reveal the association of the various 
families. 

The fact that none of the families in Figure 5.11 exhibit the "major peaks" 

structure of the chlorides shown in Figure 5.6 indicates that the mass spectrometer is 

slightly out of calibration. If the mass spectrometer is out of calibration by 112 an 

AMU, the major peaks will be positioned between two individual masses on the 
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spectrum. As such, the spectrum does not show the intensity at one mass, but at both 

masses. This causes the spectrum to appear as shown in Figure 5.11. It is not 

unreasonable for the calibration of the mass spectrometer to shift by 112 an AMU 

during long experiments due to the fluctuations in the magnetic fields of the lenses in 

the mass spectrometer. The mass spectrum for Cl2 indicated that the mass 

spectrometer was in fact. 112 an AMU (too low) out of calibration. 

The effect of this 112 AMU variance on a genetic mass spectrum is shown 

schematically in Figure 5.12. In this figure, the solid lines represent the peaks found 

on the actual spectrum. The cross hatched peaks represent the true signal. The 

positioning of the peak half way between the two mass values will cause the family 

shape to exhibit the step like structure seen in Figure 5.11. This error in the 

calibration can be corrected by shifting the actual spectrum up by 112 AMU. The 

intensities of the major peaks will not be altered during this correction. 

The second peak in the spectrum shown in Figure 5.11 is found in the proper 

mass range for TiCI4• If the spectrum is corrected for the 112 AMU variance, this 

family shows good agreement to the spectrum of pure TiCI4• The 

family width is an exact match, and the major peaks are found at the proper masses 

for pure TiC14• 

The third and fourth families from the left in Figure 5.11 have the same general 

shape (i.e. "three" major peaks) and family width as TiC 14, The major peaks of these 

families are all off-set by 17 and 34 AMU, respectively, from the TiCl4 peaks. The 
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Figure 5.12. A schematic representation of how a 112 AMU error in the calibration 
of the mass spectrometer will effect the mass spectra obtained during the experiments. 

shape of these families agree nicely with successive additions of a hydroxyl (OH) to 

TiCI4• These families should all have the same widths, as hydroxyl is exactly 17 

AMU. Note that the fOUlth peak appears to be overlapped with another family, 

therefore, the family width and general shape of the spectrum does not match. 

The fifth family (from the left) in Figure 5.11 is shifted by 56 AMU from 

TiCI4• The mass range of this family agrees with that expected for FeTiCI4• A 

comparison of the statistically derived family and that actually observed is shown in 

Figure 5.13. These spectra have the same mass widths, and a similar family shape, 
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however, the peaks between the major peaks are too large. The corrected spectlUm 

shows excellent agreement with the shape predicted statistically. 
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Figure 5.13. The statistically derived family for FeTiC14 shows good agreement with 
the actually observed family. 

The family for TiCliOH)2 appears to be overlapped with another family, 

possibly FeTiCliOH). The position for FeTiCliOH) agrees with the position of 

FeTiC14, as the mass difference is 18 AMU. This mass difference agrees with a loss 

of a chlorine and the addition of a hydroxyl. The statistically generated signal for a 

50-50 mixture of these two compounds is compared to the actual mass spectrum in 

Figure 5.14. The combination of these two compounds shows fairly good agreement 



151 

with the shape of the actual family. The variation in the relative intensities for the 

mixture can be attributed to not knowing the actual mole fractions of the two 

components. However, the actual mole fractions should not alter the positions of the 

major peaks, which do agree with the actual spectrum. 
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Figure 5.1.4. The comparison of a 50-50 mixture of FeTiC13(OH) and TiCliOH)2 and 
that actually observed during Ti02 direct chlorination. The actual spectra is con'ected 
for the 112 AMU offset. 

The association of the rest of the species in this spectrum to FeTiCl4 is shown 

in Figure 5.15. The shape and width of the two most predominant peaks suggest a 

chemical similarity between the compounds associated with these families. The major 
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peaks of these two families are shifted by 37 AMU, and the width of these families 

is 10 and 12 AMU, respectively. This suggests that their chemical make-up differs by 

a chlorine atom. Using the statistical technique mentioned above, compounds of the 

various elements ~own to be in the system were tested to see if the shape of these 

families could be reproduced. The closest match was found for FeTiCliOH) and 

FeTiCIs(OH). 
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Figure 5.15. Identiiied metal chlorides found during the chlorination of Ti02• 

The identification of these two compounds is in agreement with the above 

discussion, as the major peaks for FeTiCl4 are shifted by 17 AMU from FeTiCliOH), 
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corresponding to the loss of a hydroxyl. The calculated spectrum for these compounds 

will have the same width as FeTiCI4, since each hydroxyl is 17 AMU. 

However, if these two families do differ by the addition of a chlorine atom, the 

fact that the peaks are shifted by 37 AMU and not 35 AMU is difficult to understand. 

This mass difference suggests that these two compound differ in structure by the 

addition of a C137
• The relative abundance of Cl37 is 25%, while Ces is 75%. 

Therefore, if these compounds were related by a chlorine atom, the expected separation 

should be 35 AMU. It is therefore possible that these families represent some other 

metal-oxychloride complex. However, a better match to the data was not found. 

The first family (from the left) in Figure 5.11 represents an overlap of SiCl4 

(168-178 AMU) and TizClz (161-174 AMU). The statistically derived spectrum for a 

50-50 mixture of these two compounds is shown in Figure 5.16. The shape and width 

of this "overlapped" family shows good agreement with the statistically derived family 

for the overlap of these two compounds. The major peaks are where they should be, 

but the intensities do not show good correlation. 

The seventh family in Figure 5.11 is thought to correspond to FeTiCls' This 

compound cannot be identified exactly, as the intensity is not large enough to provide 

good resolution of the mass range and major peaks. The statistically derived family 

is compared to that actually obtained during chlorination in Figure 5.17. The mass is 

in the proper range of the observed peaks, however, the intensity of these peaks is too 

small to gain the required information for proper identification. The last peak is 
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Figure 5.16. A comparison between the family for the overlap of Ti2Cl2 and SiCl4 and 
the family actually observed during the direct chlorination of Ti02• 

overlapping with the major family in the scan. This family is in the proper range for 

Ti2C16 (306 AMU), but the major peak (310 AMU) does not agree with what is 

expected based upon the relative abundance data. 

All of the identified products are indicated in Figure 5.18. Those listed with 

a question mark indicate uncertainty in their identification. The presence of these 

compounds in this mass spectrum indicates that Ti02 can be chlorinated in the plasma 

without the presence of an additional reducing agent. The temperature at which this 

reaction took place was 700°C, which is much too low for conventional, thermally 
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activated chlorination (with diatomic chlorine). Direct chlorination with diatomic 

chlorine is not thermodynamically favorable below 1600 0c. The fact that direct 

chlorination is observed at 700°C in the plasma suggests that pre-dissociation of 

chlorine is required for the chlorination of Ti02, as suggested by Barin and Schuler 

(1980) and Mon'is and Jensen (1976). 

5.5.2 The Effect of Water on Direct Chlorination 

From Figure 5.18 it appears that there are two classes of compounds formed 

during these experiments: metal chlorides and hydrated metal chlorides. The hydrated 
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Figure 5.18. The mass spectra obtained during the chlorination of Ti02 with the 
identified compounds. 

metal chlorides are broken down into titanium chlorides and iron-titanium chlorides. 

A plain carbon steel support rod was used in these experiments, and acted as a source 

for iron. It should be noted that some of the compounds indicated in Figure 5.18 have 

not been shown to exist in the literature. However, the formation of these compounds 

in the plasma may be possible. 

The presence of water vapor in the system may be responsible for the fOlmation 

of the hydrated metal-oxychlorides listed in Figure 5.18. There are two possible 

sources of water in the system: water absorbed in the chamber walls and water 
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adsorbed to the sample. IIer (1979) has shown that the molar ratio of water to fused 

silica can be as large as 0.1 in a vacuum at 300 °e. This water will slowly out gas 

from the silica at elevated temperatures. The TiOz used during the direct chlorination 

work was not dried prior to chlorination. TGA analysis of TiOz indicated that roughly 

3.3 mmoles of water could be adsorbed on a 10 gram sample. This water was driven 

from the sample by heating the sample to roughly 400 °e, which is much lower than 

the temperature the sample attains in the plasma. Therefore, any water from the 

sample 01' chamber walls can be driven off into the plasma during the reaction. 

Once water is in the system, it is very difficult to remove from the system, as 

water is one of the most difficult gases to pump out of a vacuum. During the 

compression cycle of the vacuum pump, the water vapor condenses into the pump oil; 

this water will not be removed from the system with the exhaust gases. During the 

draw cycle (i.e. when the pump is drawing gas from the system) the water in the 

vacuum oil will vaporize due to the low pressure. Once in the vapor phase, this water 

vapor can backstream into the reaction chamber. 

The amount of water found in the system can be minimized if the proper 

techniques are used with the vacuum system. When the system is not being pumped, 

the vacuum pump should be left on in order to keep the oil warm. This will minimize 

the amount of water that is condensed into the oil. The bleed valve should be left 

open. This allows air to be mixed with the gas during compression. This will dilute 

the water vapor, again diminishing the amount that will condense. Once water was 
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identified as a contaminant, these precautions were implemented, along with drying the 

sample at 600 DC prior to reaction. 

The presence of water in the system may be a key to the unpredictable nature 

of the direct chlorination observed. During the initial experiments, when most of the 

direct chlorination experiments showed significant chlorination, the Ti02 was not dried 

prior to the experiments. Once the Ti02 was dried prior to the reaction, the extent of 

chlorination decreased. 

The presence of water in the system was indicated by the fOlmation of HCI (36 

AMU) during the reaction by: 

H20 (g) + Cl (g) = HCI + OH (g) (5.12) 

The formation of HCI in the gas phase of the plasma can enhance the chlOlination 

reactions by allowing the transpolt of the chlorine and a reducing agent to the oxide 

surface. A proposed mechanism is illustrated below: 

2 HCI (g) + Ti02 (sUlface) = TiOCl2 (sUlface) + H
2
0 (g) (5.13) 

2 Hel (g) + TiOCl2 (sUlface) = TiCl4 (g) + H20 (g) (5.14) 

The tirst step may form a volatile product, as TiOCI2(g) has been repOlted by Dunn 

(1979). This would make the Eq. 5.7 a gas phase reaction. 

A similar mechanism involving the transpOlt of the reducing agent and the 

chlorine to the oxide surface at the same time was proposed by Dunn (1960). Dunn 

proposed that a phosgene (COC12) is formed during the reaction of carbon monoxide 
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with chlorine. The phosgene produced in the gas phase, transpOlts the reducing agent 

(CO) and the chlorine to the oxide surface at the same time. Experiments performed 

by Dunn indicated that the chlorination of TiOz proceeded at a faster rate in the 

presence of phosgene, than in the presence of a carbon monoxide and chlorine gas 

mixture. 

5.5.3 Chlorination of TiOz with Additional Reducing Agents 

A cursory investigation into the chlorination of TiOz m the presence of 

additional reducing agents was performed. The goal of this work was to see if the 

chlorination reactions would be more predictable in the presence of the additional 

reducing agents. It was also hoped that the formation of metal chlorides during the 

side reactions would be diminished. Experiments were pelformed with additions of 

roughly 15% carbon monoxide to the plasma gas, or additions of up to 25 weight 

percent activated carbon to the TiOz to act as the additional reducing agent. The 

addition of carbon monoxide to the plasma appeared to make the plasma more stable 

at higher pressures. 

In general, the presence of an additional reducing agent made the chlorination 

of TiOz more predictable. Once the reaction was initiated, the presence of the reducing 

agent made the reaction slightly easier to maintain. However, side reactions and the 

deposition of metal chlorides on the cooler suli'aces continue to make these 

experiments difficult to perform. As a result, these experiments were not pursued. 
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The mass spectra obtained during these experiments were very similar to those 

obtained during the direct chlorination of TiOz' The reaction products still consisted 

of complex metal-oxychlorides, and a slight amount of hydrated metal chlorides. 

Again, these spectra proved to be difficult to analyze. Fewer hydrolyzed metal 

chlorides were detected, attributed to the fact that the TiOz was dried at 600 DC prior 

to these experiments. 

5.6 Chlorination of Sub·Oxides of Titanium 

Bergholm (1961) proposed the role of an additional reducing agent in the 

chlorination of TiOz to be the pre-reduction of TiOz to a sub-oxide that is more easily 

chlOlinated. Dunn (1960) suggests that the additional reducing agent is used to reduce 

the volatile metal-oxychlorides such as TiOCl. In order to investigate the role of the 

additional reducing agent, chlorination of two sub-oxides of TiOz was investigated. 

5.6.1 TiZ0 3 

Thermodynamically, the direct chlorination of Tiz0 3 via: 

(5.15) 

is favorable at temperatures below 1500 DC. However, experiments attempting to 

chlorinate Tiz0 3 revealed no significant chlorination, even in the presence carbon 

monoxide and solid carbon. XRD analysis of the Tiz0 3 sample after the chlorination 

experiments with solid carbon did show a decrease in the intensity of the Tiz0 3 

diffraction peaks. This suggests that the Tiz0 3 was transformed to a non-stoichiomettic 
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oxide of titanium, Ti02•x by the carbon. No reduction of the Ti20 3 was observed for 

plasmas containing carbon monoxide. 

5.6.2 TiO 

The direct chlorination of TiO in the plasma was also unpredictable in nature. 

Occasionally, chlorination would proceed vigorously in the plasma, however, these 

reactions were difficult to maintain. In one instance, the pressure of the reaction 

chamber increased from 50 torr to approximately 100 torr very rapidly, causing the 

plasma to be extinguished. This pressure increase was associated with a brilliant white 

light being emitted from the plasma. The mass spectrometer was isolated in order to 

protect the filaments, therefore no analysis of the reaction gas was available. Once the 

plasma was extinguished, the pressure stalted to drop again to the original level, 

however, the plasma would not re-ignite. This rapid pressure increase was presumably 

due to the formation of volatile metal chlorides in the plasma. This effect was not 

repeated in any other experiment. 

The presence of additional reducing agents did not make the chlorination of 

TiO any more predictable, however, the form of the reducing agent may have changed 

the chlorination mechanism. Figure 5.19 shows the mass spectra for the chlorination 

of TiO in 10% chl0l1ne in the presence of (a) solid carbon and (b) with 16.66% CO 

in the gas stream. With solid carbon in contact with the TiO, the chlorination products 

were strictly TiCI4, TiCl3 and TiCl2 with a slight amount of FeCl3 (159-168 AMU). 

Associated with these chlorides was the production of CO and CO2, However, in the 
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presence of carbon monoxide, the number and type of chlorination products differ 

drastically from those found in the presence of solid carbon. The chlorination products 

in the presence of CO included those indicated above, as well as TiOCl2 and TiOCI, 

FeCI3, FeCl2 and various other oxychlorides. Attempts to identify the other compounds 

did not provide adequate matches to the families shown in Figure 5.19. The shape of 

the families shown the mass spectrum where carbon monoxide was the reducing agent 

is very similar to those shown in Figure 5.17, however, all of the families are shifted 

to lower masses when carbon monoxide is present. 

The fact that TiO will chlorinate, while Ti20 3 will not, indicates that pre

reduction plays an important role in the chlorination of the Ti-O system. The 

formation of TiOCl2 and TiOCl during chlorination of TiO suggests that carbon 

monoxide tends to promote the fOlmation of volatile oxychlOlides at the suIi'ace of the 

sample. These oxychlOlides are then reduced in the vapor phase by carbon monoxide, 

as proposed by Dunn (1979). 

5.7 Chlorination of Ilmenite 

Work was peli'ormed on the chlorination of ilmenite (FeO*Ti02). XRD 

analysis of the sample after reaction showed that the iron was selectively removed 

from the sample surface, leaving behind a suIi'ace rich in Ti02• There was no 

indication that any of the Ti02 was chlorinated. The iron chlorides were a mixture of 

FeCI3, FeCl2 and hydrated versions of these compounds. These chlorides continuously 

deposited out on the (cooler) chamber walls resulting in a barrier to the microwave 
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Figure 5.19. A comparison of the effect of (a) solid carbon (top) and (b) carbon 
monoxide (bottom) on the chlorination of TiD in 10% Clz - Nitrogen plasma. The 
plasma power and pressure were 0.8 kW and 26 torr, respectively. 
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energy. The microwave energy was then reflected back into the laboratory. 

Chlorination experiments involving ilmenite were thus halted. 

5.8 Summary of Chlorination Experiments 

The following is a list of the important concepts developed during the 

chlorination of Ti02 and its sub-oxides: 

1. The direct chlorination of Ti02 is possible in a chlorine 

containing plasma. The reaction is unpredictable in nature, and 

difficult to initiate, however, significant fOlmation of TiCl4 and 

TiCl3 is observed. 

2. The chlorination of Ti02 111 a plasma occurs at lower 

temperatures than thermally activated chlorination. In fact, 

chlorination by diatomic chlorine is not thermodynamically 

favorable at the plasma sample temperatures. Therefore, plasma 

chlorination must involve the pre-dissociation of chlorine by the 

plasma. 

3. The presence of additional reducing agents, such as activated 

carbon or carbon monoxide, does not appear to enhance the 

chlorination of Ti02 in the plasma. The reaction is still 

unpredictable in nature. 



4. The chlorination of TiO will also proceed readily in the plasma, 

however this reaction is also unpredictable in nature. 

5. The form of the additional reducing agent may determine the 

mechanism of the chlorination mechanism. 

6. The presence of a ground in the plasma has a dramatic effect on 

the extent of the chlorination reaction. 
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The nature of the metal-oxychloride system continually made this portion of the 

investigation difficult. The focus of the investigation turned to a system with less 

complicated chemistry, in order to simplify the analysis of reaction products. 



Chapter 6 

Hydrogen Reduction Studies 
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Due to the problems that developed during the chlorination experiments, 

specifically the production of undesirable chlorides by side reactions, the focus of this 

investigation turned to plasma processing of refractory ores by hydrogen reduction. 

The chemistry of the hydrogen-metal oxide system greatly simplifies the product 

analysis, as the main gaseous product is water. Solids produced during the plasma 

enhanced reduction can be easily monitored by XRD. Although the chemistry of the 

plasma-solid reaction is different than chlorination, the goal of this work remains the 

same: does the presence of the plasma enhance gas-solid reactions? The simpler 

hydrogen-metal oxide system will still provide information of the reactivity of the 

plasma and will provide clues into the factors affecting plasma-solid contact. Many 

of the same advantages that existed for chlorination are still pertinent during hydrogen 

reduction in a plasma: the plasma can still offer improved thermodynamics and kinetics 

due to the production of hydrogen radicals and the reactions may proceed at lower 

temperatures than are required conventionally. 

6.1 Literature Review 

The reaction of interest is the reduction of a metal oxide (MO) by hydrogen 

gas. This reaction is shown in general form in Eq. 6.1: 

(6.1) 
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The possibility of the reaction proceeding spontaneously as written can be predicted 

by calculating the standard state Gibb's energy of the reaction, ~GrD. 

Table 6.1 gives the standard state Gibb's energy change for the complete 

reduction of metal oxides with diatomic hydrogen at 500 and 1000 DC [Rouine, 1989]. 

The positive values for ~G/ indicated that these oxides will not be significantly 

reduced at these temperatures. However, in the presence of monatomic hydrogen, the 

reduction of these oxides is thelmodynamically favorable, even at low temperatures. 

The standard state Gibb's energy change for the reduction of these oxides in the 

presence of monatomic hydrogen is listed in Table 6.2; monatomic hydrogen is used 

to simulate the thermodynamics of the reduction in the plasma. 

Despite the thermodynamic advantages to the plasma reduction of metal oxides, 

investigations into the reduction of metal oxides in hydrogen plasmas is limited. Work 

has been pert'ormed by the electronics industry for the removal of surt'ace contaminants 

such as oxides and nitrites, and by the extractive metallurgy industry for the reduction 

of oxide ores. The significant work in both of these areas will be discussed below. 

Investigations into the use of low power, low pressure hydrogen plasmas for 

the reduction of oxide layers was difficult to find in the literature. An extensive 

literature review revealed only four papers covering this work. These papers 
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Table 6.1. The change in the standard state Gibb's energy for the complete reduction 
of various oxides at 500°C and 1000 °C by diatomic hydrogen (Data from Rouine, 
1989). 

~GO r ~Go r 
Reaction (kJ/mol) (kJ/mol) 

(500°C) (lOOO°C) 

FeO + Hz (g) = Fe + HzO (g) 15.994 12.382 

1/3 CrZ0 3 + Hz (g) = 2/3 Cr + HzO (g) 102.441 87.536 

1/2 TiOz + Hz (g) = 1/2 Ti + HzO (g) 196.262 178.960 

MgO + Hz (g) = Mg + HzO (g) 3] 2.888 284.092 

1/3 Alz0 3 + Hz (g) = 2/3 Al + HzO (g) 272.560 245.990 

1/2 SiOz + Hz (g) = 1/2 Si + H20 (g) 179.812 164.156 

Table 6.2. The change in the standard state Gibb's energy for the complete reduction 
of various oxides at 500°C and 1000 °C with monatomic hydrogen. (Data from Rouine, 
1989). 

~GO r ~Gor (KJ/mol) 
Reaction (KJ/mol) (lOOO°C) 

(500°C) 

FeO + 2 H(g) = Fe + HzO(g) -340.470 -287.396 

1/3 CrZ0 3 + 2 H(g) = 2/3 Cr + HzO(g) -254.023 -212.187 

112 TiOz + 2 H(g) = 1/2 Ti + HzO(g) -160.202 -120.763 

MgO + 2 H(g) = Mg + HzO(g) -43.576 -15.632 

113 Alz0 3 + 2 H(g) = 2/3 Al + HzO(g) -83.904 -53.733 

1/2 SiOz + 2 H(g) = 112 Si + HzO(g) -176.652 -135.568 
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focused on the processing of group lll-IV semiconductors in the radio frequency 

plasmas used primarily in that industry. In this application, hydrogen plasmas offer 

the ability to remove surface contaminants by chemical reactions at low temperatures, 

and should be selective to oxide materials. 

Chang and Darack (1981) and Chang et ai. (1982) investigated using hydrogen 

plasmas to remove gallium-arsenide (GaAs) oxide layers on pure GaAs substrates, and 

other native oxides on compound semiconductors. Both research groups found that the 

hydrogen radicals produced in the plasma selectively reacted· with the native GaAs 

oxide to produce volatile products (such as H20, AsH3, G~H6' etc.). These 

investigations also indicated that compounds such as Si02 and Si3N4 can also be 

selectively reduced in hydrogen plasmas, but at low rates. Desaintfuscien (1967) 

predicts that these selective reduction reaction rates may be improved by increasing 

such parameters as: substrate temperature, power density and excitation frequency. 

Clark and Fok (1981) and Tu et al. (1982) investigated the effects of hydrogen plasmas 

on oxygen contamination on indium phosphide (lnP) surl'aces. These research groups 

both found that un-contaminated InP was easily reduced by hydrogen radicals to fOlm 

pure indium, with the phosphorous being convelted to gaseous PH3. However, indium 

phosphate (lnP04) surface layers showed significant attack by hydrogen radicals only 

after long exposure times. 

From the lack of work in this area, the reduction of oxide materials in low 

power, low pressure hydrogen plasmas does not appear to be an attractive industIial 
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process. Flamm (1989) suggests that the lack of interest in these plasmas is due to the 

poor reaction rates and poor re-producibility of experiments perfOlmed thus far. 

Although the hydrogen reduction of oxide ores plays a significant role in the 

extractive metallurgy industry, few investigations into plasma enhanced reduction have 

been reported in the literature. The use of plasmas in extractive metallurgy has 

extensive potential for the reasons indicated earlier. However, most plasma work in 

the extractive metallurgy industry has been in the area of thermal plasmas used in 

pyrometallurgy. Thermal plasmas are used as the high enthalpy sources for thelmal 

decomposition of ores, and as heat sources in smelting [Gauvin et al., 1987]. Most of 

the plasma reduction literature focuses on the reduction of oxide ores in the presence 

of solid carbon (thermally) or in carbon monoxide plasmas. However, refractory 

oxides such as Ti02 cannot be reduced via this route, because TiC is stable up to 

temperatures exceeding 3000 °C [Alcock, 1980]. 

Some work has focused on using thelmal plasmas for the direct hydrogen 

reduction of iron ores: sponge iron is produced in a hydrogen plasma through the 

"Plasmared" process [Fiedler, 1967]; hydrogen-methane plasma arc reduction of iron 

oxides is being developed [Pickles, 1977]; and the reduction of liquid ilmenite (T > 

1500 °C) to form metallic iron has been investigated by Bonet (1976). Kitamura et al. 

(1992) looked at the inflight reduction of more refractory ores, such as Ti02 and Al20 3 

in a Ar-H2 plasma (RF) torch. Again, in all of these processes, the plasma only serves 
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as a high enthalpy source. In these processes, the plasma is used to produce thermal 

decomposition of the ores, with the subsequent reaction in the reducing gas stream. 

6.1.1 The Dissociation of Hydrogen 

Kinetically, the reduction of Ti02 appears to require predissociation of the 

hydrogen if it is to occur, especially at low temperatures. It is known that platinum 

is an effective catalyst for the dissociation of hydrogen [Atkins, 1986]. Many authors 

have shown that the reduction of Ti02 was enhanced by the presence of a platinum 

catalyst; a good review of this work is presented by Stevenson et ai. (1988). 

Stevenson indicates that Ti02 was routinely reduced to Ti40 7 at 552°C in the presence 

of platinum. This work suggests that the predissociation of hydrogen is an important 

step in the low temperature reduction of Ti02• 

As discussed above, the formation of hydrogen radicals in the plasma will 

increase the chemical potential of the reactants to levels where hydrogen reduction of 

refractory oxides is favorable at low temperatures. However, in order to make use of 

these enhanced thermodynamics, there must be enough hydrogen radicals in the plasma 

for the reaction rates to be appreciable. The concentration of hydrogen radicals in the 

plasma is dependent upon how much of the applied power is used to promote 

dissociation, as well as the plasma pressure. 

The dissociation of hydrogen by electron impacts has been studied extensively 

for low power, low pressure plasmas by Khare and Moisewitsch (1966). They suggest 

that dissociation occurs by direct excitation from the ground state (l lLg) to the first 
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repulsive state (1 3l:1I). As such, Goodyear and von Engel (1962) estimated the degree 

of dissociation in a 30 mtorr pure hydrogen If (15 MHz) discharge to be 70%; Shaw 

(1958) determined the degree of hydrogen dissociation in a 1 torr hydrogen microwave 

(3 GHz) discharge to be 90% at 100 watts of applied power. These values were 

confirmed with a model proposed by Bell (1972) which incorporated both 

homogeneous (gas phase) and heterogeneous (Le. at the plasma boundaries) 

recom bination. 

Figure 6.1 [after Lunt and Meek (1936), Emeleus et al. (1936)] shows the 

fraction of power dissipated through the various modes (elastic collisions, radiation, 

ionization, etc.) as a function of the ratio E/p, where E is the effective field strength 

and p is the plasma pressure for a hydrogen plasma. As discussed in Chapter 2, this 

ratio is propOltional to the average electron kinetic energy. It can be seen that for low 

electron energies (i.e. low field strengths at high pressures) elastic collisions 

predominate. As the electron energy increases, the fOlmation of reactive particles 

(radicals and molecules in excited states) will stmt to consume a large portion of the 

applied power. If the electron energy is increased further, the fOlmation of reactive 

particles will give way to the production of ions. In the present work the plasma must 

operate in region with a high degree of dissociation. 

Note that there are two CUlves for dissociation in Figure 6.1. These two curves 

represent the two forms of dissociation, gerade and ungerade. The difference between 

these two forms of dissociation is the based upon the parity of the wavefunction in the 



'd 
0.8 

Q) 

+> C'IS 0.7 
~ 

• .-4 
I'll 0.6 I'll 

• .-4 

~ 

M 
0.5 

Q) 

~ 0.4 0 
~ 

Cf-t 0.3 
0 

~ 0.2 
0 ..... 

+> 0.1 C,) 
C'IS 
M 
~ 0.0 a 

Elastic 

Radiation 

Ionization 

20 40 60 80 100 120 
E/p (V/cm Torr) 

173 

Figure 6.1. The distribution of power between the various modes of power dissipation 
in a hydrogen plasma. 

diatomic molecule. The lower curve is gerade, indicating even parity; the upper curve 

is ungerade, indicating uneven parity. 

From Figure 6.1, it is apparent that by properly adjusting the field strength and 

pressure of the plasma, significant dissociation can be achieved. If the ratio of E/p "" 

30 V cm- I tOll·- 1 can be obtained, over 25% of the total power dissipated in the plasma 

can be used to produce hydrogen radicals. Figure 6.2 shows lines of constant E/p as 

a function of the applied power and plasma pressure. The shaded box indicates the 
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range of plasma conditions used in the present work. Conditions optimum for 

dissociation will follow the E/p = 30 curve, based upon Figure 6.1. 

4 

1 

10 20 30 40 50 
Pressure (Torr) 

60 

Figure 6.2. A plot of the conditions of plasma power and plasma pressure required 
to attain a given E/p ratio. 

6.1.2 The Titanium-Oxygen Sy~tem 

The stability diagram for the titanium-oxygen system (Figure 4.3) reveals that 

the reduction of Ti02 is very complex in nature. The diagram is reprinted here for 

convenience in Figure 6.3 and Figure 6.4. At a constant temperature, a large number 

of sub-oxides are stable over a small range of oxygen partial pressures. The higher 

sub-oxides (Ti40 7 to Tiso0 99) are referred to as the Magneli oxides. This diagram is 
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based upon the thermodynamic data presented by Men'itt and Hyde (1973) and Krebbs 

(1988). 

The data from Merritt and Hyde is based upon thermogravimetric experiments 

in which they determined the ratio of titanium to oxygen in the oxide for a controlled 

oxygen partial pressure. They found that the path followed during the transitions 

between these sub-oxides depended upon whether the sample was being oxidized or 

reduced. Twenty-nine stable oxides were identified in the Magneli series. The 

composition of some of the higher oxides did not show obvious stoichiometry. The 

stoichiometric oxides from TiO to Ti lO0 19 are all crystalline and have JCPDS cards for 

their XRD patterns. 

6.2 Experimental Results and Discussion 

The main focus of this work was the reduction of Ti02 and the sub-oxides of 

titanium in a hydrogen plasma. The chlorination work proved that the plasma is an 

efficient generator of reactive species, and that radicals formed in the plasma are 

relatively stable. However, maintaining plasma-solid contact during the chlorination 

experiments proved to be difficult. Therefore, one of the main goals of this work was 

to determine which parameters control the plasma-solid reaction. Experiments were 

calTied out under various plasma conditions. Methods to improve the contact between 

the plasma and the solid sample were also investigated. The results obtained during 

these experiments will be discussed in greater detail below. 
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6.2.1 The Plasma Reduction of Ti02 and its Sub· Oxides 
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As indicated earlier, the reduction of Ti02 in the presence of monatomic 

hydrogen is thelmodynamically favorable at low temperatures, while conventional 

reduction is not favorable (see Tables 6.1 and 6.2). The present investigation into the 

plasma reduction of Ti02 is based on determining the effects that applied power, 

plasma pressure, applied voltage and time have on the reduction of the oxides of 

titanium in a hydrogen plasma. 

During an experiment, the plasma gas was continuously analyzed by the 

quadrupole mass spectrometer for volatile products produced during the contact 
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between the plasma and the solid. A set of typical mass spectrometer results, showing 

the production of water from the sample as a function of time, is shown in Figure 6.5. 

This data has been background corrected, therefore, all water indicated in this figure 

is attributed to the plasma enhanced reduction of the oxide. The sample was inserted 

in to the plasma at 4 minutes; the plasma was extinguished at 15 minutes. The points 

in the "peak" (open circles) of Figure 6.5 were averaged over a 6 second interval in 

order to increase the resolution of the data. The rest of the data was averaged over a 

1 minute interval. 
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Figure 6.S. A plot of the H20 signal from mass spectrometer as a function of time. 
This signal is characteristic of a surface reaction. The plasma conditions were: 0.8 
kW, 16 Torr (T = 850°C). 

The shape of water signal in Figure 6.5 is typical of a surface reaction. The 

sharp increase occurs with exposure of the unreacted surface to the plasma; as the 

product layer forms, the reaction slows down until a steady state production of water 

is reached. The major portion of the reaction appears to be over after approximately 

5 minutes of plasma-solid contact. The peak of this graph represents a water fraction 

on the order of 10 mole percent, which is a 6 order of magnitude increase over that 
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predicted by thermodynamics for conventional thermal processing with diatomic 

hydrogen at 850 °e. 

At the same time that the mass spectrometer showed the water signal of Figure 

6.5, the surface of the sample changed color from white (TiOz) to black. This black 

product layer extended down into the sample to a depth of approximately 1 mm. A 

typical XRD spectrum for this product layer is shown in Figure 6.6. The XRD 

spectrum for the reduced layer showed excellent agreement with the standard spectra 

for TiOz and Tiz0 3 (as indicated in the lower portion of this figure). 
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Figure 6.6. The XRD spectra of the black surface layer formed during the reduction 
of TiOz in a hydrogen plasma. 
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The steady state production of water after 11 minutes, shown in Figure 6.5, is 

assumed to be due to the fOlmation of a non-stoichiometric oxide, Ti02_x' The 

formation of the non-stoichiometric oxide in the product layer is believed to be due 

to the reaction of H2 with residual Ti02• The non-stoichiometric oxide can also fOlm 

just below the Ti20 3 product layer. Diatomic hydrogen can diffuse below the surface 

and reduce the un-reacted Ti02• The formation of Ti0z-x during the direct reduction 

of Ti02 with diatomic hydrogen has been shown to occur by Shadman and Zhao 

(1991) at 1000°C. They noted that the non-stoichiometric product was black in color. 

Based upon the above discussion, the reduction of Ti02 in the plasma appears to 

proceed in two independent reactions: 

2 Ti02 + 2 H (g) -7 Ti20 3 + H20 (g) 

occUlTing at the plasma-solid sample interface, and: 

(6.2) 

(6.3) 

occun'ing with unreacted Ti02 in the product layer, and possibly just below the sUlface 

of the Ti20 3 product layer. 

A plot of the weight fraction of Ti02 and Ti20 3 as a function of the time of 

contact between the plasma and the solid is shown in Figure 6.7. The volume fraction 

of each compound was determined by an external standard XRD technique, as 

discussed in Appendix A. Quantitative analysis indicates that, on average, 60% of the 

sample surface (to a depth of 5 11m) was converted to Ti20 3 during contact with the 
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plasma. Notice that the weight fraction of Ti20 3 is roughly constant after 11 minutes 

of contact with the plasma. This agrees with the mass spectrometer results, suggesting 

that the conversion of Ti02 to Ti20 3 is complete after the first 5 minutes of contact 

with the plasma. The weight fraction of Ti02, on the other hand, continues to decrease 

with time. This is believed to be due to the continued production of Ti02-x' It should 

also be noted that the sum of the weight fractions shown in Figure 6.7 do not add up 

to one for any given time. This confirms the formation of a non-crystalline Ti02_x 

phase, as no other diffraction patterns were observed in the XRD spectra. There are 

no XRD pattern for the non-stoichiometric oxides. 

There is also a single experiment at 11 minutes in Figure 6.7 showing the effect 

of having the support rod and sample holder electrically insulated during the run. 

Using the insulating SUppOlt system to electrically isolate the sample appears to inhibit 

the reduction of Ti02• XRD analysis shows that only 8% of the insulated Ti02 was 

reduced to Ti20 3 while the major portion of the sample is residual Ti02 (56%). The 

amount of Ti02_x that formed is approximately the same as that produced (in the same 

reaction time) with the ground in the plasma. 

The reason for the increased extent of reaction when the ground is present is 

not well understood at this time. One possibility is that the presence of the ground 

increases the induced voltage on the sample (i.e. makes the floating potential less 

negative). This would effectively decrease the voltage drop across the Debye sheath, 

increasing the number of electrons with sufficient energy to reach the sample surface. 
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Figure 6.7. The production of Tiz0 3 is complete after 5 minutes of reaction time, 
while the depletion of TiOz continues for longer periods. The plasma conditions were: 
0.8 kW, 26 Torr. 

This increase in the number of electrons reaching the smface would result in the 

generation of more reactive species near the smface by inelastic collisions with neutral 

molecules that have passed through the sheath region. These particles will be 

generated close enough to the smface to react with the surface before being removed 

from the system (Le. by recombination with other gas species). 

A plasma and solid must be in contact in order for a plasma-solid reaction to 

take place. The sharp increase, and rapid decrease, in the water peak in Figure 6.5 
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indicates that the reaction is limited by the amount of surface exposed to the plasma. 

As Tiz0 3 forms, there is less TiOz in contact with the plasma, and the plasma particles 

must penetrate down into the sample to find TiOz to react with. However, the 

microwave energy will not be able to sustain the plasma within the product layer. 

Without microwave energy to excite free electrons, no radicals will be produced inside 

the sample. The hydrogen radicals that are produced in the plasma, and make it into 

the tirst few layers of the solid sample, will quickly react to form water vapor. Any 

radicals that do not react with the solid will become thermodynamically unstable 

outside the effects of the plasma, and will recombine to form diatomic hydrogen. The 

combination of hydrogen radical losses with no subsequent production of hydrogen 

radicals will effectively extinguish the effects of the plasma beyond a certain depth in 

the sample. Therefore, the reaction will effectively be shut down after a product layer 

of a certain thickness is formed. 

This effect is observed experimentally, as the thickness of Tiz0 3 does not 

appear to grow with continued exposure to the plasma. The Ti20 3 product layer 

thickness is effectively constant at 1 mm after 5 minutes of exposure to the plasma. 

A schematic cross section of a TiOz sample exposed to the plasma is shown in 

Figure 6.8. The grey layer, just under the black surface layer, is observed only after 

long exposures to the plasma (t ;::: 30 minutes). This layer can extend down to roughly 

half the sample thickness in 90 minutes of plasma contact. XRD analysis of this grey 

layer did show Ti02, but did not show any indication of Ti20 3• The intensities of 
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diffraction peaks for TiOz were decreased, again indicating the fonnation of amorphous 

Ti02_x in this grey layer. 

.. Black Surface Layer 

~ Grey Interior layer 

CJ Unreacted Anatase 

Figure 6.8. A cross section of a reacted Anatase (Ti02) sample in a sample holder 
showing the various layers. 

The thickness of the grey layer seems to vary with the experimental settings of 

power and pressure; at low power and/or pressure the layer is thin (approximately 1 

mm thick) while at high power and/or high pressure the layer is thicker (3 mm). The 

formation of this grey layer may be a result of heating, as the thickness seems to 

increase with the conditions that increase the temperature of the plasma. However, 

if this were the case, then the whole sample would be affected, which was not 
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observed. A TiOz sample was heated in a nitrogen plasma, and did not show any 

sUlface or sub-surface discoloration. XRD analysis of the sample after exposure to the 

nitrogen plasma showed no reduction (i.e. no non-stoichiometric oxide formation). 

Therefore, the grey layer (and any TiOz_x) is not thermally induced. Hydrogen must 

be present in order for this layer to form. 

Water produced in the bed during the formation of the non-stoichiometric oxide 

may be maintaining the oxygen partial pressure, in the sample, sufficiently high so that 

Tiz0 3 may not be reduced to any of the lower oxides. The re-oxidation of Tiz0 3 is 

thermodynamically favorable at 1000 °C as shown below: 

AGO = -49.42 kJlrnal (6.4) 

Therefore, the production of water below the sUlface layer, where the plasma does not 

participate in the reaction, can cause the re-oxidation of the Tiz0 3 product layer as the 

water moves up to the sUlface. The presence of other higher oxides of titanium (i.e. 

Tig0 15 and Ti90 17) have been found in the XRD spectra of samples run for long 

periods of time, suggesting that some re-oxidation may have occurred during cooling. 

Also, the fact that the weight fraction of TiOz increased as the sample was held in the 

plasma for long pedods of time (Figure 6.7) indicates that this re-oxidation may be 

occUlTing. 

A set of experiments was performed in order to determine if Tiz0 3 could be 

reduced further if the production of water below the product layer was diminished. 

A set of experiments were pert'ormed with a much thinner bed thickness (half the 
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original). With a thinner sample, it was hoped that further reduction of the Ti20 3 

would be observed, as there would be less water available to diffuse up through the 

sample as a result of the reduction shown in Eq. 6.3. The same sample was run for 

a total of 8 hours in a hydrogen plasma at 0.8 kW and 26 tOlT. The sample was 

removed every two hours and the sUlface was examined by XRD. 

A plot of the weight fraction of Ti02 and Ti20 3 as a function of time is shown 

in Figure 6.9. This is a composite plot of the data presented in Figure 6.7 with the 

addition of the thin sample data. In this figure, each data point represents a separate 

sample for times less than 90 minutes; for times longer than 90 minutes, the same 

sample was used successively. At short times, Ti02 is rapidly converted to Ti20 3• 

With longer exposure to the plasma, the Ti20 3 is also reduced, presumably to Ti02_x, 

where x ranges from 112 to 1. No diffraction patterns for TiO or Ti were observed in 

the XRD spectra. 

After two hours of reaction time, the grey layer extended through the entire 

specimen. This corresponds roughly with the time that the Ti20 3 signal starts to 

decrease, as shown in Figure 6.9. This suggests that the formation of water in the 

sample, resulting from the fOlmation of Ti02_x, is re-oxidizing the primary product 

layer. Once the source of the water is removed, the reduction of Ti20 3 begins. 

The fact that the continued reduction of Tiz0 3 is observed in Figure 6.9 

suggests that there may be a series of "Magneli" type oxides between Tiz0 3 and TiO. 

Such oxides have not been previously identified in the literature. 
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Figure 6.9. A plot of the weight percent of TiOz and Tiz0 3 as a function of time. The 
amount of Tiz0 3 starts to decrease after 2 hours of exposure. The plasma conditions 
were: 0.8 kW, 26 Torr. 

6.2.2 Effect of Power on the Reduction of TiOz 

The influence of the amount of power absorbed by the plasma on the extent of 

TiOz reduction is shown in Figure 6.10. Quantitative analysis revealed that up to 40% 

of the sample surface was convelted to Tiz0 3 in 11 minutes of plasma-sample contact 

in a 16 tOlT hydrogen plasma. The data in Figure 6.10 have a large amount of scatter, 

but there is also a definite trend of increasing amounts of reduction with increasing 
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amounts of power absorbed by the plasma. (Note: The reduction of Ti02 to Ti20 3 is 

observed at power levels of 0.4 kW, but only at times longer than 11 minutes.) 
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Figure 6.10. A minimum power is required in order for the conversion of Ti02 to 
Ti20 3 to occur. All samples reacted at a pressure of 16 torr. 

The shape of the Figure 6.10 agrees with Eq. 3.9 suggesting the extent of 

reduction is dependent upon the electron temperature. Increasing the plasma power 

will increase the energy of the free electrons in the plasma; the more energy the free 

electrons possess, the more bonds that can be broken. Therefore, increasing the 

plasma power results in the production of more hydrogen radicals in the plasma. 

However, the effect illustrated in Figure 6.10 may also be due to temperature. In 
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general, increasing the temperature increases the reaction rates. The shape of Figure 

6.10 shows a tremendous similarity to the plot of sample temperature as a function of 

plasma power (Figure 4.10), suggesting there may be a temperature dependence on this 

effect. Most likely there is a synergistic effect between these two possibilities. 

The effect of power and time on the transformation of Ti02 to Ti20 3 is shown 

in Figure 6.11. This plot shows the extent of reduction as a function of time at 

constant plasma pressure for various plasma powers. In this plot, each data point 

represents an individual sample. The sample was allowed to contact the plasma for 

the prescribed amount of time, and then the plasma was extinguished. The sample was 

then analyzed by XRD to determine the extent of the reduction. 

As discussed earlier, the extent of the transformation is constant after 

approximately 5 minutes of reaction time. This appears to be tlUe for the lower 

powers conditions. The extent of reaction after five minutes develops into an 

equilibrium between the plasma enhanced reduction and the re-oxidation of the product 

layer due to the formation of water within the sample. However, with the plasma 

power at 1.0 kW, the amount of Ti20 3 starts to decrease after only 10 minutes of 

contact with the plasma, suggesting the fUl1her reduction of Ti20 3 is possible under 

more sever conditions. Attempts were made to investigate the plasma enhance 

reduction with increased power settings, however, the reaction vessel failed during 

these attempts. The cause of this failure will be discussed in Chapter 7. 
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Figure 6.11. A plot showing the effect of the plasma power on the rate of 
transformation of TiOz to Tiz0 3• 

At times less that 5 minutes, the rate of transformation does not appear to be 

dependent upon the amount of power absorbed by the plasma. There are two possible 

reasons for this effect. First, as the plasma power increases, the concentration of 

hydrogen radicals should increase. The extent of the reduction does not appear to be 

dependent upon this increase in the hydrogen radical concentration. Therefore, the 

reaction rate may be limited by a reaction "step" that is not dependent upon the 

concentration of hydrogen radicals. This rate limiting step may be the chemical 

kinetics of the reduction reaction. A second possibility is that two effects are 
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occurring simultaneously, which effectively cancel each other out. A possible example 

of this off setting effect may be between temperature and some other reaction variable. 

It was shown in Chapter 4 that the temperature of a sample is largely depend upon the 

plasma power. As discussed earlier, the reaction rates generally increase with 

increasing temperatures. However, a temperature increase may also make side 

reactions more prominent (thus decreasing the concentration of hydrogen radicals); 

may decrease the extent of surface damage caused by ion bombardment; or may make 

the extent of back reaction more predominant. All of these effects would decrease the 

extent of reaction, possibly enough to cancel out the temperature effect. Not enough 

data is available at the present time to make a definitive conclusion on the effect of 

plasma power on the initial transformation rates. 

6.2.3 Effect of Plasma Pressure on the Reduction of Ti02 

Figure 6.12 indicates that the reduction proceeds better at the extremes of 

pressure, with a minimum amount of transformation occun'ing at 9 torr. The shape of 

this curve does not agree with Figure 6.1, which shows that a maximum number of 

reactive species are produced at some "ideal" pressure (E/p",,30 V cm-' ton·-'). 

Increasing the pressure from this "ideal" point (at constant field strength) will increase 

the amount of power lost through elastic collisions at the expense of the production 

of reactive species. This will result in heating of the sample, due to the increased 

number of elastic collisions. Again, increased sample temperatures could lead to 

enhanced reaction kinetics. Sample temperatures do show slight increases with 
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increasing plasma pressure. For a hydrogen plasma at 0.8 kW of applied power this 

temperature variation amounts to roughly 150°C as the pressure increases from 6 to 

46 torr, which could possibly account for the observed effect. 
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Figure 6.12. The weight fraction of Ti20 3 produced as a function of pressure has a 
minimum. All samples run at 0.8 kW of absorbed power. 

Decreasing the pressure from the "ideal" pressure would increase the amount 

of power lost through radiation and ionization while decreasing the amount of 

dissociation in the plasma (see Figure 6.1). Therefore, a decrease in pressure should 

result in a decrease in the extent of reaction observed. This is the opposite of what 
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is observed. The increase in the amount of reduction at lower pressures, as shown in 

Figure 6.12, may be due to the increased involvement of ions in the sUlface reaction. 

Ion bombardment in conjunction with chemical etching has been shown to 

enhance the etch rates of materials in the electronics industry [Coburn and Winters, 

1979]. This combined effect is known as Reactive Ion Etching (RIE). As the pressure 

decreases, the fraction of ions (primarily with positive charge) in the system will 

increase, along with increasing the mean free path of the plasma species. The potential 

drop across the sheath will also increase sharply with decreasing pressure. This will 

result in an increased flux of high energy particles to the sample surface. Ions that are 

drawn down through the Debye sheath can cause ballistic damage to the sample 

sUlface. This damage can result in broken and dangling bonds which can react easily 

with any radicals that are on or near the surface. This increased involvement of ions 

in the surface reaction can therefore help compensate for the decrease in the amount 

of radicals produced at lower pressures, resulting in an increase in the extent of 

reduction. 

The effect of plasma pressure on the rate of the transformation of Ti02 to Ti20 3 

is shown in Figure 6.13. Again, each data point represents an individual sample. 

Also, times greater than 5 minutes, the extent of reaction approaches a constant level 

due to the equilibrium between the reduction and oxidation. 

The plasma pressure appears to have a dramatic influence on the initial 

reaction rates. Higher pressures provide faster initial rates. The kinetics of this effect 
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Figure 6.13. A plot showing the effect of reaction time and plasma pressure on the 
transformation of Ti02 to Ti20 3• 

are not understood at this time. One possible explanation results from the 

concentration of hydrogen radicals at the sample surface. For a given dissociation 

fraction, the total number of radicals will increase with increasing plasma pressure. 

However, the data by Bell (1972) suggest that more dissociation should be expected 

at lower pressures. This effect may also be a temperature effect. The sample 

temperature does increase with increasing pressure. A 75 DC difference is observed 

between these two sets of conditions. This could explain the difference in the initial 

rates. Again it should be stressed that there is not enough data at present to make any 
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specific conclusions as to the role of plasma pressure on the reaction kinetics of the 

plasma-solid reactions. 

6.2.4 Effect of Hydrogen Partial Pressure on Reaction Rates 

In conventional hydrogen reduction processing, increasing the hydrogen 

concentration increases the extent of the reduction. With higher concentrations, there 

is more hydrogen available to take part in the reduction reaction. This effect was 

investigated in the plasma reactor. 

Samples were reacted in gas mixtures of hydrogen and nitrogen for a total time 

of plasma contact of three minutes. This time was chosen so that the extent of 

reaction would not be in the region of reduction and oxidation equilibrium. The partial 

pressure of hydrogen was varied for each sample. The weight fraction of TiOz and 

Tiz0 3 are plotted versus the hydrogen paltial pressure in Figure 6.14. The weight 

fraction of TiOz has a negative slope because it is being reduced during the reaction. 

In conventional processing, this data would provide the reaction order with 

respect to hydrogen. However, since the sample is a packed powder, the number of 

moles of TiOz reacted can not be obtained for the sample (i.e. the packing factor of 

the sample is not known, therefore the bulk density of the sample is not known), 

therefore the reaction order can not be detelmined from this data. However, these 

experiments reveal an important design parameter: the reaction rate increases with 

increasing hydrogen partial pressure, which is an intuitive result. 
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Figure 6.14. A plot of the extent of transformation as a function of hydrogen partial 
pressure. 

6.2.5 Effect of E/p on the Hydrogen Reduction of Ti02 

The enhancement of gas phase reactions in a plasma is closely related to the 

energy of the free electrons in the plasma. As discussed in Chapter 2, the average 

kinetic energy of the electrons in a plasma can be approximated as: 

E e at_ (6.5) 
e p 

where E is the electric field strength and p is the pressure. For microwave systems 

in which it is not possible to directly measure the electric field strength, Brown (1959) 
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has shown that the power absorbed in the discharge is very nearly propOltional to the 

square of the electric field strength. Therefore, Eq. 6.5 can be rewritten as: 

e ex: 
e 

1 

(power)"'! 

p 
(6.6) 

Cooper et ai. (1968) used Eq. 6.6 to determine E/p when they showed that the 

oxidation of HCI in a microwave plasma was dependent upon the electron energy. 

They plotted the extent of the oxidation reaction as a function E/p and got a curve with 

a similar shape to the dissociation curves for HCL (Note: these curves are similar to 

the dissociation curves shown in Figure 6.1 for hydrogen). This suggests that the ratio 

of E/p can be used to describe the extent of a gas phase plasma reaction; because 

higher electron energies correlate to higher conversions and vice versa. 

Based upon the work of Cooper et at., an attempt was made to see if the ratio 

of E/p could be used to describe the plasma-solid reaction. The weight fraction Ti20 3 

formed during the solid sample's contact with the plasma is plotted as a function of 

E/p, as calculated by Eq. 6.6, in Figure 6.15. The weight fraction of Ti20 3 shows a 

minimum, which is the opposite of the what is expected for the gas phase reaction. 

Despite the poor correlation with the results predicted by the work of Cooper 

et al., Figure 6.15 does show a correlation between the weight fraction of Ti20 3 and 

E/p. This correlation suggests that the plasma-solid reduction reaction is not limited 

by the gas phase dissociation of hydrogen, because the shape of this plot does not 

correlate with the dissociation curves of Figure 6.1. This is expected as the reduction 
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Figure 6.15. A plot of the weight fraction Ti20 3 fonned during the plasma solid 
sample contact as a function of "E/p" ratio. All samples were in contact with the 
plasma for 11 min. 

reaction is occun'ing at the plasma-solid intedace, not in the gas phase. 

In the present work, contact between the sample and the plasma IS a 

complicated issue, as described in Chapter 2. Therefore, one possible explanation for 

the shape of the plot in Figure 6.15 is that the reduction is limited by the transpOli of 

radicals to the sample surface. Another possible explanation for the shape of this 

curve is the continued reduction of Ti20 3• As discussed earlier, the reduction of Ti20 3 

to Ti02_x (1/2 < X < 1) is occurring in the plasma with plasma conditions of high 
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power and pressure. If Tiz0 3 is being reduced in the plasma once it is formed, then 

a minimum should be expected where the concentration of hydrogen radicals in the 

plasma is the greatest. However, the minimum falls at plasma conditions of 0.8 kW 

and 9 torr, which do not correspond to the conditions of Tiz0 3 reduction. 

A third possibility is that the reduction mechanism changes with E/p. At low 

values of E/p, there appears to be a linear correlation between E/p and the weight 

fraction of Tiz0 3• Under the these plasma conditions the weight fraction of Tiz0 3 is 

dependent upon the equilibrium of plasma enhanced reduction and the re-oxidation of 

the product layer. These values of E/p represent the more severe plasma conditions, 

as indicated by the data labels. Increasing either the plasma power or the plasma 

pressure increases the extent of hydrogen dissociation, and thus the extent of the 

reduction. At the most severe conditions, the reduction of Tiz0 3 may be decreasing 

the amount of Tiz0 3 found in the sample. 

With higher values of E/p, the extent of the reduction appears to increase 

linearly with E/p. Under these conditions, the reaction mechanism may change to one 

involving ions and ballistic impacts. The number of ions produced in the plasma 

increases with increasing E/p, as shown in Figure 6.1. 

6.2.6 Effect of Applied (DC) Voltage on the Reduction of TiOz 

The idea of modifying the voltage drop across the Debye sheath was also 

investigated. An extemal DC bias (±100 V, 5 rnA max. current) was applied to the 

plasma in order to attempt to increase the extent of the reduction by increasing the flux 
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of charged particles to the sample sUlface. A 100 volt drop across the Debye sheath 

(1 cm) will give ions on the order of 10 eV of energy. This is enough to break 

surface Ti-O bonds (7.02 eV). However, XRD analysis of the sample showed no 

increase in the extent of reaction over samples run with only the ground maintained 

in the chamber. 

The ineffectiveness of the DC bias to improve the extent of reaction could be 

due to one of the following reasons. First, neutrals (Le. radicals) may be the 

predominant species involved in the sUlface reaction for these conditions, as indicated 

by Flamm and Herb (1989). These neutral species would not be affected by the 

voltage gradient developed across the Debye sheath. Therefore, applying the DC bias 

to the system would not show any increase in the extent of the sutface reaction. A 

second possibility is that the reaction times investigated were too long. Figure 6.7 

shows the reaction is effectively complete after the first five minutes of plasma-solid 

contact. Increasing the charged particle t1ux to the surl'ace and increasing the amount 

of damage on the sUlface would make the reaction proceed faster. This would not 

necessarily make the reaction proceed to a larger extent as the reoxidation reaction is 

still present. Figure 6.7 shows that the extent of reaction is not strongly time 

dependent. Shorter periods of contact times between the plasma and the solid are 

required to investigate exactly what is occurring at the sample sutface. Shorter times 

have not been investigated at the time of this manuscript. 
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6.3 The Reduction of Ilmenite in a Hydrogen Plasma 

A cursory investigation into the effectiveness of the plasma reduction of 

ilmenite (FeO*Ti02) was undertaken. The main goal of this work was to see if plasma 

reduction could provide an alternative approach in the production of extratelTesttial 

oxygen. This section will discuss the expeIimental work pelformed on the reduction 

of ilmenite. The feasibility of plasma reduction for extraterrestrial oxygen production 

will be discussed in Chapter 8. 

The conventional processing of ilmenite requires high temperatures or the 

presence of an additional process chemical to help scavenge the oxygen produced. The 

general reaction for ilmenite reduction is shown below: 

(6.7) 

Using data from Rouine (1989), it is found that for thermal reduction of ilmenite at 

1500 °C the equilibrium constant is only 0.27. This means that only 27% of the 

hydrogen input into the reaction vessel is converted to water. This low conversion rate 

makes thermal reduction with hydrogen inefficient. 

As discussed earlier, the use of a plasma can greatly decrease the temperature 

required to process refractory oxides such as ilmenite, increasing the amount of oxygen 

recovered. The relevant reactions involved in the plasma processing of ilmenite in a 

hydrogen plasma are illustrated below: 
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(6.8) 

(6.9) 

(6.10) 

Again, the important step is the production of hydrogen radicals in the plasma (Eq. 

6.8). Once formed, these radicals can easily react with the ilmenite to produce water 

and metallic iron, as shown in Eq.s 6.9 and 6.10. Note, Eq. 6.10 shows the further 

reduction of the Ti02 which is the end product of conventional processing. 

Experiments were performed in the manner discussed earlier. The plasma gas 

was continuously monitored for volatile species and the sample surface was analyzed 

by XRD after the plasma-solid contact to determine what phases were present. Typical 

results from the mass spectrometer are shown in Figure 6.16, which is a plot of the 

H20 signal intensity as a function of time. A background signal is collected over the 

first four minutes. This background signal is subtracted from the data shown in Figure 

6.16, which means that this water is produced during contact between the plasma and 

the ilmenite sample. As in the reduction of Ti02, the production of water statts 

immediately with the insertion of the sample into the plasma. However, the production 

of water during ilmenite reduction continues for the total time of plasma contact with 

the sample. There is a slight drop off in the water signal at longer times, which may 

result from the formation of a product layer, as in the reduction of Ti02• When the 

plasma was extinguished after 11 minutes of contact, the water signal decreases rapidly 
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to zero. The peak mole fraction for water for this experiment was 0.217, and occurred 

at approximately four minutes of plasma-sample contact. This mole fraction of water 

was produced at a sample temperature 700°C below what is required for thermal 

processmg. 
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Figure 6.16. A plot of the water peak height produced dUling the hydrogen reduction 
of ilmenite. The plasma conditions were: 0.8 kW, 26 Torr. 

Figure 6.17 shows typical results from the XRD for an ilmenite sample after 

contact with the hydrogen plasma. The diffraction pattern of the product layer shows 

excellent agreement with the standard spectra for Ti02, FeTi03 and a.-iron. These 

standard spectra are shown in the bottom of this figure. The most prominent phase in 
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Figure 6.17. The XRD spectra for ilmenite after 11 minutes of exposure to a 0.8 kW, 
16 Ton' hydrogen plasma. 

the sample is the iron, with some Ti02 and residual FeTi03• The low intensities for 

the Ti02 diffraction peaks may suggest some reduction of Ti02 to fOlm Ti02_x may be 

occull'ing in the plasma. However, this effect may also be due to the fact that Ti02 

could not re-arrange into its crystalline phase after ilmenite reduction. Ti20 3 was not 

observed in the sample after the reduction of ilmenite in the plasma. This is due to 

the thermodynamics of the reactions. The complete reduction of FeO is required 

before the partial pressure of water in the sample drops low enough to allow the 
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formation of Ti20 3• Any Ti20 3 that is fOlmed due to the reaction with monatomic 

hydrogen will be re-oxidized. 

A comparison of the mass spectrometer results obtained during the reduction 

of Ti02 (Figure 6.5) and ilmenite shows a large difference between the extent of water 

production during the sample's contact with the plasma. The production of water from 

Ti02 is initially rapid, but drops off quickly due to the development of the product 

layer. Ilmenite, on the other hand, produces a constant amount of water during the 

entire contact with the plasma. Visual inspection of the ilmenite sample after contact 

with the plasma did not reveal the formation of an obvious product layer, however, this 

does not preclude the formation of a product layer, as visual inspection was 

complicated by the color of the various layers; ilmenite is a dark grey, and any product 

layer would also be dark grey or black. 

The total area under these curves is proportional to the total amount of water 

produced during each reaction. The area under the ilmenite curve is greater than four 

times that for the Ti02 curve, as determined by a weight integral. The continued 

production of water after the plasma is extinguished may be due to diatomic hydrogen 

reaction with the hot sample. 

The results from the mass spectrometer and XRD are summarized in Table 6.3. 

The mole fraction of water is the "peak" value. The data presented on the phases 

present is qualitative, as no calibration curve has been determined for the ilmenite

anatase-iron system. The sample color is also a qualitative determination for each 
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sample. The sample was dark grey upon insertion into the plasma, and the color 

indicates the sample color upon removal from the chamber. There is no obvious trend 

in the production of water with the plasma conditions. However, metallic iron is 

always present, which agrees with the thermodynamic data. 

Table 6.3. Results from the reduction of ilmenite in a hydrogen plasma. 

Power Press. Temp. XH20 color FeTi03 Fe Ti02 

(kW) (ton') (C) (Atm.) 

0.8 16 850 .094 It.gry trace yes trace 

0.8 26 830 .217 It.gry yes trace no 

0.8 26 830 .040 blk yes trace no 

0.8 16 850 .132 blk yes yes trace 

1.2 16 968 .076 It.glY trace yes yes 

0.4 16 615 .076 blk yes yes yes 

0.8 6 800 .183 blk yes yes yes 

Thermal processing of ilmenite in a hydrogen atmosphere at the same sample 

temperatures found in Table 6.3 would produce a partial pressure of water of 0.02 to 

0.09 atmospheres. The mole fractions for the water produced in the plasma, listed in 

Table 6.3, are 2 to 11 times greater than this value. This indicates that the plasma 

enhances the reduction of ilmenite. The plasma temperatures are also lower than those 

required for thermal processing. 
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The conversion of the ilmenite to a-iron and rutile (Ti02) as indicated by the 

XRD spectra is the same reaction produced by thermal processing. However, the 

sample surface temperatures, as measured with a K-type thermocouple placed just 

below the sample surface, are significantly below the temperatures required for thermal 

processing. This indicates that Eq. 6.9 is the predominant mechanism for the reaction. 

A plot of the fraction of hydrogen reacted as a function of sample temperature 

is shown in Figure 6.18. In this figure, the solid line represents the maximum 

conversion obtainable for conventional processing with diatomic hydrogen [Rouine, 

1989]. The solid circles represent the extent of the conversion for the plasma 

enhanced reduction. The plasma shows a significant increase in the conversion of 

hydrogen to water. Theoretically, the conversion should approach unity for the plasma 

reduction of ilmenite, however, the plasma-sample contact is limited by the design of 

the system. 

6.4 Summary of the Reduction of Titanium Bearing Oxides in a Hydrogen Plasma 

The experimental data indicates that plasma processing of refractory oxides, 

such as Ti02 and ilmenite, offers advantages over conventional thermal processing (i.e. 

increased conversion at lower temperatures). The important results will be highlighted 

below. 

6.4.1 Reduction of Ti02 

1. Powdered Ti02 samples that have been reacted in a hydrogen 

plasma show a 60% conversion of the Ti02 to Ti20 3• This 
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Figure 6.18. A plot of the fraction of hydrogen converted to water during thelmal 
processing (solid line) and plasma processing (solid circles) of ilmenite. 

conversion has been achieved with sample temperatures below 

1000°C. 

2. The plasma enhanced reduction occurs rapidly. The above 

conversion is complete within 5 minutes of plasma-solid contact. 

3. The plasma enhanced reduction appears to be a surface reaction. 

4. The reduction appears to slow once Ti20 3 is formed. This may 

be due to the re-oxidation of lower oxides to form Ti20 3• After 

long exposures, the reduction of Ti20 3 appears to occur. 



5. The reduction to Tiz0 3 has been enhanced by maintaining a 

ground in the plasma. However, from the above discussion it is 

apparent that more work is required to understand exactly what 

is occurring at the plasma-sUlface intelface when the ground is 

present. 

6. The formation of the grey layer below the primary sUlface layer 

suggests the formation of a non-stoichiometric oxide, TiOz_x 

within the bulk of the sample. This is most likely due to the 

direct reduction of TiOz with diatomic hydrogen. 

7. The plasma reduction can not be followed by the E/p ratio, and 

therefore does not show the anticipated dependence upon the 

electron temperature that would be expected for a gas phase 

plasma reaction. 

8. The application of a voltage to the plasma does not appear to 

enhance the extent of the reduction, although reaction times of 

less than five minutes may yield a different result. 

6.4.2 Reduction of FeTi03 

1. The reduction of ilmenite to a-iron and TiOz was performed in 

a hydrogen plasma at temperatures as low as 650 DC. There is 

some indication that the continued reduction of TiOz is possible. 

However, no Tiz0 3 was observed. 
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2. The production of water during the plasma enhanced reaction 

was 2 to 7 times larger than what would be expected for 

conventional, thermal processing in hydrogen. 

3. The reduction of ilmenite in the plasma does not appear to have 

the same sUlface limitations that are found dUling the reduction 

of TiOz' The production of water does not decrease rapidly with 

the fOlmation a product layer. 
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Chapter 7 

The Plasma Reduction of Si02 

As often occurs in science, some of the most interesting discoveries arise when 

they are least expected. This was the case with the reduction of silica in the plasma. 

This was unexpected, as the source of the silica was the reaction chamber wall. The 

following discussion compares these findings with complex thermodynamic 

calculations, and proposes a possible mechanism for the reduction. 

7.1 Wall Deposits 

As discussed earlier, during the course of hydrogen reduction of Ti02, the fused 

silica reaction chamber failed. On three occasions a pin hole developed in the reaction 

chamber wall, causing a breach in the pressure containment. These failures occUlTed 

in the portion of the wall closest to the waveguide with plasma conditions of high 

power (P ~ 1.0 kW) and pressure (p ~ 26 torr). Under these conditions, the plasma 

is concentrated in the front of the reaction chamber near the waveguide; the plasma 

extends roughly halfway across the diameter of the reaction chamber (-2 em) and 

approximately 4 cm above and below the center of the waveguide. 

In conjunction with the chamber failure, various films were deposited on the 

chamber walls adjacent to the area of the breach. Photographs of these deposits on the 

chamber walls are shown in Figures 7.1 and 7.2. The deposited films have a variety 

of colors and thicknesses. The deposits were very difficult to remove; they were 
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resistant to chemical attack by aqua regea, as well as abrasive attack. Deposits were 

formed under a variety of power and pressure conditions. The exact conditions under 

which the deposition occurred is not known. It appeared that at least some deposition 

occurred under all plasma conditions. 

2 345 --. .... 

Figure 7.1. A photograph of the reaction chamber showing the wall deposits on the 
front wall of the chamber. The wall breach is located at the center of the deposits. 

The hole ill the chamber wall occurred at the hottest part of the plasma, based 

upon its location directly in front of the wave guide terminus. The more metallic 

looking deposits are concentric about this point (see Figure 7.1). The deposits on the 

back of the chamber are much darker (Figure 7.2), and do not appear metallic in 

nature. The back wall deposits are thicker that those found on the front of the tube, 
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Figure 7.2. A photograph of the backside of the reaction chamber showing the darker 
wall deposits. 

and do not exhibit as many different color bands. A schematic representation of the 

distribution of these wall deposits around the wall breach is shown in Figure 7.3. On 

the inside surface of the reaction chamber, there are three distinct layers: a metallic 

looking layer closest to the hole; then, a white, particulate looking layer; and finally 

a brownish-black layer that extends to the back of the reaction chamber. The dark 

deposits on the back wall of the chamber appear to be integrally bound to the fused 

silica. Some of the fused silica appears to be spalling off, while the deposited layer 

has remained intact. These cracks are possibly due to thermal expansion differences 
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of the deposited layer and the fused silica. The spallation cracks are shown in Figure 

7.2. 

Clear Region 

White Deposit Brown Deposit 

Figure 7.3. A schematic representation of the wall deposits formed during the failure 
of the reaction chamber. 

Samples were cut from the chamber wall so that all of the layers could be 

analyzed by Energy Dispersive X-Ray Spectroscopy (EDS). EDS analysis of these 

deposits did not show any elements other than Si, indicating that these deposits were 

not formed from the reduction of TiOz or by reaction with the specimen holder. Note 

that no elements lighter than sodium can be detected by the EDS system utilized. 

Therefore, no oxygen could be detected with this method. 
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The reaction chamber wall, in the area where the failure occurred, was 

noticeably thinner than the rest of the wall (nominally 3 mm in thickness). A 

photograph of the cross section of the chamber wall taken from this area is shown in 

Figure 7.4. The failure occurred in the center of a small dimple which protruded into 

the reaction chamber. The results of EDS analysis and the fact that material was 

removed form the area of contact between the plasma and the reaction chamber wall 

suggests that these wall deposits are composed of silicon, and formed as a result of a 

chemical reaction between the plasma and the chamber wall. 

Figure 7.4. A cross section of the reaction chamber wall. The wall is noticeably 
thinner in the area of plasma contact. 
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Typical examples of the deposit microtexture are shown in Figures 7.5 and 7.6. 

The irregular cell surface structure shown in Figure 7.5 is from the deposit on the back 

wall of the reaction chamber. The large light area is due to charging of the sample 

surface caused by a hole in the conductive layer. This grain like structure suggests 

that the brown layer may be crystalline. 

Figure 7.5. A SEM micrograph showing the surface texture of the deposits exhibited 
in Figure 7.2. 

The spherical nodules shown in Figure 7.6 are on the metallic layer. These 

nodules were all about 10 microns in diameter, and were found in areas that had the 

metallic looking deposits. The color differences between the various layers in the front 

portion of the reaction chamber are due to interference colors. 
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Figure 7.6. A SEM micrograph of the metallic layer near the front of the reaction 
chamber. 

7.2 Reduction of SiOz to Metallic Silicon 

Analysis of the wall deposits was also performed by Auger electron 

spectroscopy. Specimen similar to those used in EDS analysis were used for Auger 

electron spectroscopy. These samples were sputter coated with a gold-palladium layer 

in order to avoid sample charging by the electron beam in the microscope. Prior to 

data collection, the Pd-Au coating was thinned by ion milling in order to minimize the 

amount of interference in the data signal from the Au-Pd coating. Standard Auger 

electron spectra for elemental Si and for SiOz are shown in Figure 7.7 and Figure 7.8, 

respectively. Notice the different scales in these spectra; the major peak for elemental 
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Si is found at 92 eV, while the major peak for Si02 is found at 76 eV and 

approximately 500 eV for the oxygen bound to the silicon (Note: Auger "peaks" 

actually appear as valleys, but are still refelTed to as peaks in the literature). 

The Auger electron spectrum from the grey metallic looking deposit from the 

front wall of the reaction vessel is shown in Figure 7.9. The presence of a peak at 92 

eV identifies this deposit as metallic silicon. The shoulder on this peak falls at 76 eV, 

which results from Si02• The presence of Si02 in the spectlUm is most likely due to 

the formation of a thin oxide layer on the metallic silicon during the failure of the 

chamber wall; air was allowed into the reaction chamber by the wall breach, which 

possibly reacted with the metallic silicon deposit to form a surface layer of Si02• 

Auger analysis of the white and brown deposits revealed that they were both 

Si02• The brown color of the deposits that formed on the back wall of the chamber 

is thought to be due to entrapped impurities. Small concentrations of various 

impurities can greatly affect the optical properties of fused silica. However, it should 

be noted that Auger analysis did not indicate the presence of any impurities in 

concentrations above 0.2 weight percent, which is the detection limit for this analytical 

technique. 

The presence of the small dimple in the chamber wall allowed the wall 

temperature to be estimated. An estimate of the wall temperature was required, as the 

temperature work discussed earlier was for a sample in the center of the reaction 
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chamber, not at the chamber wall. No measurement of the radial variation in 

temperature was made during this work. 

The dimple, approximately 3 mm by 3 mm and 2 mm deep, formed in the 

center of the region where the plasma was in contact with the chamber wall. The 

removal of wall material by the plasma was most severe in the area of the dimple. 

The chamber wall deformed as a result of the pressure differential between the inside 

and outside of the reaction chamber. With the pressure inside the chamber set to 26 

torr, the pressure differential cOll'esponds to a force of 8.5 N per cm2
• The "Einsink" 

temperature of fused silica corresponds to the temperature at which a Pt-20% Rh rod 

will penetrate 2 cm into a sample in one minute under a force of 4.5 N per cm2 

[Vogel, 1983]. The Einsink temperature of fused silica is 1220 °C (1493 K). Because 

the force associated with the pressure differential is roughly twice that used in the 

Einsink temperature, and because the wall breach took over an hour to develop, it is 

reasonable to assume the wall temperature was less than 1220 DC. This temperature 

is in agreement with the measured sample temperatures discussed in Chapter 4, for the 

above plasma conditions. 

The presence of the clear surface where the plasma contacted the silica tube, 

and the reduction in the wall thickness, suggests that material was removed and 

redeposited elsewhere in the chamber. The concentric nature of the wall deposits 

around the dimple suggests that the mechanism for the redeposition is 
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Figure 7.7. Standard Auger spectrum for pure silicon [Handbook of Auger Electron Spectroscopy]. 
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Figure 7.9. Auger electron spectrum for the metallic deposits on the chamber wall. 

dependent upon temperature. A temperature gradient will exist in the chamber wall 

from the front of the chamber, where the plasma is in contact with the wall, and the 

back of the reaction chamber. 

In order to evaluate what species were involved in the process of material 

removal and redeposition, a complex thermodynamic analysis was conducted for the 

Si-O-H system. For this analysis, it was assumed that hydrogen was present in either 

the monatomic or diatomic form. The presence of monatomic hydrogen was used to 

simulate the conditions found in the plasma; both monatomic and diatomic hydrogen 

were used to simulate the conventional process. One mole of H or H2 was assumed 
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to react with an excess of silica at 26 torr. The species included in the analysis are 

listed in Table 7.1, and the results are presented in Figure 7.10 and Figure 7.11 for 

plasma reduction and conventional reduction, respectively. Only those species that 

have a concentration of 1 ppm or larger are included in these figures. 

-6~~~~~~~~~~~~~~~~ 
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Figure 7.10. Complex equilibria for the reduction of Si02 in a hydrogen plasma. 
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Figure 7.11. The complex equilibria for the reduction of Si02 in a conventional 
process. 

Table 7.1. The species included in the complex thermodynamic calculations. 

Plasma Reduction Conventional Reduction 

H(g), SiO(g), H20(g), 02(g), Si(g), Hig), SiO(g), H20(g), Oig), Si(g), 
SiH(g), SiH2(g), SiH4(g), Si3(g), SiH(g), SiHz{g), SiHig) , Si3(g), H(g) 

Si02(s), Si(s or 1) Si02(s), Si(s or 1) 

Equilibrium results in Figure 7.10 and Figure 7.11 indicate that the plasma can 

have a significant effect on the way in which hydrogen reacts with silica. With 

conventional heating (see Figure 7.11) the predominant reaction between diatomic 

hydrogen and silica is: 



Si02 (s or I) + H2 (g) = SiO (g) + H20 (g) 
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(7.1) 

This reaction predominates over the whole temperature range examined, but is only 

significant at temperatures above 2000 K. However, in the presence of monatomic 

hydrogen (produced in the plasma), two reactions predominate: one at high 

temperatures and one at low temperatures. At temperatures above 1800 K the plasma 

reacts with the silica to fOlm SiD (g) as shown below: 

Si02 (s or l) + 2 H (g) = SiO (g) + H20 (g) (7.2) 

At temperatures below 1800 K, the monatomic hydrogen reacts with the silica to fOlm 

silane, SiH4• This reaction is illustrated below: 

Si02 + 8 H (g) = SiH4 (g) + 2 H20 (g) (7.3) 

Since the chamber walls are at temperatures less than 1500 K, the fOlmation of silane 

is thermodynamically favored. 

Silane is a very unstable gas. It readily decomposes to elemental silicon and 

H2 upon heating in a non-oxidizing environment. The thermal decomposition of silane 

to fOlm metallic silicon can be represented as shown below: 

(7.4) 

where the energy for the decomposition comes from a hot portion of the chamber wall. 

Therefore, when the silane leaves the plasma and comes in contact with a hot portion 

of the chamber wall, it will readily decompose to elemental silicon and diatomic 
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hydrogen. However, if the oxygen partial pressure is high enough, silane will 

decompose to form SiOz and Hz. This suggests that the metallic silicon was deposited 

by thermal dissociation in a region where the partial pressure of water was low, or the 

kinetics of the oxidation reaction were slower than the decomposition kinetics. Since 

the pattial pressure of water is not expected to vary significantly throughout the 

reaction chamber, it is felt that the second explanation is the most likely scenario. 

The deposition of SiOz on the back wall of the chamber was apparently caused 

by the re-oxidation of SiH4 (g) or SiO (g). The water produced during the reduction 

reaction can react with SiH4 or SiO (g) to give the reverse of Eq. 7.2 and 7.3. The 

walls where this deposition occurred are cooler, since the plasma was not in direct 

contact with the chamber walls in this region. Therefore, the kinetics of the oxidation 

might have been more rapid in this region, than thermal decomposition if the latter is 

more temperature sensitive. 

7.3 The Mechanics of SiOz Reduction 

As discussed in Chapter 2, there are many chemical reactions that can take 

place at the plasma-solid inteli'ace. Associated with each reaction are a number of 

possible mechanisms for the formation of products in plasma enhanced reactions. A 

complete discussion of all potential mechanisms involved in silane formation is not 

possible. However, assumptions can be made to limit the number of mechanisms that 

will be considered. The following discussion proposes one set of mechanisms for the 

formation of silane and water from fused silica in the hydrogen plasma at 1500 K (see 
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Figure 7. 10). These mechanisms are based upon the assumption that the chemical 

potential of the hydrogen radicals is the only driving force for a reaction. It is also 

assumed that there is a steady nux of hydrogen radicals (formed in the plasma) to the 

sample smi'ace, and that gas phase reactions are not prevalent. 

The assumption that the driving force for the reaction is solely the chemical 

potential of the radicals may not be explicitly true in the plasma. As discussed in 

Chapter 2, induced voltages on the sample can cause ions to create surface damage by 

ballistic impacts. Any damage caused by these impacts can greatly affect the reaction 

mechanisms. There is no way to determine the magnitude of the surface damage 

caused by these impacts in the present investigation. Qualitatively, these impacts will 

only increase the reactivity of the surface. 

Predictions as to whether or not the proposed reactions will proceed as written, 

can be estimated from the average bond energies for the reactants and products. If 

more energy is required to break a given surface bond than is released during the 

formation of the products, the reaction will not proceed as written. Estimates of the 

average bond energies can be made using the enthalpy of dissociation [Weast, 1977]. 

For example, the silicon-oxygen bond energy can be estimated from the dissociation 

enthalpy for the following reaction at 1500 K: 

Si02 ~ Si + 20 .1 H = 1408.6 kllmol (7.5) 

In order for the dissociation of Si02 to proceed as written in Eg. 7.4, four bonds must 

be broken. Therefore, the average silicon-oxygen bond energy is estimated to be 114 
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of the dissociation enthalpy listed in Eq. 7.4. This represents an average value for the 

bond energy, because the bond energy will vary with the number and type of ligands 

attached to the core atom [MOlTison and Boyd, 1983]. 

The average bond energies for various bonds considered in the following 

discussion are listed in Table 7.2. These values were calculated in the above manner 

using data from Rouine (1989). 

Table 7.2. Average bond energies at 1500 K. 

Dissociation 
Average 

Reaction Energy Coordination Bond 
Bond 

Strength 
(kllmol) 

(kllmol) 

Si02 = Si + 2 0 1408.6 4 Si-O 352.1 

SiH4 = Si + 4 H 875.6 4 Si-H 218.9 

H20 = 2 H + 0 950.5 2 O-H 475.2 

H2 = 2 H 447.3 1 H-H 447.3 

O2 = 20 498.3 1 0-0 498.3 

The physico-chemical aspects of the interaction of the plasma with the fused 

silica are depicted graphically below. A typical silica surface at a temperature in 

excess of 1000 °C is shown in Figure 7.12 [Zarzycki, 1991]. In this figure, the solid 

lines represent chemical bonds between the atoms (indicated by their periodic symbol). 

As shown in this figure, a surface silicon atom is tetravalent, with three oxygen ligands 

incorporated into the network, and one oxygen ligand as a hydroxyl or an extemally 
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bridging oxygen. The hydroxyl groups that are prominent at low temperatures are 

replaced by externally bridging oxygen at elevated temperatu.res. 
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Figure 7.12. A schematic representation of a fused silica surface at a temperature in 
excess of 1000 DC. 

In order to produce silane from silica, the silicon-oxygen network must be 

interrupted. This network can be broken by reaction with the hydrogen radicals. 

These reactions can become prevalent, provided the concentration of radicals near the 

surface remains large. The major loss mechanisms for radicals near the surface will 

be chemical reactions and recombination. The recombination of hydrogen radicals in 

the gas phase will not readily occur unless a third body is present to absorb the excess 

energy. The silica surface may act as the third body in the recombination process, 

however, the present work and work by Flamm (1989) show that surface 

recombination is not prevalent on ceramic sUliaces. Therefore, the gas phase 

recombination of two hydrogen radicals at the silica surface is not considered likely. 

Assuming hydrogen radicals are impinging on the silica surface, the most likely 

first step in the production of silane would be attack of the silicon hydroxyl bond or 

one of the extemally bridging oxygens. These bonds protrude into the plasma which 
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make these oxygen atoms very susceptible to chemical attack. Figure 7.13 shows one 

of a number of possible sUlface reactions. During this reaction the hydrogen radical 

attacks the bond marked with a "X". In this case the hydrogen atom is removed from 

the hydroxyl group, producing a hydrogen molecule and an unbonded surface oxygen 

atom. In order for the reaction to proceed as written, 27.8 kJ/mol must be supplied 

to the system, making the reaction energetically unfavorable as written. 

~ o 
I 

-O-Si--O- + H 
I o 

I 
o 
I 

===<=-::- - O-Si-O - + H2 
I o 

( i1 E = +27.8 kJ/mol) 

Figure 7.13. Graphic representations of the interaction of a hydrogen radical with the 
a hydroxyl group attached to the silica sUlface. 

However, a number of possible reactions involving the dangling oxygen bond 

can also occur, possibly loweling the energy of the system. The more probable 

reactions for this system are listed below. The dangling oxygen atom can: 

1. Blidge externally to a silicon (~E=-324.3 kJ/mol). 

2. Back-react with the hydrogen molecule formed during the 

reaction to give the initial reactants (~E= - 27.8 kJ/mol). 
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3. React with a hydrogen radical that may be near the silica sUIface 

to produce a hydroxyl molecule (AE= -447.4 kllmol). 

The energy listed with each reaction is the enthalpy of the overall reaction. Of the 

three possibilities listed above, 3 is the most favorable as it forms the strongest 

chemical bond. Possibility 1 has a similar bond strength and should also be favorable. 

However, this reaction is unlikely due to stearic hinderance in forming the external 

bridge. This reaction is also limited by the probability of finding a silicon atom with 

unpaired bonding electrons in the next lattice position. 

Another possible sUlface reaction would be for the hydrogen radical to break 

the Si-O bond of the hydroxyl group to fOlm water and an unbound silicon surface 

atom. This reaction is shown schematically in Figure 7.14. As written, this reaction 

releases 123.1 kllmol of energy. The reaction of this un bonded silicon atom will 

release more energy due to the formation of the Si-X bond (where X represents any 

ligand). Three of the most likely reactions with the sUIt'ace silicon atom are listed 

below. The unbounded surface silicon atom can: 

4. Form an external bridge with a oxygen atom (AE= -475.2 

kllmol). 

5. React with a hydrogen radical (AE= -342.0 kllmol). 

6. React with the water molecule to form either: (a) a Si-O bond 

and a hydrogen molecule (AE= -27.9 kllmol) or (b) a Si-H bond 

and a hydroxyl group (AE= -341.1 kllmol). 
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Again, the energy listed with the reactions indicates the overall energy of the reaction. 

Reaction 4 is the most energetically favorable, however this will be unlikely due to 

stearic hinderance and the probability of finding an unbounded oxygen in the next 

lattice site. The formation of the Si-H bond through reaction 5 or 6 (b) should be the 

most probable reaction to occur in conjunction with the removal of the hydroxyl group. 

~ 
J 

o 
X -0-S1-0-

J 

+ H I 
-O-Si-O- + H2 0 

J 

( !l. E ... -123.1 kl/mol) 

Figure 7.14. A schematic representation of a hydrogen radical breaking the silica 
oxygen bond of an external hydroxyl group attached to the silica surface. 

Once the Si-H bond is fOlmed, it is also open to chemical attack by hydrogen 

radicals. The attack of the Si-H bond is shown schematically in Figure 7.15. The 

hydrogen radical from the plasma breaks the Si-H bond to form diatomic hydrogen and 

an unbounded suti'ace silicon atom. As written, this reaction will release 228.4 kJ/mol, 

which makes the reaction favorable. Therefore, the surface silicon atom does not need 

to react with another product in order for the reaction to be energetically favorable. 

However, this surface silicon atom can react as indicated above in 4-6, which will help 
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to stabilize the silica surface. As indicated above, the most favorable reaction product 

is the formation of the Si-H bond. This set of reactions does not aid in the formation 

of silane, and thus represents a loss mechanism for energy input into the system. 

-0-*-0-I 
o 

+ H 
I 

=- - O-Si-O - + H2 
I 
o 

( fl. E = -228.4 kl/mol) 

Figure 7.15. A schematic representation of a possible reaction path for the 
recombination of hydrogen. 

The other possible reaction to occur on the surface is for a hydrogen radical to 

break a Si-O bond of the network. There are two possible paths for this reaction 

depending upon where the incoming hydrogen radical ends up in the products. These 

reactions are shown schematically in Figure 7.16. If the hydrogen radical reacts with 

the silica to form a Si-H bond and an unbounded sUlt'ace oxygen atom (b), the reaction 

is energetically unfavorable; if the hydrogen radical reacts with the oxygen to form a 

O-H bond and an unbounded surface silicon atom (a), the reaction is energetically 

favorable as written. The further reaction of the unbounded silicon atom will stabilize 

the surface, but is not required for the reaction shown in Figure 7.16 to proceed as 
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Figure 7.16. A schematic representation of the two possible reaction paths for the 
breaking of the silicon-oxygen network by a hydrogen radical. 

written. 

The formation of silane occurs by the reaction indicated in Figure 7.16 (a). 

Successive reactions that break the Si-O bond followed by the stabilization of dangling 

silicon bond by reaction with a hydrogen radical will result in the formation of silane. 

As stated above, this mechanism requires the concentration of hydrogen radicals near 

the surt'ace to be large. A large concentration of hydrogen radicals near the sample 

smface will increase the probability of the dangling silicon bond being satisfied with 

a hydrogen atom. Silane will remain stable as long as it remains in an environment 

with a high concentration of monatomic hydrogen (i.e. in the plasma). If a silane 
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molecule diffuses out of the plasma, it will become unstable, and may dissociate as 

shown in Eq. 7.4. 

A number of steps in the above reaction mechanisms will produce diatomic 

hydrogen from reactions with the hydrogen radicals. These reactions are responsible 

for the hydrogen recombination. As such, these reactions are decreasing the efficiency 

of the plasma reduction, as the energy that is used to form the radicals in the plasma 

is converted to heat during these reactions. The actual extent of these recombination 

reactions is not known quantitatively. However, the reduction of silica is occurring in 

this system, therefore the magnitude of these loses can not be overwhelming at these 

conditions. 

7.4 Summary of SiOz Reduction 

The reduction of fused silica in the hydrogen plasma was not the focus of this 

investigation. In fact, this reduction was not expected. Although this was not the 

primary focus of this work, some interesting conclusion on the plasma reduction of 

Si02 can be made based upon the limited experimental work: 

1. The reduction of Si02 to metallic silicon is possible In a 

hydrogen plasma at temperatures less than 1220 DC. 

2. The reduction appears to proceed by the formation of silane in 

the plasma. Silane than thermally decomposes to form metallic 

silicon when it comes in contact with the hot chamber walls 

outside the plasma. 



3. If the partial pressure of water is too large, or the chamber walls 

are not hot enough, it appears that silane will be re-oxidized to 

form SiOz' 

4. Thermodynamically, the fOlmation of silane in the plasma is 

favorable as long as the concentration of hydrogen radicals at the 

silica surface is high. 

236 
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Chapter 8 

Oxygen Production form the Full Lunar Regolith 

The indigenous production of oxygen from local resources is imperative for 

maintaining a prolonged manned presence on the Lunar (or Martian) surface. Oxygen, 

as a resource, is abundant on the moon. The lunar smt'ace is roughly 45% (by weight) 

oxygen [Heinken, 1991]. However, this oxygen is chemically bound in the various 

silicates and oxides that compose the lunar regolith. 

Various methods have been proposed for extracting oxygen from the lunar 

regolith. These methods include direct hydrogen reduction [Kibler et aI., 1984; Gibson 

and Knudsen, 1984] and carbothermal reduction [Shadman and Massieon, 1991; Cuter 

and Krag, 1985; Zhao and Shadman, 1990] of various components of the regolith. 

Typically, these processes are variations of conventional processes used for mineral 

processing on Ealth. They rely on high temperatures or the presence of additional 

reducing agents to improve the kinetics and thermodynamics of the reduction reactions. 

To date, these conventional processes have focused on removing oxygen from the iron 

bearing minerals (i.e. ilmenite (FeO*TiOz), olivine ((Mg,Fe}zSi04) or pyroxene 

((Ca,Mg,Fe)zSiz0 6». These three minerals are the focus of most studies as they 

compose a large fraction of the average lunar regolith. More importantly, iron bound 

oxygen is the most easily removed oxygen in minerals found in the lunar regolith 

(based upon chemical thermodynamics). 
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An alternative process for oxygen production from lunar resources is plasma 

reduction of the unbeneficiated lunar regolith. This chapter will address the relative 

validity of plasma reduction. First order power and mass requirements for plasma 

reduction have been developed based upon experimental evidence. These values are 

compared to literature values for other proposed production schemes. A process flow 

diagram indicating the proposed technology is also presented. 

S.l Background 

Direct hydrogen reduction of ilmenite is shown by Eq. 6.7 and repeated here 

for convenience: 

(S.l) 

The water that is produced is then hydrolyzed to produce oxygen and hydrogen for 

recycle. This process is discussed in greater detail by Kibler et. al (1984), and Gibson 

and Knudsen (1984). Direct hydrogen reduction of ilmenite, as shown in Eq. 8.1, 

requires large hydrogen t10w rates, as the fraction of hydrogen that is converted to 

water is low at the temperatures required for thelmal hydrogen reduction (typically 

1000 °C :::; T :::; 1200 °C). This is shown graphically in Figure 8.1. The solid line in 

this plot represents the thermodynamic eqUilibria for the conventional (thermal) 

hydrogen reduction of ilmenite [Rouine, 1989]; the experimental data of Shomate et 

a1. (1946) shows good agreement with the thelmodynamic limit. 

The alternative to hydrogen reduction for oxygen production is carbothermal 

reduction. The use of solid carbon as the reductant requires temperatures on the order 
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Figure 8.1. A plot of the utilization of hydrogen during reduction of ilmenite. 

of 1300 K [Rouine, 1989]. The solid carbon is thought to react through a mechanism 

similar to the reduction of iron oxides in a terrestrial blast furnace [Zhao and Shadman, 

1990]. The relevant equations for carbothelmalreduction of ilmenite are: 

(8.2) 

(8.3) 

C(s) + CO
2 

(g) ~ 2 CO (g) (8.4) 
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Eq. 8.2 represents the reaction that proceeds if the solid carbon and ilmenite are in 

contact, while Eq.s 8.3 and 8.4 will take place when the carbon and ilmenite are 

separated by a Ti02 product layer. Extensive research has been petformed on this 

process by Zhao and Shadman (1990). Massieon (1992) has investigated carbothermal 

reduction of other iron-bearing components of the lunar regolith (Le. olivine and 

pyroxene). Other fOlms of carbothermal reduction have been proposed by Rosenberg 

(1964). These follow the same principal as above, but have ditIerent sources for the 

carbon. 

A schematic of the proposed non-slagging oxygen production plant is shown 

in Figure 8.2 (after Zhao and Shadman, 1990). The process uses solid carbon and 

carbon monoxide as the primary reducing agent as described in Eq.s 8.2 to 8.4. The 

carbon dioxide that is produced in the reduction reaction is passed through an 

electrochemical cell to produce oxygen. This schematic is coded to represent the state 

of the technology for each step in the process. Known technology refers to a process 

or equipment that has been used in laboratory scale systems; "New" technology 

indicates components that are (at best) in the developmental stage. The heart of the 

non-slagging process relies on three steps: the deposition of carbon; the 

electrochemical cell; and the CO/C02 separator. All of these process steps are "new" 

and still un-proven. As such these steps are the focus of much experimental work. 

The timely development of all three of these process will limit the development of the 

non-slagging oxygen production process. 
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Figure 8.2. The non-slagging carbothermal process of oxygen production. 

8.2 Plasma Reduction 

As discussed earlier, the use of a "cold" plasma for the production of extra-

terrestrial oxygen offers a highly reactive environment in which gas-solid reactions can 

be enhanced. The reactive nature of the plasma can provide new reaction paths that 

are not available in conventional processing. The proposed process t10w diagram for 

a hydrogen plasma oxygen production system is shown in Figure 8.3. The process 

steps are labeled to represent the state of the technology; "Proven" technology refers 

to processes that are in used today. 
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This system offers a much simpler design from the chemical engineering point 

of view. The gas flow loops are simpler; the support processes for this system are 

technologically simple. Condenser technology has been used in industry for years; the 

electrolysis of water is also a proven technology. The only unknown in the plasma 

process is the reduction reactor (which was the focus of the previous chapters). 
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Figure 8.3. The plasma production plant. 
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8.3 Thermodynamic Considerations 

As discussed earlier, the important chemistry occurring in the plasma is the 

production of radicals. The formation of hydrogen radicals from diatomic hydrogen 

can be represented by: 

H
2
(g) + microwaves -) 2 H(g) (8.5) 

These hydrogen radicals have a much greater chemical potential than diatomic 

hydrogen. Table 8.1 compares the change in the standard state Gibb's energy for the 

complete reduction of the listed oxides at 1000 K by either monatomic or diatomic 

hydrogen. The values in Table 8.1 are per mole of H20 produced in the reaction, and 

are listed in order of ease of reducibility (i.e. FeO is more easily reduced than K20, 

etc.). Table 8.1 indicates that the production of hydrogen radicals in a plasma has two 

major effects on the reduction of oxides. First, the temperature required for a 

spontaneous reduction is significantly lowered. Oxide reduction is generally favored 

in the presence of monatomic hydrogen, while direct reduction with H2 is not favored 

at 1000 K. A lower process temperature will decrease energy requirements and 

possibly increase the reliability and ease of operation of the process equipment. 

Second, the enhanced thermodynamics offered by the presence of hydrogen 

radicals in the plasma suggest that unbeneficiated lunar regolith may be usable for 

oxygen production. At 1000 K all oxides listed above the heavy line in Table 8.1 are 

theoretically reducible in a hydrogen plasma. This will increase the amount of oxygen 

recovered pel' unit mass of regolith collected. Processing unbeneticiated regolith will 
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also provide a tremendous economic advantage in the initial launch mass of the oxygen 

production facility, by decreasing the amount of mass dedicated to beneficiation. 

Table S.l. The change in standard state Gibb's energy per mole of H20 produced for 
the complete reduction of the given oxide with either monatomic or diatomic hydrogen 
at 1000 K [Rouine, 1989]. 

Standard State Gibb's Energy Change (T = 1000 K) 

I Oxide I 
Reduction with H Reduction With H2 

(kJ/moI02) (kJ/moI02) 

FeO -287.396 12.328 

K20 -286.875 12.849 

Na20 -231.364 68.360 

Cr20 3 -212.187 87.536 

MnO -185.551 114.173 

Si02 -135.568 164.156 

Ti02 -120.763 178.961 

A120 3 -53.733 245.991 

MgO -15.632 284.092 

CaO 26.151 325.875 



Table 8.2. Composition of various lunar regolith samples collected during the Apollo missions. See text for meaning of 
the various numbers presented in this table. (Compositional data from McKay et al. (1991)). 

II ~~l~-T----;OllO~ II Apollo 14 II .- A~ ~-6 -.~ 

Formula g O2 g O2 g O? g O2 

Compound . ht wt% R bl wt% R bl wt% R -bl wt% Recoverable welg ecovera e ecovera e ecovera e 

FeO 71.85 19.7 4.37 19.9 4.43 16.8 3.74 5.1 1.13 

I ~O 94.22 0.05 0.018 0.07 0.01 0.10 0.02 0.17 0.03 

N~O 61.98 0.36 0.09 0.28 0.07 - - 0.46 0.12 

Crp3 151.99 0.41 0.139 0.37 0.12 - - 0.33 0.10 

MnO 70.94 0.27 0.078 0.27 0.06 0.26 0.06 0.30 0.07 

Si02 60.88 37.8 19.86 46.3 24.33 46.4 24.38 45.0 23.65 

Ti02 79.90 13.0 15.20 4.0 1.60 2.6 1.04 0.54 0.22 

Al20 3 101.96 8.8 4.14 10.7 5.04 13.6 6.40 27.3 12.85 

MgO 40.31 8.4 3.33 6.5 2.58 8.5 3.34 5.7 2.26 

CaO 56.08 10.7 3.05 11.8 3.37 11.2 3.19 15.7 4.48 

Total 
(g Oig regolith) 0.403 0.416 0.422 0.449 

Theoretically Re~ucible 0.374 0.382 039? 0.402 
(g Oig regolith) . -

Assumed Redu~ible 0.246 0.290 0.283 0.250 
(g Oig regolith) 

N 
~ 
til 
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The average regolith compositions for the indicated Apollo landing sites are 

listed in Table 8.2. The composition of the regolith varies from site to site, but the 

total weight fraction of oxygen for these samples remains approximately constant at 

0.42 g Dig regolith. Assuming full reduction of all oxides above the solid line in 

Table 8.1, plasma reduction of the full lunar regolith could provide an average 

"theoretical" yield of 0.39 g Dig regolith. This represents 90% of the oxygen found 

in the lunar regolith. 

It should be noted that the data listed in Table 8.2 is based upon the reduction 

of the indicated oxide, not the actual minerals. It is felt that, at the present time, the 

use of the oxides provides the most reliable data. The lack of thermodynamic data on 

the minerals, and the lack of information on the exact composition of the minerals as 

they are found on the moon was a major factor in the decision to use the oxide data. 

It is noted that the formation of the minerals from the oxides stabilize the system, 

however, it is not expected to change the results, as the reduction will proceed in a 

stepwise manner. For instance, in the reduction of ilmenite, the first component to be 

reduced is the FeD. The product of this reduction will be TiDz and metallic iron; only 

after all of the FeD is reduced will the TiD2 start to be reduced. 

8.4 Discussion 

Experimental evidence suggests that the "theoretical" values listed in Table 8.2 

are not presently obtainable. However, significant improvements over conventional 

processing have been obselved. The conversion of the input hydrogen to water is 
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increased; in some cases by a factor of four. This is shown in Figure 6.18. 

Experimental evidence also shows that the conversion of SiOz to elemental Si is 

possible in a hydrogen plasma at temperatures below 1500 K. This suggests that it 

may be possible to reduce the silica (Si02) fraction of the silicate minerals. This 

successful reduction of silica also suggests that all compounds listed above SiOz in 

Table 8.2 are reducible in the plasma. This gives the "assumed" mass fraction yield 

of oxygen from the regolith based upon complete reduction of the silica component of 

the silicate minerals, and all other more easily reduced oxides. Calculating the mass 

fraction of oxygen produced based upon the complete reduction of all compounds up 

to and including SiOz gives (on average) 0.27 g 0zlg regolith, or 64% of the available 

oxygen. 

As discussed in Chapter 6, experimental evidence has also indicated that the 

Ti02 fraction of the remaining regolith may be partially reduced in the plasma. The 

relevant equations involved in the processing of ilmenite in a hydrogen plasma are 

shown in Chapter 6 (these equations are repeated here for convenience): 

2 H(g) + FeO*TiOz(s) ~ Fe(s) + TiOz(s) + HzO(g) (8.6) 

2 H(g) + 2 TiOz(s) ~ Tiz0 3
(s) + HzO(g) (8.7) 

Eq. 8.7 shows that further reduction of the TiOz is possible. This reaction proceeded 

to roughly 60% conversion in 5 minutes at 1200 K. The continued reduction of TiOz 
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would also increase the mass fraction of oxygen recovered from the regolith. This 

portion is not included in the above "Assumed Reducible" mass fraction. 

The reduction of Ti02 is possible during ilmenite processing. Zhao and 

Shadman (1990) shave shown that Ti02 can be reduced to its sub-oxides during the 

hydrogen reduction of ilmenite. This reduction was observed after all of the FeO was 

reduced. Allen et. al. (1991) have shown that the above reaction will proceed as 

written at 1173 K with complete reduction of the FeO. At higher temperatures a slight 

reduction of Ti02 to the sub oxides Ti60 11 and Ti40 7 at 1123 K and 1373 K, 

respectively, was observed after long reaction times (typically hours). 

Figure 8.4 shows the oxygen to titanium ratio of the products of the Ti02 

reduction as a function of the process temperature. While a slight reduction of TiOz 

is obtained in thelmal processing, high temperatures are required. Plasma activation 

can achieve a fUlther reduction, at lower temperatures. The reduction of more stable 

oxides can reduce the size of a oxygen production facility. 

Figure 8.5 represents an elementary process flow diagram for a plasma oxygen 

production facility. This process is similar to direct hydrogen reduction, except that 

the plasma reactor does not require preheating of the regolith. The f10w diagram is 

coded as discussed above to represent the state of the technology for each portion of 

the plant. 

Power and mass requirements were calculated and compared to both 

carbothermal and direct hydrogen reduction processes. The results of these 
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Figure 8.4. A plot of the oxygen to titanium molar ratio for products formed during 
the reduction of Ti02• 

calculations are shown in Table 8.3. These calculations are first order approximations, 

as much of the information required in these calculations had to be assumed. The 

consequences of plasma processing the unbeneficiated lunar regolith is discussed 

below. 

The use of the full regolith for oxygen production will decrease mining and 

beneficiation requirements of the oxygen production facility. As shown in Table 8.3, 

plasma reduction offers an order of magnitude savings in comparison to thermal 

hydrogen reduction ilmenite, and a factor of 3 in comparison to carbothermal 
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Figure 8.5. Process flow diagram of a plasma reduction oxygen production facility. 

reduction. The regolith mass requirement for the plasma production facility is based 

upon a 40% conversion rate of the input H2 into monatomic hydrogen, and using the 

"assumed" value for the oxygen mass fraction from Table 8.2. This smaller mining 

requirement will reduce the energy requirements for the mining operation, and provide 

for savings in the launch mass of mining equipment. 

The hydrogen flow rate, shown in Table 8.3, was determined assuming a 

reactor output Pmo of 10 torr, with a total reactor pressure of 30 Torr. This represents 

a hydrogen conversion ratio (Pmo/PH) of roughly 40%, and is based upon experimental 

evidence. The low hydrogen flow rate required in a plasma reduction plant represents 

an order of magnitude decrease in the hydrogen flow as compared to direct hydrogen 
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reduction. This decrease will result in a minimization of the handling requirements for 

the hydrogen flow loop. 

Table 8.3. Comparison of the mining, hydrogen flow rates and power demands for 
various oxygen production schemes from the lunar regolith. Each production system 
is based upon the production of 1000 metric tons of oxygen per year. The values used 
for the comparison are after Cutler (1987). 

Parameters for a Lunar Oxygen Plant Producing 1000 Tonnes/year 

Process 
Regolith Mining Hz Flow Rate Power De-

Requirement (Mglhr) (Kg/hI') mand (MW) 

Plasma reduction of 
4 16 3 .. 6 

Full Regolith 

Hydrogen Reduction 
30 460 2.8 

of Ilmenite 

Carbothermal 
Reduction of 13 N/A 2.9 

Ilmenite 

The power required for the operation of a plasma facility is based on the 

dissociation energy for hydrogen (445 kJ/mol) and a 40% etIiciency for the conversion 

of microwave energy into activated monatomic hydrogen. The power demands for 

water electrolysis and oxygen liquification were taken from Cutler (1987), as were 

power requirements for mining and assorted mechanical equipment (appropriately 

scaled). The overall power demand for the plasma process is slightly higher than for 
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the other processes listed, however this is based upon a conservative estimate for the 

plasma power requirements. 

8.5 Conclusion 

The plasma provides a highly reactive environment and greatly decreases the 

temperature required to process the lunar regolith for oxygen production. Plasma 

reduction of the full regolith offers more complete utilization of the mined material. 

The plasma can also increase the mass fraction of oxygen recovered from the 

unbeneticiated regolith, also decreasing the extent of mining required by the oxygen 

production facility. This decrease in the volume of regolith required by the oxygen 

production facility will lower the launch mass of importing beneficiators and miners 

from Earth, which represents a major economic incentive. The power demand of the 

plasma process could be somewhat greater than other approaches. However, the 

potential for cost reduction in other areas of the process, including simplification and 

reliability improvements, makes this approach worthy of consideration. 
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The purpose of this research was to determine if non-equilibrium plasmas could 

be used to enhance gas-solid reactions used in the process chemistry of extractive 

metallurgy. The experimental work presented in the previous chapters demonstrates 

that reactive species produced in a non-equilibrium plasma can be used to enhance the 

chemical reactions used in extractive metallurgy. The specific conclusions developed 

as a result of this experimental work were presented at the end of each appropriate 

section, and will not be repeated here. The purpose of this chapter is to try to put the 

major conclusions into economic and technological perspective. 

Technologically, non-equilibrium plasmas provide a source of highly reactive 

species, such as radicals, for use in material and chemical processing. The same 

reactive species can be produced in conventional processes but only at high 

temperatures, and then only in low concentrations. As such, non-equilibrium plasma 

processes offer the advantages of high temperature thelmal processing, but at lower 

temperatures. The decrease in process temperatures can have economic advantages as 

well. 

As an example, non-equilibrium plasma processing can provide a pathway for 

the production of silane on demand [Cuter, 1991]. The production and storage of 

silane is hazardous, as it is highly pyrophoric. The production of silane in the plasma 
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may have applications in the purification and production of silicon. This could have 

tremendous impact on the production of low cost solar cells. 

The chemistry of the reactive species produced in the plasma is not widely 

understood. A common misconception of chemical processes involving radicals, is that 

the radicals will recombine rapidly. However, gas phase recombination is not 

prominent, and the present work suggests that surface recombination can be inhibited 

with appropriately selected reactor materials. 

Economically, the use of plasmas for the processing of ores may offer a distinct 

advantage in the production of materials with a high "added cost". As such, this type 

of processing would probably not replace existing process metallurgical techniques 

used for bulk production. However, some viable applications can be identified, such 

as the production of oxygen from the lunar regolith (Chapter 8). With the launch cost 

from earth to low emth orbit at roughly $lOOOO/Kg, the production of oxygen in situ 

at the lunar smface can have a major economic impact on space exploration. 

Another possible use for this technology is the disposal of (hazardous) chemical 

waste. The added costs to dispose of the by-products of industrial production greatly 

int1uences the final cost of the product. Currently, industries are attempting to become 

"green" by developing processes that will eliminate the hazards of the chemical waste 

produced in their respective processes. The plasma can provide a pathway for 

breaking these chemicals down into components that are less costly to dispose of. 
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I believe that this work shows that non-equilibrium plasma processing of 

materials is a viable alternative to thermal processing. The continued development of 

this technology will depend upon finding the right "niche", whether terrestrial or extra

terrestrial. Future work in this area should focus on enhancing the plasma-solid 

contact (i.e. understanding the effect of the ground), as well and optimizing the contact 

between the plasma and the solid, possibly using fluidized bed technology. 
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Appendix A 

External Standard Technique 

An external standard technique was used to determine quantitative infonnation 

from XRD data. The procedure for this technique is presented in Cullity (1978). The 

external standard technique requires a pattern from a sample of the pure phases to be 

analyzed, in this case, Ti02 and Ti20 3• The relation between the volume fraction of a 

phase, the linear absorption coefficients of both phases in the mixture and the integrated 

intensity for the diffraction peak is shown below: 

(A.I) 

where Ia is the integrated intensity, Ca is the volume of alpha phase and 11 in the linear 

absorption coefficient for either a or ~ depending upon the subscript. KI is a constant. 

If a diffraction peak from a mixture of these two compounds is compared to the same 

diffraction peak for the pure sample of either phase Eg. A.I becomes: 

/ 

wa 
Ila 

Ia Pa (A.2) = 
Ia p Ila 1113 + 1113 wa---

Pa PIl PIl , / 

where wand P are the weight percent of each phase and the density of each phase, 
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respectively, and lap is the intensity of the diffraction peak of the pure sample. Eq. A.2 

permits quantitative analysis of a two-phase mixture, provided that the mass absorption 

coefficients of each phase are known. If the absorption coefficients are not known a 

calibration curve must be made by using mixtures of known composition. If both 

absorption coefficients are known and equal then Eq. A.2 becomes: 

(A.3) 

In most cases, the mass absorption coefficient is not known, and must be 

determined. The mass absorption coefficient (!lip) for TiOz and Tiz0 3 can be calculated 

from the mass absorption coefficient of Ti and 0. Multiplying by the density of each 

phase will give the linear absorption coefficient. The following is the general equation 

used to calculate the mass absorption coefficients for substances containing more than 

one element: 

(A.4) 

where ro is the weight fraction, (!lip) is the mass absorption coefficient and the 

subscripts refer to the different elements. The mass absorption coefficients for the 

oxides of titanium used in this study are shown in Table A.l. The mass absorption 

coefficient for oxygen and titanium are 11.03 cmz/g and 202.4 cmz/g, respectively 

[Cullity 1978]. 
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Using the mass absorption coefficients for Ti02 and Ti20 3, a calibration curve 

can be calculated for a mixture of these two oxides using Eq. A.2. This curve will 

allow the detelmination of the weight percent of each phase in the mixture. This 

calibration curve can be experimentally determined as well. Mixtures of known 

composition were made. Each mixture was analyzed with the XRD and the ratio IIIp 

is determined for each phase. This ratio is plotted vs. the weight percent of that phase. 

Again, this curve can be used to determine the amount of a given phase in a mixture. 

This method is good down to ± 1 percent. The calibration curve for mixtures of Ti02 

and Ti20 3 is shown in Figure A.l. 

Table A.t. The mass absorption coefficients for some of the oxides of titanium. 

Compound 
Mass Absorption Coefficient 

(cm2/g) 

Ti02 124.89 

Ti30s 133.96 

Ti20 3 138.57 

TiO 163.17 

The linear nature of these calibration curves indicates that this calibration curve 

would not be altered significantly if another oxide of titanium were present in the 

mixture, provided the volume fraction of the third phase is small. 
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Appendix B 

Penetration Depth of X-Rays in Ti02 and Ti20 3 

The penetration depth of the Ka. copper X-Rays into the surface of Ti02 or 

Ti20 3 is calculated as follows: 

4.6051 Sin e 
x = ---::----

211 
(B.1) 

where x is the depth, e is half of the diffractometer angle, and 11 is the linear 

absorption coefficient (calculated below). This equation gives the 99% depth. 

Therefore, 99 % of the signal comes from above this depth. The results calculated 

with Eq. B.1 are shown in Figure B.1 for Ti02 and Ti20 3• 

The mass absorption coefficient (~p) for Ti02 and Ti20 3 can be calculated 

using the tabulated values of the mass absorption coefficients of Ti and 0. The 

following is the general equation used to calculate the mass absOlption coefficients for 

substances containing more than one element: 

(B.2) 

where 0) is the weight fraction, (~p) is the mass absorption coefficient and the 

subscripts refer to the different elements. Multiplying mass absorption coefficient by 

the density of each phase will give the linear absorption coefficient used in Eq. B.1. 
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Appendix C 

Mass Spectrometer Calibration 

Proper calibration of the mass spectrometer is essential for the identification of 

compounds with known spectra as well as the determination of unknown compounds 

produced in the plasma. Calibration of the mass spectrometer involves aligning the 

mass peak of a known compound with its proper mass number. In general, the mass 

calibration procedure starts with easily identified pure gases and moves on to the more 

involved gas mixtures. The calibration processes is an interactive process as new 

calibration standards can be identified and used as the mass range of interest changes. 

Nitrogen and chlorine were used in the initial phase of the present calibration. 

These molecules were chosen because they are gases and were to be used as reagents 

during the present work. Using the peaks generated by these gases, the low mass range 

(up to 74 AMU) of the mass spectrometer was easily calibrated. A spectrum showing 

nitrogen and monatomic chlorine are shown in Figure C.I. The HCI found in this 

spectrum was formed as a result of monatomic chlorine reacting with water vapor 

present in the system. Calibration out to 74 AMU was sufficient for the hydrogen 

reduction work, as water (18 AMU) was the volatile product of interest. However, the 

chlorination experiments required a larger calibrated mass range for analysis, since the 

metal chlorides formed have masses on the order of 200 AMU. Therefore, compounds 

needed to be found so that mass calibration could be carried out in this range. 

Calibration with gases becomes dift1cult above 100 AMU, as most large 
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Figure C.l. The mass calibration spectra for nitrogen and chlorine. HCI is formed by 
the chlorine reacting with water. Argon is present from the atmosphere. 

molecular weight compounds do not have significant vapor pressures at room 

temperature, or have a complex mass spectra (ie. organic molecules) preventing easy, 

accurate calibration. In order to circumvent this problem, a liquid injection technique 

was developed to allow the mass spectrometer to be calibrated in the larger mass range. 

In this technique a liquid with a known mass spectra is injected into the tapping tube 

assembly as shown in Figure C.2. The injected liquid rapidly vaporizes at the low 

pressure present in this assembly. The vapor is then drawn into the mass spectrometer 

via the pressure drop between the chambers. Once the sample reaches the mass 

spectrometer, the peaks of the spectrum are aligned to their proper position using the 

calibration mode of the Teknivent data acquisition system. 

The pressure differential between the various chambers is maintained with the 

modified KF vacuum nange centering rings shown in the insets of Figure C.2. The 
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Figure C.2. Tapping tube assembly used in the calibration of the mass spectrometer. 
The insets show moditled KF centering rings used to provide the pressure differential 
between the chambers. 

injection assembly consists of a rubber septa cemented into the centering ring for a KF 

vacuum flange. This allows the injection chamber pressure to remain at roughly 100 

torr. An inert carrier gas can be added to the sample in this chamber if it is required 

to aid in the transport of the calibration gas. Once injected, the sample vaporizes and 

flows down the thin alumina tube (0.8 mm 1.0.). This tube is anchored into centering 

ring assembly B, which provides a separation between the injection chamber and the 

roughing chamber. The roughing chamber is maintained at approximately 10-2 torr. The 

alumina tube empties the sample into moditied centering ring A. This assembly allows 
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a small amount of the gaseous sample to enter the mass spectrometer chamber through 

0.2 mm hole, while the rest of the sample is pulled back into the roughing chamber. 

This centering ring allows the pressure in the mass spectrometer to be maintained below 

10-5 torr during the lUn. This is to ensure that the mass spectrometer filaments will not 

burn out. 

When choosing a compound to be used as calibration standard, care must be give 

to the chemical nature of the compound. A "good" standard is a compound with a 

simple structure that is chemically stable. A less complex chemical stlUcture will 

provide a simple spectlUm, ie. families of mass peaks as shown in seen Figure C.3. 

Chemical stability will ensure that the compound will not undergo a significant amount 

"fragmentation" in the ionization chamber of the mass spectrometer. Fragmentation is 

a process by which the parent molecule is broken into fragments by the ballistic impact 

of high energy electrons. These fragments make calibration extremely difficult, as they 

can be of random mass. Chemical stability also reduces the possibility of the standard 

reacting with other compounds found in the ionization chamber, thereby altering the 

expected mass spectrum. 

For the chlorination experiments, the mass range that required calibration was 

detelmined by the mass spectra obtained during exploratory runs. These spectra showed 

it was necessary to calibrate the mass spectrometer out to a range of 300 AMU. 

Therefore a calibration liquid with a molecular weight near 300 AMU was required in 

order to calibrate in the above manner. A search of the available liquids revealed that 

antimony pentachlOlide (SbCIs) was a good choice. This compound has a molecular 
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Figure C.3. The spectra obtained after injecting pure TiCl4 into the mass spectrometer. 
The TiCl4 parent peak is overlapped with residual Sbelz from an earlier injection. 

weight of 299.02 grams (a mass range of 296 to 308 AMU due to the presence of 

natural isotopes of both chlorine and antimony) and is a liquid at room temperature. 

Metal chlorides are not known to be extremely stable molecules, however because of 

the limited number of liquids in the desired mass range that have the simple mass 

spectrum, it was necessary to use SbCIs as the calibration liquid. 

SbCIs was injected into the mass spectrometer as indicated above. After injection, 

however, no family of peaks was observed in the 296 to 308 AMU range. This was due 

to the compound dissociating into SbCl3 and Clz in the ionization chamber of the mass 

spectrometer. SbCl3 has a molecular mass range of 226 to 234 AMU. The family of 

peaks for SbCl3 can be seen in Figure C.3. This mass spectrum shows good agreement 

with theoretically calculated spectrum (based upon the statistical analysis of the isotopic 

abundances of the individual elements). SbCl3 can dissociate further to form lower 
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chlorides of antimony (ie. SbCl2 (191-197 AMU» which is also seen in Figure C.3. 

SbCl2 overlaps with TiCI4• Since SbCls dissociates so readily, the mass spectrometer 

has been calibrated to a mass of 234 AMU based upon the dissociation products. This 

does not cover the range indicated by the exploratory experiments, however it does 

cover the mass range of the titanium chlorides and titanium oxychlorides expected to 

be fOlmed during the chlorination of anatase. Therefore, this calibration will suffice 

until new calibration standards are found. 

In order to ensure that the mass spectrometer was properly calibrated in the range 

of TiCI4, pure TiCl4 was injected as indicated above. The spectra for Ti-Cl compounds 

are also shown in Figure C.3. This spectra includes TiC14 (188-194), TiCl3 (151-160), 

TiC12 (116-124), TiCl, and Ti (47-50). All of these families of peaks show excellent 

agreement with theory. The spectrum obtained from pure TiCl4 can also be used for 

comparison with data obtained during experimental runs, and thus aid in the 

identification of TiCI4• 
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Appendix D 

Vapor Pressure Determination 

The calibration of the mass spectrometer for the detetmination vapor pressures 

was performed using the set-up shown in Figure D.l. Nitrogen was bubbled through 

two bubblers connected in series, and passed into the mass spectrometer. A plot of the 

TiCl4 peak height as a function of the nitrogen flow rate is shown in Figure D.2. This 

plot reveals that the nitrogen was indeed saturated with TiCI4• 

To Mass 
Spectrometer 

Mineral Oil 

Gas In 

Figure D.I. The system used for the calibration of the vapor pressure to the signal 
from the mass spectrometer. 
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Figure D.2. A plot of the TiCl4 peak height vs. nitrogen flow rate. Above flow rates 
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Appendix E 

Experimental Data 

270 

The experimental data used to generate the graphs found throughout this 

manuscript are presented in the following tables. Listed in the title for each table is 

the figure in which the data is plotted. 
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time pyrometer thermocouple 
[s] [DC] [0 C] 

0 1251 1038 

5 1253 1038 

10 1252 1038 

15 1251 1038 

20 1251 1038 

25 1100 1023 

30 1040 992 

35 1000 960 

40 960 930 

45 933 901 

50 900 875 

55 874 848 

60 848 824 

65 825 803 

70 805 780 

75 782 758 

80 759 740 

85 739 721 

90 718 703 

95 697 685 

100 677 669 

105 660 652 

110 643 638 

115 624 621 

120 608 606 

Table E.1 The cooling curve data showing the interference caused by the plasma on 
the pyrometer temperature measurement technique. This data is for a alumina sample 
heated in a nitrogen plasma. The emissivity was set to 0.2. This data is plotted in 
Figure 4.4. 
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Temperature [DC] 
Pressure Power 

Emissivity 
Effective 

[Torr] [kW] Thermocouple Emissivity 
0.2 1.0 

16 0.4 861 637 604 l.606 

16 0.6 905 737 717 1.267 

16 0.8 997 805 795 1.11 

16 1 1112 894 894 1 

16 1.2 - 970 974 0.968 

16 1.4 1264 1010 1028 0.873 

40 0.4 896 729 717 1.154 

40 0.6 977 838 827 1.115 

40 0.8 1094 934 934 1 

40 1 1164 980 998 0.868 

40 1.2 1204 1045 1064 0.86 

Table E2. The data showing the effect of emissivity on the pyrometer temperature 
measurement technique. The effective emissivity is also listed. This data is plotted 
in Figures 4.5 to 4.7. 
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Power Pressure 
Temperature [DC] 

[kW] [Torr] Pyrometer 
£=1.0 Thermocouple 

0.4 6 654 646/635 

0.4 10 620 -
0.4 16 590 643/646 

0.4 26 567 640 

0.4 30 540 -
0.4 36 537 640 

0.4 40 530 -
0.4 46 503/510 638/647 

0.8 6 849 845/837 

0.8 10 781 -
0.8 16 7831784 857/865 

0.8 19 780 -
0.8 26 7841776 881/879 

0.8 30 7651760 -
0.8 36 7761771 879/887 

0.8 40 7571753 -
0.8 46 7281734 893/897 

1.2 6 954 953 

1.2 10 923 -
1.2 16 924 1003 

1.2 19 930 -
1.2 26 919 1029 

1.2 30 930 -
1.2 36 943 1040 

1.2 40 907 -
1.2 46 858 1036 

Table E3. Data for the comparison of the temperature measurement techniques, as 
plotted in Figure 4.9. Cells with two values indicate duplicate measurements. 
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Pressure 

Power 6 TOIT 16 Torr 26 Torr 36 Ton' 46 Ton' fkW] [Oe] [Oe] [Oe] [Oe] [Oe] 

0.4 646 646 640 640 647 

0.4 635 646 640 638 

0.6 763 769 762 773 781 

0.6 745 772 774 777 774 

0.8 845 857 875 879 897 

0.8 837 865 881 887 893 

1 909 940 963 968 979 

1 903 940 967 968 974 

1.2 953 1006 1029 1040 1036 

Table E4. The temperature data for a hydrogen plasma. The temperatures were 
measured with a bare thermocouple. This data is plotted in Figure 4.10. 
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Pressure 

Power 6 Torr 16 Ton' 26 Torr 36 Torr 46 Torr 
[kW] [OC] [OC] [OC] [OC] [OC] 

0.4 631 678 704 778 760 

0.4 643 707 813 778 760 

0.6 724 785 841 885 895 

0.6 734 792 895 899 907 

0.8 795 874 907 932 945 

0.8 814 881 961 945 954 

1 852 933 952 990 1000 

1 874 940 1014 996 1001 

1.2 919 993 993 1026 1038 

Table ES. The temperature data for a nitrogen plasma. Temperatures were measured 
with a bare thermocouple. This data is plotted in Figure 4.11. 
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Power Pressure Tem(oerature 
[kW] [Torr] °C] 

0.4 6 633 

0.4 16 635 

0.4 26 632 

0.4 36 635 

0.4 46 633 

0.8 6 820 

0.8 16 833 

0.8 26 847 

Table E6. The temperature data for a chlorine plasma. Temperatures were measured 
with a bare thermocouple. This data is plotted in Figure 4.12. 
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Pressure Power Temfoerature 
[Torr] [kW] °C] 

7.5 0.6 704 

7.5 0.6 680 

7.5 1 776 

7.5 1 785 

7.5 1.4 850 

7.5 1.4 842 

13 0.4 644 

13 0.6 721 

13 1 828 

13 1.4 893 

22 0.4 673 

22 0.6 747 

22 1 856 

22 1.4 928 

32 0.4 697 

32 0.6 747 

32 1 870 

32 1.4 948 

Table E7. Surface temperatures for a TiD2 sample heated in a nitro~en plasma. 
Temperatures were measured with the pyrometer (£=0.94). This data IS plotted in 
Figure 4.13. 
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Pressure Power Temperature[O 
[Torr] [kW] C] 

6 0.5 769 

6 0.8 814 

6 1 872 

6 1.4 927 

10 0.2 676 

10 0.5 795 

10 0.5 732 

10 0.8 852 

10 1.4 972 

16 0.2 720 

16 0.5 832 

16 0.8 871 

16 1 920 

16 1.4 989 

20 0.2 745 

20 0.5 810 

20 0.8 910 

20 1 960 

20 1.4 976 

Table ES. Surtace temperatures for a FeTi03 sample heated in a nitrogen plasma. 
Temperatures were measured with the pyrometer (£=0.88). This data is plotted in 
Figure 4.14. 



279 

Temperature [DC] 

Height 0.8kW 0.8kW O.6kW 
[cm] 16 Torr 8 Torr 16 Torr 

7.62 751 800 -
6.35 809 828 700 

5.08 855 840 745 

3.81 880 849 770 

2.54 900 845 800 

1.27 900 844 800 

0 860 827 765 

-1.27 860 827 760 

-2.54 850 833 760 

-3.81 810 834 760 

-5.08 770 828 745 

-6.35 - 824 720 

-7.62 707 816 720 

-10.16 686 800 715 

-12.7 - 771 600 

Table E9. Data showing the variation of temperature in the reaction vessel was a 
function of axial position. This data is plotted m Figure 4.15. 
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Time Temperature rOC] Time Temperature [OCl 
[s] NiC12 N2 [s] NiC12 N2 

1 903 906 30 777 762 

2 904 906 31 764 752 

4 899 907 33 752 742 

5 900 907 35 741 733 

7 900 907 36 730 724 

8 901 898 38 720 718 

9 901 898 39 711 708 

11 902 898 41 701 699 

13 902 898 42 677 690 

14 902 898 44 668 681 

15 903 907 45 661 663 

17 901 908 47 652 656 

18 901 908 48 644 649 

20 908 908 50 638 642 

21 872 877 51 630 635 

23 846 842 53 623 629 

24 826 827 54 614 622 

26 809 813 55 607 614 

28 804 800 57 603 606 

29 791 787 - - -

Table EIO. Cooling curve data for an alumina sample heated in a two different gas 
mixtures. This data is plotted in Figure 4.16. 
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Pressure Power FeTi03 Ti02 [Torr] [kW] 

7.5 1 - 785 

9 1 823 -

13 1 - 828 

13 1 850 -
19 1 887 -

22 1 - 856 

32 1 - 870 

33 1 947 -

7.5 0.4 - 650 

9 0.4 645 -
13 0.4 - 645 

13 0.4 712 -
19 0.4 762 -
32 0.4 - 697 

33 0.4 803 -

Table Ell. Data showing the effect of the sample composition on the temperature the 
sample attains in the plasma. This data is plotted in Figure 4.17. 
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2500 A 3100 A 3600 A 
power 

10 Torr 30 Torr 60 Torr 10 Torr 30 Torr 60 Torr 10 Torr 30 Torr 60 Torr 

0.2 70 76 90 III 43 55 160 113 125 

0.3 96 120 l38 156 70 90 230 163 170 

0.4 124 150 175 215 112 109 322 295 205 

0.5 165 200 225 297 144 150 380 350 265 

0.6 187 285 330 371 193 170 464 440 290 

0.7 246 350 370 447 215 190 560 470 350 

0.8 270 350 400 510 241 265 595 497 450 

0.9 302 400 - 634 268 - 670 530 -

1 335 435 - 730 291 - 740 510 -

Table E12. Measurements of the amount of power emitted from a chlorine plasma as a function of wavelength and plasma 
conditions. The data for 3600 A is plotted in Figure 5.2. 

N 
00 
N 
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I I 
Mole Fraction 

I Time I Cl~ CI 

0 0.09 0.02 

0.25 0.11 0.02 

0.5 0.095 0.019 

0.75 0.09 0.022 

1 0.09 0.02 

1.1 0.07 0.06 

1.2 0.05 0.1 

1.3 0.025 0.15 

1.4 0 0.2 

2 0 0.2 

Table E13. The mole fraction of CI~ and CI as a function of time. The plasma was 
ignited at t=l minute. This data is plotted in Figure 5.3. 
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E/p [Volts cm-! tort!] 
Pressure 

rTorrl 10 20 30 40 50 

0 0 0 0 0 0 

5 0.007 0.028 0.063 0.113 0.176 

10 0.02 0.113 0.254 0.4512 0.705 

15 0.06 0.254 0.571 1.105 1.5862 

20 0.11 0.451 1.015 1.804 2.82 

25 0.176 0.705 1.586 2.82 4.4 

30 0.254 1.015 2.284 4.06 -

35 0.345 1.381 3.109 - -
40 0.451 1.805 4.06 - -

45 0.571 2.28 - - -
50 0.705 2.82 - - -
55 0.853 3.4122 - - -

60 1.015 4.06 - - -

Table E14. The variation of E/p as a function of plasma conditions. This data is 
plotted in Figure 6.2. 
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Time H2O Corrected 
Intensity [s] Intensity H,O 

0 75 0 

4 75 0 

4.1 91 16 

4.2 190 115 

4.3 319 244 

4.4 386 311 

4.5 363 288 

4.6 313 238 

4.7 267 192 

4.8 229 154 

4.9 205 130 

5 188 113 

6 163 88 

7 138 63 

8 126 51 

9 118 43 

10 109 34 

11 104 29 

12 101 26 

13 100 25 

14 99 24 

15 98 23 

16 100 25 

17 64 0 

20 64 0 

Table E15. Data from the mass spectrometer showing the intensity values for water 
production during the plasma enhanced reduction of TI02 as a function of time. This 
data is plotted in Figure 6.5. 
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Average Weight Percent 
Time 

rsl Ti20~ Ti02 

0 0 100 

0.5 0 71.07 

0.5 1.1 74 

0.75 1.85 73.4 

1 22.63 64.61 

1 23.67 59.07 

2 27.75 15.5 

4 52.39 11.47 

6 44.8 6.41 

8 50 4.49 

11 61 2.9 

11 61 3.2 

22 49 6.3 

22 57 7.72 

44 61 1.17 

44 63 2.4 

66 52 2.3 

66 61 0 

88 74.8 6.44 

88 55.4 4.61 

88 61.6 9 

88 74.7 

120 53 0 

240 30 0 

360 14.3 0 

480 13.5 0 

Table E16. The weight percent of Ti20) and Ti02 as a function of contact time of the 
sample with the plasma. This data is plotted in Figures 6.7 and 6.9. 
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Power Weight 
[kW] FractlOn 

Ti20 3 

0.4 0 

0.4 0 

0.6 0.21 

0.6 0.23 

0.8 0.30 

0.8 0.21 

0.8 0.42 

0.8 0.24 

1.0 0.39 

1.0 0.26 

1.2 0.30 

1.2 0.38 

Table E17. The variation in the weight fraction of Ti 0 3 formed during the plasma 
enhanced reduction as a function of the power applied to the plasma. This data is 
plotted in Figure 6.10. 
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time Weight Percent Ti,O" 
[min] 

1.0kW 0.8kW 0.6kW 

0 100 0 0 

0 100 0 0 

0.75 37.85 1.1 10.6 

0.75 42.35 1.85 -
1.5 21.17 22.63 17.3 

1.5 23.97 23.67 -
3 8.08 27.75 28.1 

3 7.82 52.39 -
6 6.06 44.8 30.2 

6 5.93 50 -
11 5.6 61 21.5 

11 6.7 61 42.1 

22 0 49 63.4 

22 0 57 62.5 

36 - - 78.6 

44 - 60.5 70.3 

44 - 61.3 -

Table ElS. The variation in the extent of the reduction as a function of applied power 
and time of sample-plasma contact. This data is plotted in Figure 6.11. 
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Pressure Wei~ht 
[Torr] FractIOn 

Ti,O"l 

6 0.28 

6 0.43 

9 0.15 

9 0.13 

16 0.31 

16 0.30 

22 0.51 

26 0.39 

26 0.48 

Table E19. The variation of Ti20 3 fonnation as a function of the plasma pressure (at 
constant time). This data is plotted in Figure 6.12. 
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Time Percent Time Percent 
[min] Ti20~ [min] Ti20~ 

0 0 0 0 

0.5 0.5 0.5 0 

- - 0.5 1.1 

- - 0.75 1.85 

1 5.0 1 22.63 

- - 1 23.67 

2 9.25 2 27.75 

4 9.0 4 52.39 

6 14.0 6 44.8 

8 28.76 8 50 

11 29.32 11 61 

- - 11 61 

22 40.8 22 49 

- - 22 57 

- - 44 61 

44 58.67 44 63 

66 52.84 66 52 

66 50.12 66 61 

88 70.64 88 74.8 

88 70.28 88 55.4 

- - 88 61.6 

- - 88 74.7 

Table E20. The variation in the extent of the transformation as a function of the 
plasma pressure. This data is plotted in Figure 6.13. 
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Weight Percent 
Pressure H2 Total Reaction Time = 3 min [Torr] 

TiO, I Ti,O"l 

26 17.21 52.39 

8.94 27.25 31.44 

17.31 33.17 45 

2.7 35 13.13 

Table E21. The effect of the pmtial pressure of hydrogen on the plasma enhanced 
reduction of TiOz' This data is plotted in Figure 6.14. 
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