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ABSTRACT 

In order to eliminate thermodynamic limitations during Hj and CO reduction 

processes, a novel carbothermal reduction process is proposed to generate lunar oxygen for 

propellant and life support on the lunar surface. 

The kinetics and mechanism of the carbothermal reduction of synthetic ilmenite and 

fayalite (simulants for lunar ilmenite and fayalite) were investigated in the present study. 

Carbothermal reduction of ilmenite with charcoal powder was studied between 915°C 

and 1 lOO^C. It was found that the reduction process is controlled by the carbon gasification 

reaction instead of by the rate of ilmenite reduction with carbon monoxide, which has been 

claimed to be the rate limiting step by several prior researchers. The activation energy 

obtained using a simplified carbon gasification model for this reduction is 27.2 kcal/mole. The 

reduction products were studied by SEM and XRD and it was found that the major products 

are a-Fe and TiO, at temperatures below lOOO^C; at 1050°C, a-Fe and TigO^ were observed; 

at 1100°C, a-Fe and Ti^O, were observed. Iron is completely segregated fi^om the titanium 

oxides in the product. 

Carbothermal reduction of ilmenite with deposited carbon was investigated between 

775°C and 1000° C. An extremely fast reduction rate (more than ten times faster than 

charcoal powder reduction) was observed. The reduction rate-limiting step is believed to be 
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the ilmenite reduction with carbon monoxide. The activation energy calculated by a simplified 

model is 50 kcal/mole between IIS^C and QOO^C, and 17.6 kcal/mole above QOO^C. It was 

also found that TiO, can be reduced to much lower oxygen content titanium oxides than 

during powdered charcoal reduction. 

The temperature and particle size effects during carbothermal reduction of synthetic 

fayaiite were investigated. The product morphology of this reduction showed that a-Fe and 

a-cristobalite are the main products at temperatures above 1100°C, at lower temperatures, 

a-Fe, a-quartz and amorphous silica are the main products. The iron produced by reduction 

is segregated from the SiO, phases and agglomerates in large particles, which is different from 

the product morphology observed during hydrogen reduction of fayaiite. 

In order to better understand the mechanism and kinetics of the carbothermal 

reduction process, a mathematical model was developed to simulated the COj/CO ratio, CO 

and CO, partial pressure distributions, conversion, etc. during the reduction process. Using 

the model to treat the reduction of ihnenite with charcoal powder reproduces experimental 

results very well. 
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CHAPTER ONE 

INTRODUCTION 

"Arriving at the lunar module (for the last time), I experience a sense of imperuiing 

loss. Soon I will leave the moon, probably forever. And, in a peculiar way, I have come 

to feel a strange affection for this peaceful, changeless companion of the Earth." (Scott, 

1973). 

More than 20 years have passed since the Apollo Program ended, but the dream 

of remrning to the Moon remains. Many new conceptual designs for lunar bases have 

been proposed by Americans as well as by European and Japanese engineers. An oxygen 

generation module is one of the most important components of a lunar base for propellant 

and life support, which has attracted the interest of many investigators (Cutler and Krag, 

1985, Williams, 1985 and Gibson and Knudsen, 1985). 

Other legitimate applications of lunar oxygen production research are the utilization 

of lunar oxygen for space activities in low earth orbit G^EO), future lunar missions and 

any orbital transfer operations in an expanded space transportation system. Reichert et al. 

(1990) have demonstrated the economic benefit of the utilization of lunar oxygen for an 

Earth-Moon transportation system. They claimed that a huge amount of mass would be 

expected to be carried into LEO for building up and supplying an early lunar base and about 

80% of this would be used as the propellant for the trip from LEO to the lunar surface. In 

order to have a cost-efficient space transportation system, utilizing lunar oxygen to reduce 
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the mass delivered to LEO is an important and effective alternative. The reason is that only 

one twentieth of the energy of an Earth-launch is needed to reach space from the lunar 

surface due to the shallower lunar gravitational well, as illustrated in Figure 1-1. A Lunar 

Bus (LB) can be refuelled directly at the lunar surface instead of importing oxygen from the 

Earth. Therefore it may be advantageous if a Lunar Bus supplies an Aeroassisted Orbit 

Transfer Vehicle (AOTV) with lunar oxygen in low lunar orbit (LLO) instead of refuelling 

the AOTV with propellant from the Earth. 

Lunar Oxygen 

Since we have enough motivation to explore the utilization of lunar oxygen, the 

further questions are: is there oxygen on the lunar surface; and how can we obtain it 

efficiently? 

It is well known that there is no atmosphere on the Moon so of course no gaseous 

oxygen is available on the lunar surface. But interestingly, the most abundant element on 

the Moon is oxygen; approximately 45% by weight on the lunar surface. Most of the oxygen 

is strongly bound with silicates and some is bound with metals like kon and forms two major 

categories of lunar minerals: silicate mmerals and oxide minerals. 

The most abundant silicate minerals are pyroxene, plagioclase feldspar and olivine 

(Heiken et al. 1991). Pyroxenes are the most chemically complex of the major silicate 

phases in lunar rocks. Figure 1-2 illustrated the range of lunar pyroxene compositions from 

mare basalts, in terms of the end member components MgiSiiOi, Ca^SiiOg, and FeizShOg. 

The dots represent the compositions of the lunar samples collected to date. The dashed line 
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encloses the total range of mare basalt pyroxene compositions in the literature. The crystal 

structure of the pyroxenes basically consists of chains built up from linked silicon-oxygen 

tetrahedra, combined with metal-oxygen octahedral. Since pyroxene is a very complicated 

solid solution of various minerals with relatively high binding energies, it is obviously not 

a good candidate for oxygen extraction purposes. In fact, Massieon et al.{\993) have 

demonstrated that the reaction rate of pyroxene with hydrogen is very slow even at high 

temperatures. Plagioclase Feldspar has similar physical and chemical characteristics as far 

as oxygen extraction is concerned, except it consists a solid solution of albite (NaAlSi30g) 

and anorthite (CaAlSiiOg). Olivine is a promising feedstock for oxygen production 

processes and consists of a solid solution of Mg2Si04 and FciSiO^. The iron end member of 

olivine is called fayalite (Fe2Si04). Hydrogen reduction of fayalite has been studied by 

several investigators (Minowa et al, 1968, Gaballah et al, 1975, and Massieon et al., 1993) 

and relatively fast reaction rates have been obtained at temperatures between 1000°C and 

1200°C. Any magnesium content in fayalite distinctly reduces the reaction rates. However, 

a number of mare basalts found on the moon do contain very Fe-rich olivine (Fa9o-Fa,oo) 

which contains more than 90% Fe2Si04 (Heiken et al. 1991). 

Ilmenite is the most abundant mineral in lunar rocks and many Apollo 11 and 17 

mare basalts contain as much as 15-20% of it by volume (McKay and Williams 1979). The 

ilmenite crystal structure is hexagonal and consists of alternating layers of Ti-and Fe-

containing octahedral. Most ilmenite contains some Mg substituting for Fe which arises 

from the solid solution that exists between ilmenite (FeTiOs) and MgTiOs, the mineral 
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geikielite. McKay and Williams (1979) and Williams and Erstfeld (1979) first suggested 

that ilmenite might usefully be reduced to rutile and iron with the release of oxygen. Ideally 

10.5% of the ilmenite can be turned into oxygen by this reaction. 

Terrestrial Application of Ilmenite Reduction 

On the Earth ilmenite is used primarily in the manufacture of titania pigments. 

Stanaway (1994) reviewed the titanium dioxide feedstocks market and concluded that 

ilmenite is the best mineral option to meet market growth in the next 10 years. Currently, 

50% of the world's TiOi comes firom ilmenite concentrates with 37% to 54% TiOi. An 

industry growth rate of 25% in the next 10 years, combined with trends to diminishing 

resources and low mining grades for rutile (95%Ti02) and leucoxenized ilmenite (55% to 

90% TiOi), means that unless new resource discoveries are made soon, the industry will 

become even more reliant on ilmenite. 

Ilmenite can be converted to TiO, pigment in the following ways: 

(1) directly by the chloride process, 

(2) directly by the sulfate process, 

(3) via slag to the sulfate process, 

(4) via slag to the chloride process, and 

(5) via synthetic rutile to the chloride process. 

Direct use of ilmenite in the sulfate process is becoming less popular due to the increasing 

cost of waste disposal. The slagging process not only has a high energy consumption and 
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cost but also has difficulty satisfying the feedstock requirements for chloride process. 

Stanaway (1994) also concluded that it will be important in the next 10 years to develop 

economical synthetic rutile technology using ilmenite. Reduction of ilmenite by carbon is 

one of the critical steps in making synthetic rutile. One of the available processes is called 

the Becher process. This involves roasting naturally oxidized or leucoxenized ihnenite with 

finely ground coal char in a rotating kiln at 1100°C, which reduces the iron to the metallic 

state. The iron is then separated from the rutile by a special treatment process. Another 

process, the Murso method, has been proposed, using CO and H2 to reduce oxidized ilmenite 

to rutile and metallic iron. Therefore, the investigation of ihnenite reduction has important 

terrestrial as well as lunar applications. 

Proposed Lunar Oxvgen Generation Process 

Various lunar oxygen production processes have been proposed and most of the 

processes developed to date focus on ilmenite reduction. The reaction of ilmenite with 

hydrogen to produce water has been studied experimentally by Williams (1985) to evaluate 

the effectiveness of using a cold trap to improve yields in a continuous flow process. Oxygen 

can be extracted by electrolysis of the reduction product - water. Zhao and Shadman (1990) 

studied the mechanism and kinetics of hydrogen reduction of ilmenite. They foimd that the 

reduction reaction is first order and the activation energy is 16.9 kcal/mole. A practical lunar 

oxygen production design has been proposed by Gibson and BCnudsen (1985). Figure 1-3 

illustrates the conceptual design of a fluidized bed reactor/vapor phase electrolysis process. 



The reactor shell actually contains three staged fluidized beds stacked vertically with gas in 

upward flow and solids in countercurrent downward flow. Cold ilmenite enters the process 

through a lock hopper and enters the reactor through a heat exchanger and screw feeder. The 

ilmenite is heated in the first reactor stage and reduced in the second, then quenched in the 

third stage. The reaction product, HiO, from the second stage is introduced into an 

electrolysis cell and Oj is separated from the flow. The reactor is designed to operate at 

QOCC and per-pass hydrogen design conversion is 5% (about 2/3 of the equilibrium value). 

There are three very obvious problems which might make this design infeasible. The 

first is that agglomeration of the particles might cause defluidization of the bed at the design 

temperature of 900°C. The agglomeration characteristics of pure ilmenite reduced by 

hydrogen have been studied in our laboratory by May and Shadman (1994). The 

defluidization temperature is about for 15% converted ilmenite particles 44 to 105 

fim in diameter. Figure 1-4 shows the experimental results for agglomeration, giving 

temperature vs. conversion for different particle sizes. At Carbotek's design temperature of 

900°C, the reactor would defluidize at less than 5% conversion. Commercial reduction of 

wiistite with hydrogen has demonstrated that the bed temperatures has to be maintained 

below 550°C in order to prevent agglomeration (Stelling, 1958). However, the particle size 

of the wiistite used in the commercial units is much larger than that of lunar regolith, which 

brings us to our second problem — small particle size. The typical particle size distribution 

of lunar regolith is illustrated in Figure 1-5. As can be seen, most of the particles are smaller 

that 65|im, which makes fluidization very difficult to handle. Finally, the equilibrium 
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constant for hydrogen reduction of ilmenite is small. The maximum product or water 

concentration is very low. For example, at 900''C it is about 7.9%. This creates two 

problems. The first is that a large amount of reactant must be pumped through the reactor 

system to dilute the product and keep the reaction running at reasonable rates. This causes 

a great amount of energy loss and low efBciency. The other problem is that the electrolysis 

cell needs a high quality (high HjO and/or CO,) input gas in order to have a reasonable 

separation efficiency. Otherwise the performance will be very poor. Unfortunately, product 

concentrations are limited by the thermodynamic characteristics of the reaction system. 

CO reduction of ilmenite was also proposed by many investigators (Jones, 1975, 

Zhao and Shadman, 1990 and Merk and Pickles, 1988) as another alternative for lunar 

oxygen production. This process has similar drawbacks to those of hydrogen reduction. 

Carbothermal Reduction Process 

In order to eliminate the thermodynamic limitations. Cutler and Krag (1985) as well 

as Zhao and Shadman (1991) conceptually developed a novel carbothermal reduction 

process. In this design, carbon is used as a reactant to reduce ilmenite. The carbon is 

completely converted without themodynamic limitations. Experimental study of the 

carbothermal reduction process has been carried out since 1991 by Du and Shadman and a 

modified carbothermal reduction process is illustrated in Figure 1-6. In this system there are 

two sets of reactors — deposition reactors and reduction reactors. Carbon is generated in the 
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deposition reactors by the disproportionation of CO. The iron rich residue after the reduction 

step is used as the catalyst for the carbon deposition reaction. In the reduction reactor, fresh 

ilmenite is mixed with the carbon generated in the deposition reactor and heated to a high 

temperature — about 1000°C to 1 lOO^C. The ilmenite will be completely reduced within an 

hour. The CO rich gas generated by the reduction reactor is then introduced into the 

deposition reactor and converted to a CO, rich gas because the carbon in the gas phase will 

precipitate out as a solid on the catalyst. The resulting COt rich gas is transported to a ZrO^ 

electro lyzer and it dissociates into CO and O at the ZrO, membrane surface. The oxygen 

diffuses through the ZrOi membrane, driven by an imposed electric field. Then the CO rich 

gas is pumped back to the disproportionation reactor again. The key technologies in this 

system are the carbothermal reduction process, the carbon generation process and the ZrO, 

electrolyzer. Our present study will focus on understanding the mechanism and kinetics of 

carbothermal reduction of the minerals on the lunar surface — ilmenite and olivine. 

Objectives and Scope 

In order to design the lunar oxygen production module as proposed above, a better 

understanding of the mechanism and kinetics of the carbothermal reduction of ilmenite and 

olivine is essential. Therefore the objectives of the present study were: 

(1) to identify all possible reactions involved in the carbothermal reduction system 

and investigate the major reactions which control the overall reaction rate, 

(2) to study the morphology of the solid products formed and their sequence of 



31 

formation, and 

(3) to develop a proper mathematical model to simulate the reduction processes for 

different temperatures, particle sizes, physical structures, etc. in order to supply 

the information necessary to design, control and monitor the process. 

Chapter two reviews previous work on related reaction systems which include 

carbothermal reduction of ilmenite and olivine, carbon monoxide reduction of ilmenite and 

olivine, and gasification of carbon. Chapter three describes the experimental apparatus, 

experimental design, experimental procedures, sample preparation and analysis. The 

synthesis of fayalite is discussed in chapter four. Chapter five discusses the mechanism and 

kinetics of carbothermal reduction of ilmenite with charcoal powder. Chapter six discusses 

the carbon deposition reaction and ilmenite reduction with deposited carbon. Chapter seven 

discusses the carbothermal reduction of olivine. A theoretical approach to carbothermal 

reduction is presented in chapter eight. Conclusions and recommendations are presented in 

chapter nine. 
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LITERATURE REVIEW 

Carbothermal Reduction 

The carbothermal reduction of ilmenite has been investigated by many researchers 

for the purpose of manufacturing rutile (TiO,) (Gupta et al. 1990, El-guindy and Davenport, 

1970 and Wouterlood, 1979). Two types of ilmenite, synthetic and natural, and different 

types of carbon such as graphite, coal, coke and charcoals have been used in the prior 

investigations. Those previous studies have all concluded that three reactions control this 

process. These are; 

FeTiOj + C Fe + TiO. + CO (1) 

FeTiOj + CO « Fe + TiO. + CO. (2) 

C + CO. ^ 2C0 (3) 

Reaction (1) is claimed to start the overall reaction above a specific temperature and 

to lead to the generation of CO. Obviously, reaction (2) will take place if CO is available, 

and then CO. (the product of reaction (2)) will react with carbon and regenerate CO. The 

rate of reaction (1) will decrease as the overall reaction proceeds because this solid-solid 

reaction depends on contact between carbon and ilmenite, and the contact area will decrease 

dramatically as the overall reaction proceeds. Therefore, reactions (2) and (3) ultimately 

dominate the overall reaction. In other words, carbothermal reduction consists of two 

coupled gas-solid reactions. CO is generated by the carbon gasification reaction which 
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depends on the COj generated by the ihnenite reduction reaction. So, reactions (2) and (3) 

are very strongly coupled together and the overall reaction could be controlled by either of 

them if the tv^ro reactions have very different reaction rates. The reactions could be 

controlled by diffiision of the gases through the product layers if both rates are fast enough. 

Carbothermal reduction is not a simple gas-solid reaction. 

The reduction of synthetic ihnenite with graphite has been studied by Gupta et al. 

(1987) as well as El-guindy and Davenport (1970). Gupta et al. found that no measurable 

reaction was observed at 1000°C in an argon gas atmosphere, but the rate was high at 

1 lOCC under ordinary conditions. Their samples were an ilmenite-graphite pellet 6.25 mm 

in diameter and formed under a pressure of 2 tones per sq. cm. They claimed that the rate 

of reduction is significantly enhanced by promoting the nucleation of iron; and the addition 

of FeCl3-6H20 to ilmenite-graphite mixtures provided nuclei of iron for the regeneration of 

carbon monoxide. The interesting question is whether the overall reduction rate is enhanced 

by nucleation of iron or by the catalytic effect of iron on reaction (3). El-guindy and 

Davenport found that reduction began at 860°C with argon flowing through the reactor. 

They used a platinum microcrucible to hold the graphite-ihnenite mixture (no particle sizes 

were reported). The electron microscope was used to examine product morphology and it 

was found that a segregated iron phase was present in oval-like forms which tended to 

migrate and coalesce, and a TiOi phase was present around the boundary of the partially 

reduced particles. A small unreacted core was observed in the center of the larger particles. 

Three models which represented three rate-limiting steps were used to fit the experimental 
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data and they found that the rate of CO diffusion through the product layer controlled the 

overall reduction rates. The activation energy was determined to be 64±6 kcal/mole 

at temperatures between lOTS^C and 1140°C. The reduction of natural and pre-oxidized 

ilmenite was studied at temperatures between 900°C and llOO^C by Wouterlood (1979) and 

also by Gupta et al. (1989) and Gupta et al. (1990). Wouterlood used the same models as 

El-guindy and Davenport to fit the experimental data and found that both chemical reaction 

and diffusion have a controlling influence on the reaction. It should be mentioned that 

Wouteriood considered the CO concentration's change during the reduction process. A CO 

concentration as a function of reduction time was obtained by fitting the CO data measured 

during the experiment. The activation energy was calculated fi-om reduction rates at 50% 

conversion and it agreed with El-guindy and Davenport's data very well, at 63.9 kcal/ mole. 

The reaction rates were measured by monitoring the CO and COj product gases. A long, thin 

(110x7 mm i.d.) quartz crucible was used to hold the charcoal and ilmenite mixture. 

Ilmenite particle size was not reported. 

Some studies have been done evaluating the kinetics of the carbothermal reduction 

of ilmenite. No strong evidence has shown what the intrinsic rate controlling step is. As 

we discussed above, the overall reaction is actually a strongly coupled pair of gas-solid 

reaction. Since we did not evaluate reactions (2) and (3) individually, it is hard to conclude 

which reaction is the rate-controlling step. The local concentration of CO or CO2 in the 

sample bed may change with time and temperature, and the rate of reaction (2) or (3) might 

also change with time and temperature. In order to have solid evidence to determine what 
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the rate controlling step is in carbothennal reduction, it is necessary to understand more 

about reactions (2) and (3). In the next section, the prior literature about these reactions will 

be reviewed. 

Reduction of Ilmenite bv Carbon Monoxide 

In view of the obviously complex nature of the carbothennal reduction of ilmenite 

and the difficulty of interpreting kinetic results from this system, several investigators had 

looked at the reduction of ilmenite by carbon monoxide without considering the carbon 

gasification reaction. Jones (1975) studied the mechanism of ilmenite reduction by carbon 

monoxide with quantitative X-ray diffraction analysis. Both natural and pre-oxidized 

ilmenite were investigated at temperatures in the range of 900-1200''C. Detailed reaction 

sequences were observed. For natural ilmenite (Fe^TisOg), the first stage is the reformation 

of ihnenite (FeTi03). The second stage is the reduction of reformed ilmenite to metallic iron 

and rutile. In the final stage, the rutile is reduced to TinOin.]. COi is produced during all 

these steps. Rutile and Pseudobrookite are the major constituents of pre-oxidized ilmenite. 

The first reduction stage is the same as for natural ilmenite. In the second stage, both 

reformed ilmenite and rutile are reduced to metallic iron, rutile and reduced rutiles. No 

kinetic data were generated and no reaction rate-controlling steps were discussed. Merk and 

Pickles (1988) studied the reduction of ilmenite with carbon monoxide in the temperature 

range between 500°C and 1100°C. A 10 gram briquette formed under a load of 3250 kg/cm ̂  

and commercial purit>' carbon monoxide were used for all experiments. They found that the 
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degree of reduction of iron oxide in ilmenite increases with increasing temperatures up to 

1000''C. Above this temperature, the degree of reduction remains essentially constant. The 

maximum reaction rate was observed for briquettes sintered in air at 800°C. This is due to 

the formation of pseudobrookite. The shape of the conversion-time curve is not sigmoidal. 

Zhao and Shadman (1990) investigated the kinetics and mechanism of synthetic ilmenite 

reduction with carbon monoxide. They found that the reduction process has three stages, 

an induction stage, an acceleration stage and a deceleration stage. The induction stage was 

found to be controlled by iron nucleation as the rate of iron production is initially faster than 

the rate of iron transport out through the TiOi layer. As more iron nuclei form and an iron 

phase grows on the outside of the particle the transport rate increases, opens up pores and 

accelerate the overall rate. This is the acceleration stage. Finally, the depletion of FeTiOj 

causes the deceleration stage to occur. The reaction was found to be first order with respect 

to carbon monoxide and the apparent activation energy calculated was a function of 

conversion. It was claimed to be due to the increasing of thickness of the TiO, product layer 

and its increasing diffijsion resistance to CO transport into the particles. The apparent 

aaivation energy is 18, 14, or 10 kcal/mole at 10%, 30%, and 50% conversion, respectively. 

Marathay (1994) investigated particle size effects on the carbon monoxide reduction 

of ilmenite and he also observed the three distinct reaction stages Zhao (1990) described. 

Marathay found that neither a pure shrinking core model nor a shrinking core plus nucleation 

model adequately explained the induction stage of the reduction process. As the particle size 

increases, the induction stage becomes longer. As temperature increases the induction stage 
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increases, the induction stage becomes longer. As temperature increases the induction stage 

shortens. Finally, he claimed that one possible explanation is that diffusivity might 

somehow be a flmction of conversion. Therefore a relationship between difEiisivity of CO 

through the Ti02 layer and conversion was obtained by combining the shrinking core model 

and the experiment data. It is: 

Dp=exp(Dp+mX)=exp(-13.5+8.0X) (1) 

where Dp = diffusivity through product layer, X = conversion, m = parameter. But it still 

does not fit the experimental data well. 

In summary, although some effort had been made to understand the intrinsic kinetics 

of ilmenite reduction by carbon monoxide, reasonable intrinsic kinetic parameters are not 

yet available. 

Reaction of Carbon With Carbon Dioxide 

The reaction of carbon with carbon dioxide has interested numerous investigators and 

an incredible amount of research has been done on it. Here only the major mechanism which 

has been proposed and the catalytic effect of iron on the reaction rate will be discussed. 

A simplified picture of the successive steps involved in the carbon-carbon dioxide 

reaction for a pellet is given by Rao and Jalan (1972) as follows: 

(1) Transport of COt to the exterior surface of the carbon pellet. 

(2) Diffusion of CO^ into the interior of the porous pellet, viz. pore diffusion of reactant. 



38 

(3) Chemisorption of COi on the pore surface as well as on the external surface. 

(4) Surface reaction. 

(5) Desorption of CO, the reaction product. 

(6) Outward diffusion of CO from the interior of the pellet, viz., pore diffusion of 

product. 

(7) Transport of CO from the surface of the pellet into the bulk gas phase. 

Steps 3,4 and 5 deal with the chemical aspects of the reaction and steps 1,2, 6 and 

7 are transport steps. In order to investigate the intrinsic reaction, several mathematical 

models (Rao and Jalan, 1972) have been proposed to simulate the transport processes of 

steps 1,2, 6, and 7. Therefore the intrinsic reaction rate can be calculated from experimental 

results. In the following discussion, the chemical aspects of carbon gasification will be 

emphasized. 

The commonly accepted rate expression for the carbon-carbon dioxide reaction is 

a Langmuir-Hinshelwood type: 

k P 1 cnj 
Rate of reaction = (2) 

\ -k- k P + k P 
^ '^2^ CO '^VC02 

Where: Pco2 = partial pressure of CO^; 

Pco = partial pressure of CO; 

k], k 2 and k 3 = reaction rate constants corresponding to the three reactions. 
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There are three major mechanisms that have been proposed but all these mechanisms 

are simplified cases of the general mechanism proposed by Walker et al. (1959), which 

contains the following elementary steps: 

Cf+CO,(g) = C(CO,J (3) 

CF + C(CO,J = C(0) + C(CO)A (4) 

CF+C(0) = C(C0)B (5) 

C(CO)A = CO(g) + Q (6) 

C(CO)b = CO(g) + CF (7) 

CO(g) + Cf=C(CO)c (8) 

Where the CF is the active site for carbon, CO(g) and CO 2(g) are CO and CO, in gas form 

and CCCOt), C(0) and C(CO) are the active sites occupied by CO2,0 and CO, respectively. 

In the actual case, some of the above elementary reactions could be much faster than others, 

therefore the overall reaction can be simplified. For example, Gadsby et al. (1948) and Long 

et al. (1948) assumed that reactions (3), (4) and (6) can be combined as can reactions (5) and 

(7), and finally that reaction (8) is a reversible reaction. Thus they presented the overall 

mechanism as: 

A 

C(0) + CO(g) (9) 



h 

C{0) CO{g) 
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(10) 

^3 

C0{g) + C(CO) (11) 

•^3 

They also found that reaction (9) and (10) are approximately irreversible reactions. So the 

rate expression can be taken as: 

/ P I Q02 Rate of reaction = 

' , CO J C02 
•^3 h 

The reaction rate constants were determined by Gadsby et al. at temperatures between 700°C 

and 830°C. Coconut shell charcoal was used in their experiments. 

Several investigators proposed a second mechanism (Reif et al. 1950, Lewis et al, 

1949. and Rao et al. 1972): 

A 

+ CO, C(0) + COig) (13) 

C(0) CO(g) (14) 
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which leads to the following expression: 

Rate of reaction = 
(15) 

Based on this mechanism and the equilibrium constant obtained by Ergun (1956), 

Rao and Jalan (1972) extracted the intrinsic reaction rate from their experimental results by 

eliminating the diffusion effect and they found the intrinsic rate constant can be presented 

as I, = 10'"" exp(-79,600 cal / RT) g-mole/g of C-sec. 

The third mechanism was proposed by Turkdogan and Vinters (1970 and 1974). 

They claim the overall reaction is controlled by two consecutive reactions in series: (1) 

dissociation of COi on the surface of carbon and (2) formation of CO on the surface of 

carbon. 

They found that at low CO content, reaction (17) is much slower than reaction (16). When 

the CO content is greater than 10%, reaction (16) is slower than reaction (17). The activation 

energy for reactions (16) and (17) are 60 kcal/mole and 69 kcal/mole, respectively. They 

observed that carbon monoxide has a two-fold poisoning effect: (a) covering of surface sites 

due to strong adsorption and (b) increasing the activity coefficient of the activated complex 

for dissociation of CO,. 

C02(g) = CO,(ad) = (CO2)" C + 2(0) (16) 

C + (0) = (C0)--(C0) = C0(g) (17) 
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So far, the most important prior work about the mechanism of the non-catalytic 

carbon-carbon dioxide reaction has been discussed and some specific intrinsic reaction data 

have been identified. Unfortunately, iron, the product of carbothermal reduction, catalyzes 

the carbon-carbon dioxide reaction and dramatically changes the intrinsic rate constant 

determined in the works cited above for noncatalytic reactions. 

An extensive study was conducted on the effects of Fe on the reactivity of coal coke 

by King and Jones (1931). The initial reactivity in CO, at 950°C depended strongly on the 

presence of Fe and a strong catalytic effect was observed with as little as 0.3% Fe present. 

King and Jones calculated that metallic Fe is the stable phase at 950°C for a CO 

concentration greater than 74%. When the CO concentration is between 20% and 74%, FeO 

is the stable phase. For a CO concentration less than 20%, Fe304 is stable. They concluded 

that if the reacting gas contains less than 74% CO, the iron would become an inactive 

catalyst. Reactivation of the Fe could be accomplished by cooling to room temperature in 

a N2, Hi, or CO environment but not with CO^. 

Rakszawki ei al. (1961 and 1962) concluded that Fe could be an effective catalyst 

in the C-CO2 reaction if it is firee of dissolved carbon. If a pretreatment for the purpose of 

dissolving carbon in the iron phase was performed prior to the catalytic effect experiment, 

they found that the catalytic activity of Fe sharply decreased and attributed the decrease to 

the solution of carbon in the Fe. 

Walker et al. (1968) summarized the catalytic effect as follows: 

(a) Oxygen transfer: 
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Me + CO, - Me-CO, (18) 

C + Me.CO, - Me + 2C0 (19) 

where Me stands for catalyst method. The catalysts at the surface are assumed to be oxygen 

carriers. 

(b) Electron transfer. 

According to this theory, there is an electron exchange between the pi-electrons of 

carbon and the empty orbitals of the metal. The metal acts as an electron supporter. 

Long and Sykes (1948) reported that this mechanism does not change the Langmuir-

Hinshelwood rate expression. Baker and Sherwood (1985) studied the catalytic activity of 

iron on graphite in an envirorunent using in situ electron microscopy. They found 

that the particles proceeded to attack the graphite from the edges by creating channels across 

the basal plane. As the temperature was progressively increased from 975°C to 1025°C the 

rate of channelling by large particles slowed appreciably, leading to lower catalytic activity 

at higher temperatures. This process was reversed at lower temperatures. 

Karatas (1978) studied both the noncatalytic and catalytic pure graphite-carbon 

dioxide reactions. He used a Langmuir-Hinshelwood rate expression of: 
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Where kiJc, and k3 = reaction rate constants corresponding to three reactions as we 

discussed previously. 

Karatas used Wu (1949)'s data for ki and ks which are: 

k, = exp(60,593 cal / RT) atm'' 

kj = 10-°"^ exp(6,626 cal / RT) atm"' 

By eliminating diffusion resistance with a transport model, Karatas measured and calculated 

kj. He concluded that iron acted as a fairly strong catalyst for the reaction and for low 

temperatures, over 60-fold rate enhancements were observed. The catalytic effect of iron 

was found to depend strongly on its history and method of preparation. Iron obtained from 

wiistite incorporated in the pellet and then reduced in situ was much more active than either 

aged or commercially pure iron added to the pellet prior to reaction. The presence of catalyst 

greatly reduced the activation energy. 

Hastaoglu et al. (1987) developed a more general model to quantitatively study the 

catalytic effect of Ni and Fe on the carbon gasification reaction. The model considered not 

only the structural and transport phenomena which occur during the course of the reaction, 

but also heat transfer and surface film phenomena. They treated the catalytic rate expression 

as: 

Qc. - )?„, 
Catalytic Rate - ' ' ' (21) 

 ̂ * *ir CO * ^C02 

The same k, and ks as Karatas used (from Wu, 1949) were applied in Hastaoglu's model. 

The k, and kc for iron catalysis were found to be: 
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k| = 7.45*10'^ exp(-47,433 cal /RT); mol Pa"' m"* s"' 

kc = 3.332*10"' exp(-19,059 cal /RT); mol m Pa"' kg"' s"' 

In summary, although catalytic effects on the carbon gasification reaction have been 

studied extensively, the mechanism is still not clear. Very few accurate quantitative 

experiments and mathematical models have been developed to determine the causes of the 

enhanced reaction rates. 
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CHAPTER THREE 

EXPERIMENTAL DESIGN AND APPARATUS 

Apparatus and Procedures 

A schematic of the complete experimental apparatus is shown in Figure 3-1. It 

consists of a gas delivery system, a quartz reactor, an electronic balance, a movable fumace 

and a system to analyze the product gases. 

For most carbothermal reduction experiments, UHP (ultra high purity) nitrogen is the 

only gas added to the reaction system. The flow rates are normally set at 60-80 cc/min for 

ilmenite reduction and 40-50 cc/min for fayalite reduction, in order to have the output CO 

and CO2 within the range of the analyzers, and to minimize mass transfer between the 

ambient gas and sample which will be discussed later in this chapter. UHP nitrogen is fed 

through the electronic balance and then into the top of the reactor to prevent fouling of the 

microbalance by reactive gases. For the carbon deposition reaction, the flow rates of CO and 

H, were measured by using a bubble flow meter. These gases were delivered to the reactor 

through tubing connected to one side of it. 

The detailed configuration of the quartz reactor is described by Zhao (1991). A Cahn 

1000 electronic microbalance was used to monitor weight loss during the reaction. The 

accuracy of the balance is 1.0 microgram and it has a capacity of 100 grams. A PC computer 

with a data acquisition system was hooked up to the balance to convert the analog signal into 

digital form for on line monitoring of the weight loss. All the data were collected on a 
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Figure 3-1 The shematic diagram of experimental apparatus 
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floppy disk for later analysis. 

A Lindberg model 54459 single zone electric fumace was used in the present 

experiments to heat the sample up to the desired temperatures. The fumace assembly is 

described in detail in Zhao's dissertation (1991). 

Both a gas chromatograph and CO/CO, infrared analyzers were used to measure H2 

and CO for the deposition reactions and to monitor the product (gases CO and CO,) during 

carbothermal reduction. Four sets of CO and CO, analyzers were used, two of them, which 

have been described by Zhao (1991), can measure from 1% to 30% and the other two were 

HORIBA Via-510 CO and CO, infrared analyzers which can measure from Ippm to 1%. The 

accuracies of the analyzers are 1% of full scale. A detailed description of the gas 

chromatograph has been given by Zhao (1991). 

Before an experiment began, the system was purged with UHP nitrogen for at least 

three hours to eliminate any oxygen. Then the purge was temporarily stopped and the 

sample was weighed. A desired weight range was set for both the balance and the computer 

acquisition system. The experiments were started by raising the fumace to heat up the 

reactor and at the same time the balance and computer were set to monitor the weight loss 

as well as the output CO and CO, concentrations. Normally experiments lasted about 2 to 

3 hours for ilmenite reduction and about 8 hours for fayalite reduction. The experiments 

were terminated by lowering the fumace. 
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Sample Preparation 

Synthetic ilmenite (99.9% pure, from CERAC Advanced Specialty Inorganic) and 

olivine synthesized in the Geoscience Department laboratory at the University of Arizona 

(discussed in chapter 4), were washed and sieved to various particle size fractions using a 

standard vibration siever. The samples were then completely mixed with Utah charcoal (less 

than 53nm) using a CRESCENT "wigglbug" mixer and put into a quartz crucible (35mm x 

10mm i.d.). The impurity content of the ilmenite sample is given in Table 3-1. 

Analytical Techniques 

A powder x-ray diffractometer with a copper Ka source was used to identify the 

different crystalline phases in the starting materials and products. The samples were ground 

to several micrometers and sprinkled on a glass slide for X-ray analysis. 

SEM (scanning electron microscopy) with EDX (energy dispersive X-ray analysis) 

and WDX (wavelength dispersive X-ray analysis) were employed to study the morphology 

of the partially and completely reduced samples. All the samples for these analyses were 

prepared in the Materials Science Laboratory of the University of Arizona. First, the 

samples were mounted in cup molds which were filled with liquid epoxy mixed with a 

Table 3-1 Impurity content of the ilmenite sample 

A1 0.01% 
Ca <0.001 
Cr 0.01 
Cu 0.001 

Mn 0.01 
Ni <0.01 
Si 0.06 
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hardening agent; then the hardened samples were polished with silicon carbide papers and 

alumina slurry. 

Experimental Desi^ 

Experiments always yield numbers, and these numbers can always be plugged into 

some assumed model to yield results which can be proclaimed" intrinsic rate", or some other 

readily interpretable basic parameters that we believe we have a theoretical understanding 

of. However, the most important part of research is to understand all aspect of experiments 

before conducting them, so that they can be designed to yield data which we really can use 

to unambiguously characterize the system imder study. A good experimental design can 

completely eliminate effects which might bring ambiguous results instead of relying on 

mathematical models to separate them. The effects which must be controlled out of 

carbothermal reduction experiments so that fundamental chemical constants can be 

determined are heat and mass transfer. 

Carbothermal reduction of ilmenite and olivine are both strongly endothermic and 

heat supply during the reaction is critical. Therefore, theoretically the ratio of exposed 

surface area to sample volume (or mass) should be maximized because radiation heat transfer 

is the dominant mechanism to deliver heat to the crucible surface, where it is then 

conducted into the sample. Obviously, decreasing the amoimt of sample can eliminate the 

heat transfer limitation. But the other design discipline, mass transfer, limits the decrease 

in sample weight. Inert gas penetration will become dominant when the sample depth 
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decreases. We use an inert gas (nitrogen) as our purge gas. Some kind of compromise must 

be found. A deep sample bed will cause a high pressure gradient across the bed, which will 

also make the experimental results difficult to interpret. In order to select an appropriate 

sample size, some preliminary experiments were carried out to help design the crucible and 

sample. Two different kinds of crucibles were used in the experiments: a shallow crucible 

(6 mm high) and a deep crucible (25 mm high). Various amounts of sample were used to test 

the effects of sample depth. Experimental results are shown in Figtire 3-3. As can be seen, 

the depth of the crucible has a significant effect on the reduction rate. For the shallow 

crucible the overall reaction is dominated by penetration of inert gas. For the deep crucible, 

there is a CO concentration gradient built up between the sample surface and the top of the 

crucible. It yields a much higher CO partial pressure at the sample surface and results in a 

higher CO partial pressure for each ilmenite or olivine particle in the crucible. It was also 

found that if the crucible depth is greater than 25 mm the increase in the reaction rate is not 

significant. From Figure 3-3 , the effect of sample depth can also be seen. At higher 

conversions (>40%), the greater depth of sample results in a higher reaction rate, which 

suggests that at specific times greater depth will have a higher average CO pressure in the 

sample bed or that the higher CO pressure will last longer for greater sample depth because 

more CO v^ll be generated in that case. One interesting observation was that at 15 mm 

sample depth, the sample was blown to the top of the crucible or broken into several pieces 

due to the build up of internal pressure. Rao (1974) calculated the pressure drop across a 2 

cm deep sample bed and estimated that to be about 2 atmospheres. This may be high, but 
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the pressure drop will be significant even for a very thin bed. The pressure drop also 

depends on the particle size and porosity of the bed. At lower conversions, the reaction rates 

for different depths of sample are almost identical, which suggests that for a 7.5 mm bed, 

there is no inert gas penetration (otherwise the reaction rate would be higher for the sample 

with deeper bed). On the other hand, the identical reaction rates also suggest there might be 

some heat transfer limitation involved because, as we discussed before, a greater depth of 

sample should have higher local CO pressure and faster reaction rates. In order to prevent 

inert gas penetration and also eliminate the heat transfer limitation and minimize the high 

pressure drop across sample bed, a 2.5 cm crucible and 5.0 mm sample depth (600 mg) were 

used for ihnenite carbothermal reduction experiments. 
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CHAPTER FOUR 

SYNTHESIS OF A SIMULANT FOR LUNAR OLIVINE 

In chapter one, we have discussed the variety of lunar minerals which are the most 

promising candidates for oxygen production. Olivine is one of them and it consists of 

solid solutions of Mg^SiO^ (forsterite) and Fa SiQ, (fayalite). In order to understand the 

mechanism of carbothermal reduction of olivine (a solid solution series of minerals from 

MgoFeiSiOj to MgjFeoSiO^), the iron end member of olivine, fayalite, was investigated. Mg 

would be added later to see how it affects the reaction mechanism. This chapter will be 

focused on a discussion of the synthesis process of the fayalite (Fe2Si04). 

Svnthesis Procedures and Results 

Figure 4-1 shows a schematic diagram of the experimental setup for the synthesis 

of fayalite. It consists of five major components, a high purity alumina insulation tube in the 

center of a fiimace. zirconia insulation around the alumina tube, two water cooled heads 

installed at the top and the bottom of the furnace to protect the silicone seals and to allow two 

gas connections for CO and COj supplied from cylinders, several molybdenum silicide 

heating elements installed around the alumina tube, and a molybdenum crucible hung from 

an alumina rod with a small platinum hook in the center of the alumina tube. Temperatures 

were measured v^th a Pt-Rh thermocouple located at the top of the crucible and passing 



Rgure 4-1 Schematic diagram of the experimental apparatus for synthesis of fayalite 
I — the support for the apparatus, 2 — cooling water inlet, 3 — heating elements, 
4 — zirconia insulation, 5 — alumina insulation, 6 — same as 2, 7 — thermocouple, 
8 — CO and COj inlet, 9 — cooling water outlet, 10— high purity alumina tube, 
II — quartz crucible, 12 — oxygen fugacity sensor, 13 — CO and CO, oudet, 
14 — same as 9, 15 — oxygen fugacity incUcator. 



56 

through the alumina rod. 

The starting materials were 99.9% pure FeO and SiO, (purchased from CERAC 

Advanced Specialty Inorganics). Both samples were ground in acetone to about l|im in 

diameter and then mixed in a 2:1 FeO-SiO, mole ratio. A little more SiOiCabout 3%wt.) was 

mixed with the FeO to make sure that there was no FeO left after the reaction. The fiimace 

atmosphere was controlled by adjusting the CO and CO, partial pressure ratio according to 

an oxygen fligacity indicator installed at the bottom of the fiimace. The CO and CO, partial 

pressures were changed by adjusting the CO and CO, flow rates into the fiimace. The 

fiigacity indicator is a sensor made of ZrO,. One side of the sensor is exposed to the 

atmosphere of the fiimace and the other side of the sensor contacts air; the temperature of the 

sensor is very high, so oxygen fi-om the air side dififiises through the ZrOj and a potential is 

built up across the sensor. This potential is used to measure the oxygen fiigacity (or the 

CO/COt ratio) inside the fiimace. Figure 4-2 shows the relationship between the CO/CO, 

partial pressure ratio, temperature and the oxidation or reduction status of iron and 

molybdenum. The purpose of this diagram is to set the right temperature and CO/CO, partial 

pressure to guarantee that FeO is not reduced to Fe and that the molybdenum cmcible is not 

oxidized. There is only a very narrow zone shown in the shaded area of Figure 4-2 which 

can satisfy these conditions. Therefore, attention must be paid to the CO/COI partial 

pressure ratio while increasing or decreasing the fiimace temperature. 

Syntheses were started by setting the CO/COt flow rates and purging the fiimace 

for about an hour in order to eliminate oxygen. The temperature of the fiimace was then 
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raised to 800°C and stabilized for about half an hour. During this time the oxygen fugacity 

was adjusted to the required value and the sample crucible with about 5 grams of the FeO-

SiOi mixture was introduced into the furnace. The crucible was positioned slightly above 

the fugacity sensor and the thermocouple was located right above the sample surface. The 

temperature measured by the thermocouple should be sUghtly different from the temperature 

at the fugacity sensor. This was corrected by calibration beforehand. The ftimace 

temperature was increased by about 10°C/min (under manual control) and the flow rate of 

CO and COi were adjusted based on the readings from the oxygen fugacity indicator to make 

sure the potential was in the shaded area in Figure 4-2. The temperature was increased to 

1200°C and kept there for about an hour to melt the sample uniformly. Then the temperature 

was decreased to about 1160''C and held for about one hour to let the fayalite crystals grow. 

Finally, the furnace temperature was decreased in the same manner that it had been raised. 

The sample crucible was taken out of the furnace after the temperature had decreased to 

about 500°C. 

The thermodynamic diagram of the FeO-SiOi system is used as a gtiide to set the 

temperatures during the synthesis process. It is illustrated in Figure 4-3. 

The sample was washed and crushed to the desired particle size. Magnetite was 

removed with a small permanent magnet and the last traces were removed with a Frantz L-1 

Isodynamic separator. The detailed separation parameters and processes are discussed by 

Massieon (1993). 

Several techniques were used for chemical analysis and characterization of the 
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starting materials and the synthesized fayalite samples. They are high resolution scanning 

electron microscopy (SEM), powder X-ray diffraction (XRD) with a Cu Ka source, energy 

dispersive X-ray and wavelength dispersive X-ray (WDX) analysis . 

A SEM secondary electron micrograph of a polished cross-section of the original 

sample synthesized is shown in Figure 4-4. A imiform phase is observed in Figure 4-4. 

Very regular and mature crystal structures are seen, which indicates that the temperature and 

the time were properly selected to let the crystals grow. 

In order to determine the homogeneity of the synthesized sample, quantitative WDX 

analysis was performed at randomly selected spots and along a line across the original 

synthesized sample. The results are shown in Figure 4-5. SiO, and FeO (%wt.) were 

measured based on calibration using standard samples and the concentration of SiO, and 

FeO were found to be uniform across the particle. The concentrations as measured deviate 

somewhat from the stoichiometric values. This may be caused by adding more than a 

stoichiometric amount of SiOj. The other possible reason is that the atmosphere of the 

furnace may have been slightly reducing which caused some FeO to be reduced and to 

segregate from the crystals. 

The crystal structure of the synthesized sample was also determined by powder 

pattern XRD analysis. The results are shown in Figure 4-6. It was found that the XRD 

pattern of the synthesized sample matched the pattern for pure fayalite very well except that 

the intensity of the 100% peak was not high enough. One possible reason is that some of the 

crystals are not fully developed. Different temperatures and times for growth of the crystal 
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Figure 4-4 SEM micrograph of a polished cross-section of synthetic fayalite 
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Rgure 4-6 Comparison of the powder XRD pattern of synthetic fayalite (a) with the 
pure fayalite standard pattern 
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were tried but the peaks remained the same. Consequently, it was concluded that the 

synthesis was successful and a very pure fayalite had been synthesized. 
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BONETICS AND MECHANISM OF CARBOTHERMAL REDUCTION 

Thermodynamics of the Carbothermal Reduction of Ilmenite 

The proposed mechanism of the carbothermal reduction of ilmenite consists of three 

elementary reactions as follows: 

(a) solid-solid reaction 

C + FeTiOjCO + Fe +Ti02 (1) 

(b) gaseous reduction reaction 

CO + FeTiOj ^ CO, + Fe + TiO, (2) 

(c) CO regeneration reaction 

CO, C 2C0 (3) 

Reaction (a) is a pure solid-solid reaction, which occurs at the contact between 

ilmenite and carbon. Yun (1961) studied the carbothermal reduction of wiistite in vacuum 

(5x10"^ mmHg). They observed that even at low temperatures the initial reduction rate is fast 

and then it decreases rapidly. The gas product of this reaction, CO, will further react with 

ilmenite and make reaction (b) occur. Then the products of reaction (b) will react with 

carbon via reaction (c) and regenerate CO. CO and CO2 will diffuse back and forth between 

these two reaction interfaces so that carbon will be gasified and ihnenite will be reduced. 

A schematic diagram of the mechanism of carbothermal reduction is given in Figure 5-1. 
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This reaction is a solid-solid reaction via gaseous intermediates. 

Previous kinetic studies of the carbothermal reduction of ilmenite indicate that 

reaction began at either 1000°C or 860°C. In the present study it was observed that even at 

temperatures as low as 775°C (reduction of ilmenite with deposited carbon) the reaction rates 

were still appreciable. That brings us to the question of why the reaction initiation 

temperature varies. Figures 5-2 and 5-3 give a possible answer to this question. As we 

discussed before, reaction (b) occurs at the ilmenite reduction interface and generates CO,; 

and reaction (c) occurs at the carbon reaction interface and regenerates CO. There is only 

one direction for these two gas flows that can make the overall process occur. CO, must 

diffuse from the ilmenite interface to the carbon interface and react with carbon to regenerate 

CO by reaction (c); CO must diffuse back to the ilmenite interface and generate more COj 

by reaction (b). Therefore the COt partial pressure at the ilmenite interface must be higher 

than that at carbon interface; the CO partial pressvire at carbon interface must be higher than 

that at the ilmenite interface. This situation is only possible when the system temperature 

is higher than a critical value as can be seen from Figures 5-2 and 5-3. 

Figure 5-2 illustrates the thermodynamic equilibrium partial pressure of COi by 

assuming that the carbon activity equals one. The partial pressure of COj at the ilmenite 

reaction interface is higher than that at the carbon interface only when the system 

temperatures are higher than about 850°C. In other words, carbothermal reduction can only 

occur at temperatures higher than 850°C. A similar situation is shown in the Figure 5-3 for 

CO. At temperatures higher than 850°C, the CO partial pressure at the carbon interface is 
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Figure 5-1 Schematic diagram of the mechanism of carbothermal reduction 
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higher than at the ihnenite interface and this makes the reaction possible. If the temperature 

is lower than 850°C. theoretically, both reactions would proceed backwards and the 

carbothermai reduction of ilmenite is thus impossible. But if the activity of carbon varies, 

the critical temperature also varies as shown in Figure 5-3. The higher the activity of carbon, 

the lower the critical temperature. This might be the reason that different initial temperatures 

were observed for the carbothermai reduction of ihnenite. 

In the present study, the initial reaction temperature for carbon mixed with ilmenite 

was about 850''C, which is shown in Figure 5-4. The experiments were started by setting the 

temperature at 800°C. No weight loss was observed at this temperature (at 6Q0°C, about 7% 

weight loss was observed but this is obviously not ilmenite reduction). At temperatures 

above 850°C, weight loss began. At temperatures above 950°C the reaction rate increased 

rapidly. This observation is consistent with the thermodynamic analysis that as temperature 

increases the partial pressure gradient of CO and CO2 between the two reaction interfaces 

increases rapidly, which pushes the reaction to proceed more rapidly. 

Experimental Results 

Experimental results from the carbothermai reduction of ilmenite are shown in 

Figures 5-5 to 5-10. A typical conversion-time curve for carbothermai reduction of ilmenite 

is shown in Figure 5-5. The conversion is defined by assuming that the reaction is completed 

when the ilmenite is reduced to Fe and TiO,. From the curve, it can be seen that the reaction 

rate is high and stable at first; when conversion reaches about 50% the rate decreases 
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significantly; finally as conversion becomes close to 75% the cxirve bends over and the rate 

drops substantially. The ultimate conversion is greater than one. During the reaction, CO 

and COi output concentrations were monitored and are also plotted in Figure 5-5. High CO 

and COi peaks were observed during the beginning of the reaction and the CO concentration 

went above the range of the instrument (which is 1%). The CO2/CO ratio was much higher 

than the equilibrium COi/CO ratio for reaction (b) and (c) during the first several minutes. 

This indicates that the initial reaction rate may not be only attributed to reactions (a), (b) and 

(c). Similar results were observed by Wouterlood (1979) for the reduction of natural and 

pre-oxided ilmenite with charcoal. No explanation was discussed in their study. The 

possible reaction involved is that there might be some oxygen in the original carbon or 

adsorbed on the carbon surface and it reacts with carbon and generates CO,. 

As the reaction proceeds, COi decreases dramatically but the CO concentration 

continues to increases and then decreases gradually after reaching its peak. As CO 

concentration decreases to very low levels, the conversion vs. time curve starts to bend over 

which indicates the reaction rate is decreasing rapidly to a very low but stable value. The 

COi/CO ratio initially is very high then decreases gradually until it approaches zero. 

These observation can be explained as follows. As has been disciissed the reduction 

is initiated by reaction (a) and the reaction of the oxygen in the original carbon. About 2% 

weight loss has been observed by heating the sample to 600°C and holding the temperature 

for 30 minutes. At this temperature carbon reacts rapidly with oxygen but reaction (a) is not 

feasible. Obviously the initial high and narrow peak of CO, might be from the carbon-
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oxygen reaction and the narrowness of the peak is because of the limited oxygen available. 

Once the reaction is initiated the coupled reactions (b) and (c) start. Because the equilibrium 

CO/CO2 ratios of reaction (b) and (c) are very liigh a large CO peak can be observed for 

several minutes after the reaction starts. As the reaction proceeds, the effective surface area 

of the ihnenite starts to decrease because the diameter of the reaction interface of the ilmenite 

particle shrinks; then the overall reaction rate decreases as well until the reaction is complete. 

Figure 5-6 shows the results where a short crucible is used and the top surface of the 

sample is exposed directly to the ambient gas. In order to test if there is back diffusion of 

inert ambient gas into the sample bed, a very low CO concentration was used in the purge 

gas during the reduction process. It was observed that the reaction rate was very sensitive 

to even small variations in CO concentration in the purge gas. 

Figure 5-7 shows die results of control experiments for minimizing the effects of the 

penetration of the inert purge gas and of nonisothermality in the sample bed. The inert 

purge gas is seen to have a significant effect in this experiment as well. In both cases, the 

crucible held the same amount of sample (about 300mg, 0.3cm deep). The reason for this 

is that for the short crucible the inert gas flows by the top of the crucible and directly contacts 

the surface of the sample bed. There is strong convective mass transfer there and it is very 

sensitive to ambient gas. For the long crucible, although there is a strong convective mass 

transfer at the mouth of the crucible, mass transfer at the surface of the sample bed is very 

weak; because mass transfer between the mouth of the crucible and the surface of the sample 

bed is mostly by molecular diffusion which usually has a much lower mass transfer rate than 
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that of convection. The detailed mathematical relationship between the partial pressure of 

CO and CO2 at the mouth of crucible and that at the surface of the sample bed is discussed 

in chapter 8. In order to see if back diffusion of the ambient inert gas has been minimized, 

various amounts of sample were tested using a deep crucible. It can be seen that as the 

amount of the sample increased there was no significant rate increase at the beginning of the 

reaction, but at the end of the reaction there was still some increase, which indicates there 

was still a little back diffusion of the ambient inert gas at that time because the CO and CO2 

flux generated by the sample bed is very low as the reaction reaches the end. Theoretically, 

there is a critical outward flux of CO and COt above which back diffusion can be neglected. 

Mathematical analysis of this "sweeping effect" has been conducted by Szekely et al. 

(1976). Increasing the amount of sample can always eliminate back difflision. But that may 

bring heat transfer problems, which were discussed in chapter three. 

The effect of the mole ratio of carbon to ilmenite has been determined and is shown 

in Figure 5-8. As expected the higher the mole ratio of carbon to ilmenite the higher the 

reaction rate that can be obtained. The reason is that at the higher mole ratio there is more 

carbon surface area available to convert CO, to CO. In other words, the increase of the mole 

ratio increases the carbon gasification rate and this results in an increase in the overall rate. 

There are two situations can lead to this results. The first is that the carbon gasification rate 

is slower than that for ilmenite reduction with CO. The other is that both rates are 

comparable. Obviously ilmenite reduction with CO can not be the rate-limiting step, 

otherwise there should not have have been such a so significant increase in the overall 
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reaction rate on increasing the carbon-ilmenite mole ratio. 

Particle size is also an important parameter the reactor design. Figure 5-9 shows the 

effect of particle size on the carbothermal reduction of ilmenite. Four different ilmenite 

particle sizes (sieved size) were tested. They are < 45|im (-325 mesh), 53-63|im (+270 and 

-230 mesh), 90-105|im (+170 and -140 mesh) and 105-150^im (+170 and - 120 mesh). 

Particles less than 45[im (-325 mesh) had very high reaction rates compared to the others. 

For the other three particle sizes, it was observed that they had almost identical reaction rates 

up to a conversion of about 40% and after that the rates became distinct with the rates for 

larger particles decreasing faster than those for smaller particles. There are two major 

mechanisms that cause the particle size effect; first of all, the particles are not highly porous 

so the reaction rates are dependent on the available surface area per volume; the larger the 

particles the less the surface area available per volume (or mass) and the lower the reaction 

rates that can be achieved. The ilmenite particles have very low porosity, as confirmed by 

the SEM micrograph shown in Figure 5-16. Secondly, the smaller the particles the slower 

the diffusion in the sample bed will be, and the local CO and CO, partial pressures will thus 

be high and increase the reaction rate. For particles smaller than 45[im (-325 mesh), both 

mechanisms could come into play. Since the average particle size is very small (about 1.5 

^m as estimated by SEM) the rates are significantly faster than those for the other three 

particle sizes. The reason for the identical initial reaction rates for larger particles is still not 

very clear but the reason for the different rates observed above 40% conversion can be 

interpreted using the first mechanism discussed: low porosity. 
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The effect of temperature on carbothermal reduction of ilmenite is very significant 

and is shown in Figure 5-10. A detailed discussions of temperature effects are presented in 

the next section. 

Kinetics 

There are two different approaches foimd in the literature for studying the kinetics 

of the carbothermal reduction processes. The first is that people determined the rate-limiting 

step of the reaction system first and then focussed on investigating the individual reaction 

kinetics. The second approach is that some pure gas-solid models were used to fit the 

experimental results and the best model fit was considered to prove the corresponding rate-

limiting step. Rao (1974), Tien and Turkdogan (1974), Karatas (1978) and Srinivasan (1990) 

studied the carbothermal reduction of iron oxides based on the proven assumption that 

carbon gasification controls the overall reaction rate. El-guindy and Davenport (1970), and 

Wouterlood (1975) used the second approach to study carbothermal reduction of ihnenite. 

For the present study, two different types of carbon were used for ilmenite reduction 

experiments to understand the rate controlling mechanism. Carbothermal reduction of 

ilmenite with deposited carbon is discussed in the next chapter. The comparison of ilmenite 

reduction rates with charcoal, deposited carbon filaments and pure CO gas is shown in 

Figure 5-11. It can be seen that ilmenite reduction with deposited carbon filaments is much 

faster than with charcoal powder or pure CO gas. This indicates that the reduction rates for 

CO reduction of ihnenite carried out by Zhao (1990) may be still limited by some factors like 
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film diffusion, intxa-pellet diffusion and nucieation of iron; This result also indicates that 

ilmenite reduction with charcoal powder can not be limited by CO reduction of ilmenite 

because this reaction should be at least as fast as ihnenite reduction with filaments. As 

discussed earlier in this chapter, only three possible mechanisms can control the overall 

reaction rate, ilmenite reduction with CO, carbon gasification, and diffusion between the 

carbon and ilmenite reaction interfaces. The diffusion resistance between the carbon and 

ihnenite reaction interfaces has been estimated and it has been found that under the present 

experimental condition it can be neglected. The detailed calculation is presented in 

Appendix 1. Therefore the only mechanism that can lunit the overall reaction rate is the 

carbon gasification reaction. Two pieces of evidence support this conclusion. The first is 

that experimental results (Figure 5-8) demonstrated that the overall reaction rate can be 

enhanced by increasing the carbon-ihnenite mole ratio. The other evidence is that using uron 

catalyzed carbon can accelerate the overall reaction rate dramatically (this is discussed in 

next chapter. In order to understand why El-guindy and Davenport, as well as Wouterlood 

concluded that the CO reduction of ihnenite and CO diffusion through the product layer are 

the rate-limiting steps, the same model was used to fit our experimental results. The results 

are shown in Figure 5-12. It can be seen that the predicted curves fit the experimental results 

very well. The fitted parameters are given in Table 5-1 and the model can be presented as: 

K,( 1 - (I - X ) + K, (1 - 2/3 X - (1 - X )^ ) = t (4) 

where 
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= 

k C "•w '-co 
^2 = 

^co 
(5) 

PM = density of ilmenite; 
R = radius of ilmenite particles; 

= intrinsic rate constant of ilmenite reduction by CO; 
CEO = CO concentration; 
DP = diffusivity of the product layer; 
X = conversion; 
t = reaction time. 

Table 5-1 Model Parameters 

T("C) K, K, 

975 663.09 966.65 

1000 229.78 524.13 

1025 117.79 170.33 

1050 50.57 40.78 

1100 16.99 4.66 

The activation energy calculate from K, is 98.9 kcal/mole. The Arrhenius plot is 

shown in Figure 5-13. Several concerns need to be discussed. The first is that there is a 

conflict between the assumptions of the model and the nature of the problem evaluated by 

the model. The model assumes the reactant gas concentration is constant during the reaction, 

but for carbothermal reduction the reactant gas concentrations always changes with reaction 

time. This was observed in Figure 5-5. The reason is that since the mechanism of the 

reduction consists of two coupled gas-solid reactions, a rate increase for one reaction 
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accelerates that of the others if there is no thermodynamic or heat or mass transfer 

limitations; In practice some limitation always exists, for example, the reduction rates for 

nonporous or low porosity materials always decrease with time. Once this happens the rate 

decrease for one coupled reaction generates less reactant gas for the other coupled reaction 

and the other reaction rate will decrease further. This series effect greatly decreases the 

reactant concentration until the gas reactant pressures are close to zero and the reactions stop. 

Back diffusion of inert gas into the sample is another reason causing a drop in the reduction 

rate. 

A comparison of the reduction rates between carbon monoxide reduction of ihnenite 

and carbothermal reduction is shown in Figure 5-11. This figure indicates that the rates of 

carbothermal reduction always decrease with increasing conversion (and time) instead of 

having a stable rate as seen in carbon monoxide reduction. One reason for the perfect fit of 

the combination model to the experimental results is that the diffusion model can fit the rate 

decrease of local concentration very well, instead of simulating the diffusion through the 

product layer. This can be clearly seen by comparing the rate changes between carbon 

monoxide reduction and carbothermal reduction from Figure 5-11. For carbon monoxide 

reduction the rate decrease starts from 64% conversion, where diffusion through the product 

layer might happen. But the rate decrease for carbothermal reduction begins at 15% 

conversion at 1 lOCC and at even lower conversions at lower temperatures. Obviously this 

rate decrease is not attributable to diffusion through the product layers. So the large Kj 

obtained from Table 5-1 is attributed to a concentration decrease instead of diffusion 
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resistance. 

The second consideration is that the inconsistent activation energies obtained from 

similar reductions by the same model. Zhao (1991) obtained various values of 18 kcal/mole, 

14 kcal/mole and 10 kcal/mole at conversions of 10%, 30% and 50% respectively; 

Wouterlood and El-guindy's activation energies are 64 kcal/mole. For the present study the 

activation energy is 98.9 kcal/mole. If the model were correct it would give the same 

activation energy for all the different experiments (with experimental error). 

One possible reason for the difference between activation energy for carbothermal 

reduction and carbon monoxide reduction is that the local CO partial pressure at the surface 

of the ilmenite particles is a function of temperature, permeability and the effective 

diffusivity of the sample bed, the "path length" between the carbon and ihnenite surfaces and 

the activity of the carbon. Even if other influencing factors are the same, the temperature can 

not only increase the reaction rate but the local concentrations as well. But the model 

assumes the reactant concentration is constant. If we take the kinetic rate-limiting model as 

an example: 

1 - (1 - X )"^ = A:, t (6) 

From the model parameter ki obtained by fitting the model with experimental data, 

the reaction constant at different temperatures and the activation energy can be calculated as 

follows: 
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k C k C 
k = _5L_£2. in/t, = ln( " ^°) 

£ where k^ = ArgexpC" ) (7) 
RT 

InA:, - ln(—= InAr. -
p ^ R  °  R T  

From two different temperatures T, and T, it can be calculated as: 

ln^,(r,) - InA:,(r,) - (InC^^C^z) " 

= -(— - —) 
R r, r, 

RT^T,In 

E , = E -
T - T ^ 2  ^ 1  

/?r,r,in-' ^ 

where = 
T - T •"2  ^  I  

As it can be seen, if C^a is constant then the observed activation energy Eg equals the 

intrinsic activation energy E. But if Ceo is a function of temperature, only the observed 

activation energy Eq can be obtained. It is understandable that the local CO concentration 

always increases with temperature (see Figure 5-11). The ratio of the concentrations in 

equation (2) will always be greater than one (assume T, > T,). Therefore a higher activation 

energy is always obtained if the variation of local CO concentration with temperatures is not 

considered. This might be the reason that all the activation energies reported previously (and 

in the present study) are higher than that of carbon monoxide reduction reported by Zhao and 
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Shadman (1991), which is claimed to be the rate-limiting step. 

The carbon gasification controlled model can be presented as (the detailed derivation 

of this model is discussed in Appendix II): 

- k l n (  1 - 0 . 1 9 X )  =  t  ( 9 )  

where 
X = conversion; 
t = reaction time; 
k = constant. 

From the review of the carbon-carbon dioxide reaction and Rao's paper (1974), for high 

CO/COi ratios, the constant k can be presented as: 

k k 
k = then k. = (10) 

Where Mc = carbon molecular weight; 

Ke = equilibrium constant of ilmenite reduction with CO; 

kj = one of the carbon gasification reaction constants, 

k ^ ^  1 0 - 8 . 4 8 2 e x p ( 6 0 , 5 9 3  c a l / R T )  a t m " ' ;  

k, = intrinsic reaction constant for carbon gasification 

(g.mole atm'Vg.of C-sec). 

The solid lines in Figure 5-14 represent the model predictions which fit the experimental 

data very well. The Arrhenius plot is shown in Figure 5-15. Table 5-2 lists all of related 

parameters to calculate the intrinsic activation energy and reaction constant. It is foimd that 
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the intrinsic activation energy is 27.2 kcal/mole and the intrinsic reaction constant is 

5115.344exp(27.2 kcal /RT). The intrinsic activation energy obtained is smaller than the 

noncatalytic activation energy (82.0 kcal/mole) obtained by Karatas (1978), but close to the 

his catalytic activation energy (32.1 kcal/mole). The catalytic activation energy obtained by 

Rao is 34.0 kcal/mole. 

Table 5-2 Model Parameters 

T^C) k k: Ke ki 

975 1777.1 134.9 0.0646 0.091 

1000 962.8 83.5 0.0665 0.109 

1025 487.4 52.6 0.0670 0.134 

1050 216.1 33.8 0.0679 0.176 

1100 78.4 14.6 0.0695 0.240 

From Table 5-2, it can be seen that the intrinsic reaction constants obtained in the present 

study are much larger than Rao and Jalan's noncatalytic data (2.97x10"^ at 961''C and 1.765< 

lO"* at 1050°C). One of the possible reasons is that the charcoal powder used in the present 

study may have a much higher surface area than the graphite they used. The other reason is 

that the catalytic effect is very strong for the present reaction system because iron is a strong 

catalyst. 

Product Morphology 

Figure 5-16 is a SEM micrograph of a cross section of a partially reduced ihnenite 

particle. Three distinct phases were identified by EDX analysis. The bright phase (phase 
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Figure 5-16 SEM micrograph of a cross-section of a partially reduced ilmenite particle 
1 — unreacted ilmenite phase; 2 — titanium oxide phase; 3 — metallic iron phase. 
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3) is a-Fe with 98% Fe; the light gray phase (phase 1) in the center of the particle is 

unreacted ilmenite and the analysis result is 51.6% Ti and 48.4% Fe as the oxides; the dark 

gray phase (phase 2) surrounding the unreacted core is TiOi with 98.8% Ti as the oxides. 

These observations strongly indicate that the mobility of iron in the titanium dioxide phase 

is very high and the recovery of Fe and TiOi through the carbothermal reduction process is 

possible. It was also observed that the reduction reaction in the particle proceeds with 

shrinking unreacted core behavior. Figure 5-17 is an XRD analysis of ilmenite sample 

partially reduced at various temperatures. At temperatures below 1000°C, the products of 

the reduction are a-Fe and TiOj; at 1050°C, a-Fe and a nonstoichiometric titanium oxide 

Ti,0,7 is formed (consistent with experiment results in which the conversion is larger than 

one); at 1100° C, a-Fe and Ti407 are the major products. Obviously ilmenite can be reduced 

into lower oxygen containing titanium oxides at higher temperatures. 

Conclusions 

• The major mechanism for the carbothermal reduction of ilmenite is two coupled reactions, 

reactions (b) and (c). Two reactions initiate the coupled reactions, reaction (a) and the 

reaction between carbon and adsorbed oxygen. 

• The feasibility of the carbothermal reduction of ilmenite is dependent on temperature and 

carbon activity. For the present study, SSO^C is the initial reaction temperature. Increased 

carbon activity will decrease the initial reaction temperature. 

• A particle size effect was observed and is attributed to the characteristics of the nonporous 
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ilmenite particles and to variations in the difiusivity of the sample bed. 

• The reduction of ihnenite particles shows shrinking unreacted core behavior. 

• The mole ratio of carbon to ilmenite has a significant effect on the reduction rates. This 

indicates that CO reduction of ilmenite is not the rate-limiting step. 

• Although the combination model fits the experimental data perfectly, much evidence 

indicates that carbon monoxide reduction is not the rate-limiting step for the carbothermal 

reduction of ilmenite with charcoal powder. 

• The controlling step for this reduction is the gasification of carbon. The carbon 

gasification model fits the experimental data reasonably well and the intrinsic activation 

energy was 27.2 kcal/mole. This is close to catalytic activation energy obtained by other 

investigators. But the rate constants obtained in the present study are much larger than those 

obtained by Rao and Jalan. 

• SEM, EDX and XRD analysis indicate that the major products of carbothermal reduction 

of ihnenite are a-Fe and TiO^ at temperatures below 1000°C; at 1050°C, a-Fe and Ti 9O17 

were observed; at 1100°C a-Fe and Ti407 were found. Iron is completely segregated from 

the titanium oxide. 
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CHAPTER SIX 

CARBON DEPOSITION AND REDUCTION OF ILMENITE 
WITH DEPOSITED CARBON 

Introduction 

In chapter five, the kinetics and mechanism of ilmenite reduction with carbon powder 

have been discussed. In this chapter, a novel process for carbothermal reduction of ilmenite 

will be discussed — carbothermal reduction of ilmenite with deposited carbon. 

The principle of this process is that the ihnenite sample is first partially reduced with 

carbon monoxide or hydrogen to a conversion of 15% or 20%. This normally takes about 

5 minutes. Carbon is then deposited on the surface of the partially reduced ilmenite particles 

at about 500°C to 60CPC in a CO and H, atmosphere. Finally, the sample is reduced in a 

nitrogen atmosphere at 750°C to lOOO^C. 

As discussed in chapter one, the carbon deposition process is one of the important 

parts of the carbothermal reduction process for manufacturing lunar oxygen. It is also a 

critical process for the reduction of ilmenite with deposited carbon. In this chapter, the 

thermodynamic stability of the metallic iron phase and the deposition kinetics and morphology 

of the carbon deposited will be discussed. 
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Experimental Approach 

A short crudble 10 mm in diameter and 6 mm in depth was used for both deposition 

and reduction reactions. The amount of the sample for each run was about 100 mg and the 

particle size was -325 mesh. For the deposition reaction, the flow rate was set at 400 cc/min, 

which was 1.5 times higher than the flow rate where deposition reaction rates became 

independent of flow. The normal deposition temperature was SOO^C with 25%CO, 3%H2 and 

the balance nitrogen. The gas compositions were monitored using an infrared gas analyzer 

and gas chromatography. For the reduction reaction, the flow rate was set at about 60 cc/min 

to minimize mass transfer at the top of the crucible. Reduction was started between 750 and 

1000°C. Initially the system with the sample was purged for about two hours with UHP 

nitrogen and then switched to the CO and H, mixture. Then the system was heated to 500°C 

by raising the fiimace for the carbon deposition reaction. After the deposition reaction the 

system was cooled by lowering the furnace. For the reduction reaction the system was 

purged with nitrogen for one hour and then heated to temperatures between TSO^C and 

1000°C. 

The deposited carbon and partially reduced sample were analyzed by TEM 

(transmission electron microscopy), SEM with EDX and by XRD. The sample preparation 

procedures are the same as discussed in chapter three. 
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Carbon Deposition Reaction 

Although disproportionation of CO on iron has been investigated extensively (Audier 

et al. 1983), the mechanism of this reaction is still not very well understood. One of the 

commonly accepted facts is that only the iron metallic phase can be the catalyst for the 

disproportionation reaction. Since the reaction system involves three components: CO, Fe 

and COt, the major reactions which are related to the stability of the iron phase in the system 

are; 

FeO + CO « Fe + CO, (1) 

IMFeaO, + CO « 3/4Fe + CO, (2) 

FejC + CO, « 3Fe + 2C0 (3) 

A thermodynamic equilibrium diagram based on these three reactions can be 

calculated in terms of the variation of temperature and COj concentration in the system. Such 

a diagram is presented in Figure 6-1 (from Audier et al. 1983). The shaded area in Figure 6-1 

is the domain where iron is thermodynamically stable and disproportionation is also possible. 

So theoretically the disproportionation of CO on iron is difiBcult because at most temperatures 

and CO, concentrations the iron phase will react with CO, or carbon to form FejC, FeO or 

Fe304 and the disproportionation reaction will not be catalyzed. This theory has been 

confirmed by experiments conducted in our laboratory which indicate that it is impossible to 

deposit carbon using only CO at temperatures between 400°C and SOO^C. Many investigators 

(Walker et al. 1959 and Turkdogan etal 1974) found that a little Hj mbced with the CO can 
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Figure 6-1 Iron-carbon-oxygen diagram (total pressure Pco + Pco2 = ^ 

[a] 2C0«C0,+C; [1] FeO+CO-Fe+COj; [3] Fe3C+CO,»3Fe+2CO 
[4] 2Fe304+C0,-3Fe203+C0; [5] 3FeO+5CO-Fe3C+4CO,; 
[6] Fe304+C0«3Fe0+C0j; [7] Fe,0^+6C0^Fe,C+5c6. 
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make the disproportionation of CO possible at the temperatures of interest. There is no good 

explanation of why H, facilitates CO decomposition to carbon and carbon dioxide. The 

general explanation is that H, can prevent Fe from forming iron carbide and magnetite. The 

detailed morphology of the carbon filaments formed will be discussed later. In the present 

study, about 3% H, made the deposition reaction reasonably fast. Higher H, concentrations 

were tested but the increase in the CO decomposition rate was not very significant. So 3% 

H, is a proper concentration for the deposition reaction because a high H, concentration is 

not desirable for lunar application of the carbothermal reduction process. 

The experimental results for the carbon deposition reaction at different temperatures, 

CO partial pressures and amounts of sample are shown in Figures 6-2 to 6-4. Figure 6-2 

shows a typical carbon deposition curve at different temperatures. The vertical axis is the 

ratio of the weight of carbon deposited to the amount of iron available in the sample. At 

temperatures below 550° C, the reaction rate is initially slow. After several minutes the rate 

starts to increase and after 60 minutes the rate is fast and stable. The literature generally 

agrees as to why this rate profile is seen. Carbon is deposited as filaments as long as adequate 

hydrogen is available (Nolan et al. 1995). Each filament has a small catalyst particle at its 

head. If the catalyst metal is available in large pieces compared to the typical filament 

diameter (10-30 nm) it is slowly fragmented into fine particles which grow filaments. The 

rate of carbon deposition increases as the number of actively growing filaments is increased 

by catalyst fi"agmentation. Various occurrences can deactivate the catalyst particles at the tip 
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of a filament. As the number of active filaments grows, a balance is eventually reached 

between fi-agmentation and deactivation, and the overall rate of carbon formation becomes 

constant. This process is discussed by Turkdogan and Vinters (1974) who also discuss the 

dependence of rate on gas composition and the role of hydrogen in preventing carbide 

formation. 

From Figure 6-2 it can also be seen that the reaction temperatures increase to 600°C 

an inflection point can be observed on the curve. The reaction rate is initially faster than that 

for SSO^C, then starts to decrease. After about 10 minutes, the rate increases again. Similar 

results were observed in Turkdogan's experiments and they found that the inflection of the 

curve occurs at a carbon-iron ratio of 0.4. For our results, the ratio is 0.12. Turkdogan et 

al. (1974) did not discuss why this happened but they observed that the inflection on the 

curve became less pronounced with increasing CO partial pressure in the system. This 

observation may be caused by a local shortage of H, that is needed to prevent FejC formation 

on the catalyst surface. At 600°C the fi-agmentation rate may be fast and a lot more fine 

particles are available to form filaments, but as locally the H, is limited, not all particles will 

be protected and be able to form filaments. Some iron particles are poisoned by forming 

FejC. Therefore, the rate per gram of iron is slower than that at 550°C. Generally speaking, 

increasing temperature always increases the carbon deposition rate at temperatures between 

450 °C and 600 "C. However at 450°C the reaction rates are quite slow and at 600° C the 

inflection in the curve also limits the rate. Therefore temperatures between 500°C and 550''C 



105 

0.9 
c 
o 

0.8 
o 

0.7 

^ 0.6 
450 C 

500°C 

550 C 

600°C 

T3 (U 0.5 
cn 
O Q. 
(U 

•O 
0.4 

0.3 
o 
o 

0.2 

-4-" 

C 
3 
O 
E < 0.0 

10 20 30 40 50 60 70 80 0 

Time(min) 

Figure 6-2 Temperature effects on the carbon deposition reaction 
(3%H2, 25%C0, balance Nj, on 20% reduced ilmenite) 



106 

0.9 

25% CO 

15% CO ^ 0.6 

0.5 

0.3 

0.1 

0.0 
0 10 20 30 40 50 60 70 80 90 100 

Time (min) 

Rgure 6-3 Carbon deposition with different CO concentrations 

(3% Hj, 25% CO, balance Nj, on 20% reduced ilmenite) 



107 

0.9 

0.8 

0.7 
T = 600"C 

50 mg 
100 mg 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 
10 20 40 50 60 0 

Time (min) 

Figure 6-4 Carbon depostion with different amounts sample 

(3% Hj, 25% CO, balance Nj, on 20% reduced ilmenite) 



108 

are best for carbon deposition in the present process. 

Figure 6-3 describes the influence of the CO partial pressure on the deposition rate. 

As expected, the deposition reaction rate increases linearly with increasing CO concentration. 

The influence of the amount of iron on the reaction rate is shown in Figure 6-4. Increasing 

the amount of sample initially increases the deposition rates, but after the inflection of the 

curve the deposition rate with more iron picks up slower than than that for less iron. The 

possible reason is that the deeper the sample bed, the higher the difiusion resistance to CO. 

So the local CO concentration at the bottom of the crucible is lower for 100 mg of sample 

than that for 50 mg. The amount of carbon deposited would not be uniform throughout the 

depth of the sample and the average carbon deposition rate should be lower for 100 mg. 

Morphology of the Deposited Carbon 

Figure 6-5 and 6-6 are TEM micrographs of carbon filaments showing the details of 

the graphite structure formed at the iron particle surface. The magnification is about one 

million. Most of the carbon formed during deposition is in the form of filaments. Typical 

filaments are shown in Figure 6-5. Many investigators have tried to explain the mechanism 

of filament formation since they were first observed. A very systematic approach was 

conducted by Audier and Coulon (1983). The schematic diagram of the mechanism of the 

formation of filaments on iron is illustrated in Figure 6-7. Audier and Coulon claimed that 

after the fragmentation of the bulk iron, some regular conical particles formed (as observed 



Figure 6-5 TEM micrograph of carbon filament 
1— iron particle; 2— carbon filament 



Figure 6-6 TEM micrograph of crystalline carbon deposited 
around an iron particle, 1 — iron particle; 2 — carbon filaraenL 
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in Figures 6-5 and 6-6); and dissociative chemisorption of the carbon monoxide on the free 

metal surface led to bulk difiiision of carbon atoms through the metal. Precipitation of carbon 

atoms at the metal carbon interface causes the formation of atomic layers parallel to the 

surface of the conical particle as seen in Figure 6-7. They indicated that bulk diflfusion of 

carbon through the metal particles appears to be the rate-limiting step. Audier's explanation 

is consistent with our experimental observations. Nolan et al. (1995) have highlighted the 

role of hydrogen in forming filaments instead of other forms of carbon. 

Ilmenite Reduction with Deposited Carbon 

Figures 6-8 and 6-9 compare the conversion-time curve of various ilmenite reduction 

processes. An extremely fast reduction reaction rate was observed for ilmenite reduction 

with deposited carbon. It is about eight times faster than that of ilmenite reduction with 

carbon monoxide and more than three times fester than that of hydrogen reduction. It is also 

much faster than ilmenite reduction with charcoal. If an excess of carbon is deposited the 

final conversion can reach 160%, which indicates that even the TiO, can be reduced to 

approximately TijOy. There are two reasons that may contribute to the observed high 

reduction rates. First of all, the carbon generated in the deposition reaction is in the form of 

carbon filaments. Each filament is generally catalyzed by one iron particle at one end and the 

other end is connected with the bulk iron phase. Carbon gasification should also be catalyzed 

by the same iron particle. So a very high carbon gasification rate would be expected. As we 
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discussed in chapter five, carbothermal reduction of ilmenite consists of only two major 

reactions, carbon gasification and ilmenite reduction by carbon monoxide. Therefore higher 

reduction reaction rates should be obtained compared to the reduction with carbon powder 

if the ilmenite reduction reaction is not the rate liming step in that earlier case. 

One interesting experiment was conducted to see how important the filament - iron 

structure is. Deposited carbon was mixed with fi^esh ilmenite and heated up to the reduction 

temperature. The reaction rates were much slower than that with directly deposited carbon, 

but similar to the rates for carbon powder reduction. The possible reason is that the mixing 

process separated iron particles fi'om the filaments. It made the catalytic reaction impossible. 

The other possible reason for the fast reaction rate is that the carbon is in contact with each 

ilmenite particle and this eliminates the possible difiRision resistance for CO and COt difRising 

back and forth between the carbon and ilmenite reaction interfaces. The diffusion distance 

between carbon and ilmenite for carbon powder reduction could be much greater than that 

for deposited carbon. These resistances could be significant. 

Figure 6-10 shows that more deposited carbon on the partially reduced ilmenite leads 

to higher reduction rates. For higher carbon deposited the curves bend over at higher 

conversions. One possible explanation is that not all CO can be utilized to reduce ilmenite 

and the CO loss causes a shortage of carbon and the bending of the curve. The other reason 

might be the higher the carbon deposited the more surface area is available. Obviously, this 

should yields higher rates and can prevent back difiusion longer. In order to understand 
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more from Figure 6-10 a rate vs. conversion graph is shown in Figure 6-11. For a 

stoichiometric amount of deposited carbon the reduction is a little slower than for the other 

two cases and it stopped at about 80% conversion because the CO loss and there is not 

enough carbon to reduce ilmenite. But for 1.5 and 1.81 stoichiometric carbon cases the 

reaction rate is almost identical below 25% conversion. This indicates that the increase of 

carbon gasification rate can not increase the overall reduction rate. In other words the overall 

reaction may controlled by the CO reduction of ilmenite. At higher conversion, the reduction 

rate with 1.5 equivalent of carbon is lower than 1.81 carbon rate. This could be due to the 

difference in surface area of the remaining carbon . Since the initial rate is the same and the 

amount of carbon consumed is the same so there is much less carbon left for reduction with 

1.5 equivalents of carbon at higher conversions. 

Temperature effects on ilmenite reduction with deposited carbon are shown in Figure 

6-12. It was found that at 775°C the reduction reaction is as fast as the reduction with 

carbon powder at 1000°C. This might be due to the high activity of the carbon filament which 

could lower the initial reduction temperature, as shown in Figure 5-3. All the conversion-time 

curves are broken into two stages by a bending of the curve. Each stages has distinct reaction 

rates. During the first stage the reaction rate is high and almost constant except at the very 

beginning where the rates are subject to heat transfer and the system temperature is not yet 

stable. Since the major mechanism of carbothermal reduction is two coupled gas-solid 

reactions, the high and stable reaction rates during the first stage indicate that there is a high 
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and stable CO partial pressure between the carbon filaments and the ilmenite reaction 

interface. The bending of the curve suggests that the CO is diluted significantly by back 

difilision of inert gas fi'om outside the crucible, which causes the rate to decrease 

dramatically. As can be seen fi-om the Figure 6-12, at higher temperatures, the curve bends 

over at higher conversions. At higher temperatures the CO and CO, generation rate are 

higher so a CO and CO2 flow out of the crucible will exist; at same time, the inert ambient gas 

will diflfiise back into the crucible to dilute the CO and CO2 inside the sample. In a similar 

situation, Sohn and Szekely (1973) found a critical CO and CO, flux above which back 

diffusion could be neglected. Below this flux dilution by the inert gas will be significant. 

Once the inert gas penetrates into the system the reaction rate will decrease and the lower 

rates will allow fiarther back difiusion. When this occurs the reaction rate will decrease 

dramatically. That is why the falling oflf of the rate occurs. Therefore higher temperatures 

not only bring higher reaction rates, but also a higher conversion before the rate drops off 

For the second stage, the rate limiting step may be the difiusion of carbon or CO 

through the product layer to reduce the ilmenite. Figure 6-12 also indicates that at lower 

temperatures the reaction rates for the second stage of reaction are even higher than those 

at higher temperatures. This may be explained by the fact that more carbon is available in the 

lower temperature cases due to the lower conversion than that for the higher temperature case 

or by many other factors, for example, a thinner product layer to diSiise through. 

Figure 6-13 compares the experimental results with simple model predictions. A 
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simplified gas-solid reaction model is used and it assumes the reaction of CO with ilmenite 

is the rate-limiting step. This model can be presented as (it is the same as the model discussed 

in chapter five): 

1  - (  I  - x ) ' ^  =  k t  

Two considerations need to be mentioned here. First, the assumption that ilmenite reduction 

is the rate-limiting step is also based on another experimental measurement. Very low CO, 

partial pressures (below 1%) were observed during the reduction reaction, which indicates 

that CO, is consumed rapidly by the gasification reaction after it is formed by ilmenite 

reduction. Secondly, as discussed in chapter five, the pressure drop across the sample bed 

could cause a significant error when using the present model. But for the present experiments 

the depth of the sample bed was only about 2 mm. 

As discussed above, for the first stage of the reaction back difiiision is negligible. The 

model assumes that the reaction occurs with only CO and COj in the crucible. The calculated 

activation energy is 50 kcal/mole between 775°C and 900°C. The Arrhenius plot is shown in 

Figure 5-14. The activation energy obtained is a little larger than the activation energy 

obtained by Zhao (1991) and Marathay (1993). But it is smaller than that obtained by 

Davenport or by Wouterlood (64 kcal/mole). Above 900''C the rate increase is not so 

significant and the calculated activation energy is 17.6 kcal/mole. This suggests that at higher 

temperatures the overall reduction shifts to difiiision control. Since the activation energy for 

carbon gasification is much higher than 17.6 kcal, it is believed that the overall reduction is 
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Figure 6-14 Arrhenius plot for temperature dependence of the reaction rate constant k 



Figure 6-15 SEM micrograph of a cross-section of a partially reduced ilmenite 
particle with deposited carbon, 1 — partially reduced ilmenite particles; 
4 — deposited carbon filaments 
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more likely to be controlled by difiiision through the TiO, layer. 

The morphology of the products of ilmenite reduction with deposited carbon has been 

investigated by SEM. The products of the reaction were identified as a-Fe and titanium 

suboxide. It was found that at 900°C the titanium dioxide was further reduced to lower 

oxygen content titanium oxides. But at the same reduction temperature only rutile was 

observed for the reduction with charcoal powder. This indicates that temperature is not the 

only fector that can cause rutile to be further reduced into suboxides. The X-ray diffraction 

pattern of the reduction products did not fit any specific synthetic titanium oxide patterns 

including titanium dioxide. But from the conversion-time curve, it can be estimated that if 

excess carbon is deposited the titanium dioxide could be reduced to Ti507. 

Figure 6-15 shows the polished cross-section of a partially reduced ilmenite particle 

with deposited carbon. The dark phase (marked as phase 4) surrounding the partially reduced 

ilmenite particle (marked as phase 1) is the deposited carbon. The bright fine particles 

distributed throughout the carbon phase are iron particles. As we discussed before, these fine 

iron particles are formed by the fi-agmentation process during the early stages of the 

deposition reaction. The other interesting observation is that as the filaments grow they can 

push the big iron particles off the ilmenite surfece, which generates more catalyst surface area 

for the deposition reaction. This may be the other reason that the deposition reaction rates 

are continuously increasing, as seen in Figure 6-2. It can also be seen that deposited carbon 

is in intimate contact with the ilmenite particles, and even inside them. Compared to 



Figure 6-16 SEM micrograph of a cross-section of a 70% converted ilmenite 
particle, 1 — unreacted ilmenite phase; 2 — titanium oxide phase; 3 — metallic iron phase 
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reduction with charcoal powder, this intimate mixing of carbon with ilmenite greatly reduces 

the diffusion resistance between the carbon and the ihnenite. Such intimate contact may 

contribute to the observed reaction rate enhancement. 

Figure 6-16 shows a polished cross-section of a 70% converted ilmenite particle. This 

shows a very different morphology than was observed after reduction with carbon powder. 

Perhaps due to the high reaction rate, the iron does not migrate to outside of the ilmenite 

particle. Nucleation of the iron occurs inside the particle. Once the iron nuclei form inside 

the particle the iron phase grows and cracks the particle open. As the reaction proceeds the 

fissures will fill with iron. The particle becomes completely separated by the iron phase. This 

can be seen directly in Figure 6-16 at left center. The two big fissures appear to have grown 

fi^om the big spherical iron particle in the center of the fissure and then gone to both sides of 

the particle. The broken particles have more surface area and this may increase the reaction 

rates. The morphology of reduction with carbon powder is simpler. Normally the iron 

migrates out of the particle. There are few iron nuclei formed inside the particles. 

Conclusions 

CO disproportionation on partially reduced ihnenite has been found feasible if 

hydrogen is available in the reaction system. Efficient H, concentrations for CO 

disproportionation are between 3% and 5%. 

The fastest CO disproportionation reaction rate can be obtained at a temperature of 
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about SSO^C. 

• TEM analysis indicates that most of the carbon generated by CO disproportionation 

on partially reduced ilmenite is in the form of carbon filaments. 

• Extremely fast reduction rates were observed for ilmenite reduction with deposited 

carbon. This can be interpreted in two ways. The first is that iron might accelerate the 

carbon gasification reaction (these iron particles are the catalysts of formation of carbon 

filaments, they should also catalyze the reverse reaction). Secondly, the intimate contact 

between the carbon filaments and the ilmenite might minimize transport resistance between 

them. 

Most of the ilmenite particles crack during reduction. This improves gas access to the 

unreacted core. 

Based on the analysis of the present experimental results, it is believe that ilmenite 

reduction with carbon monoxide is the rate-limiting step between 11S°C and 90CPC. But 

above QOO^C, the reduction is more likely controlled by dtfifiision through the TiO, product 

layer. 

A simplified mathematical model has been used to fit the experimental results. The 

activation energy of the reaction was found to be 50 kcal/mole between 775°C and 900°C, 

and 17.6 kcal/mole above 900°C. 
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CHAPTER SEVEN 

CARBOTHERMAL REDUCTION OF FAYALITE 

Introduction 

The reduction of fayalite is important in the manufacture of steel and perhaps for the 

manufacture of oxygen on ±e Moon. The reduction of iron ore in the blast furnace, as either 

pellets or sinter, has many limiting factors, one of which is the formation of fayalitic 

(Fe2Si04) liquids at the oxide grain boundaries (Uhner, 1992). When gangue silicates react 

with Fe-" to form fayalitic silicate, the reduction rate of the iron ore that has become coated 

with the silicate is severely limited. Therefore the reduction of the fayalitic silicate to 

improve the iron ore reduction process has become an attractive topic (Bleifliss, 1972). 

Recently, considerable attention has been given to the reduction of iron-bearing sihcates for 

the purpose of the production of oxygen on the Moon for fuel and life support (Culter and 

Krag, 1985). A novel carbothermal reduction process has been proposed as one altemative 

for lunar oxygen production because it is free of the thermodynamic limitations for the 

hydrogen and carbon monoxide based reduction processes. The mechanism and kinetics of 

carbothermal reduction of ilmenite have been investigated and discussed in chapter 5. 

Olivine is another promising candidate for lunar oxygen production. In this chapter, the 

feasibility, kinetics and mechanism of carbothermal reduction of a special type of olivine, 

fayalite, will be discussed. 

Fayalite, the iron end member of olivine series (Fe,Mg)2Si04, is kinetically much less 
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reducible than ilmenite but it is more readily reduced than minerals like pyroxenes 

(Massieon, et al. 1993). Very few studies on the carbothermal reduction of fayalite have 

been reported but the reduction of fayalite by hydrogen has been investigated extensively. 

Watanabe (1968) studied the reduction of fayalite mixed with carbon in a hydrogen 

atmosphere. A synthetic fayalite sample was put into a quartz crucible hanging from a spring 

balance and heated at 5°C/min. Only one experiment was carried out with the sample mixed 

with carbon and it was observed that the first stage of reduction was between 350''C and 

dOO^C, which was identified as the reduction of uncombined wiistite in the fayalite. The 

second stage of the reduction reaction started at 900''C, accelerated from 1000°C to 1050°C, 

and then slowed down between 1ISCC and 1250°C. This was the carbothermal reduction 

of fayalite. Above 1250°C, the rate increased again. Total conversion was about 190% based 

on the reduction of the wustite in fayalite, which indicates that not only was the fayalite 

reduced to Fe and SiO,, but also the SiO, was further reduced to Si and CO as well. No 

kinetic data were reported. Most of the experiments were conducted with both hydrogen 

and carbon present. 

The morphology of the reduction products obtained with both hydrogen and carbon 

was: for uncombined wustite reduction (the first stage), the product iron grew to big 

particles; but for the reduction of fayalite, the iron was finely distributed in the silica matrix. 

Experiments with fayalite being melted in graphite crucibles at temperatures between 

HOCC and 1550° C were reported by Minowa et al. (1968). The major products were 

identified as Fe2.xSi04.y and a-cristobalite by XRD. 
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Gaballah et al. (1975) studied the kinetics of fayalite reduction with hydrogen, carbon 

monoxide and mixtures of both gases. Fayalite was synthesized at 1000°C under a 

hydrogen/water vapor atmosphere of controlled oxygen fugacity. They found that the 

reduction of fayalite with 100% of carbon monoxide only proceeded to a few percent 

conversion. This was ratioanlized by showing that iron carbide formed during the reduction 

and blocked the reaction. Carbide (FesC) was observed by X-ray diffraction. But they found 

that a little carbon dioxide (3%) mixed with the carbon monoxide would make the reduction 

proceed, as did hydrogen or nitrogen. The purpose of the present study is to understand the 

fundamental kinetics and mechanism of the carbothermal reduction of fayalite. 

Experimental Approach 

A schematic diagram of the experimental apparatus is shown in Figure 3-1. The main 

components of this system are an electronic microbalance (Cahn Instruments, Inc., model 

1000), a quartz flow through reactor with an inlet at the top and an outlet at the bottom, and 

a movable furnace with a PID controller. The inlet and outlet gases are monitored by two 

HORIBA Via-510 CO and COi infirared analyzers, which can determine gas composition 

down to ppm levels and a gas chromatograph is also hooked up to measure the H2 and other 

gas concentrations. 

The powder samples were mixed with charcoal powder for several minutes using a 

vibration mixer and then put into a quartz crucible 8 mm in diameter and 5mm deep which 

was hung from the microbalance. Weight changes were monitored during the course of an 
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experiment with the balance. The gas flow rates were 80cc/min and 60cc/niin for ihnenite 

reduction respectively, which were set for the purpose of decreasing surface mass transfer 

and having a reasonable outlet concentration for the CO and COi analyzers. 

The fayaiite samples were synthesized in a high temperature furnace with an oxygen 

fligacity indicator. Wiistite (FeO, 99.9% pure, from Cerac Advanced Specialty Inorganics) 

and Quartz (SiOi, 99.5% pure, from Cerac Advanced Specialty Inorganics) were ground to 

less than 5 jam and mixed in a 2:1 mole ratio with about 5% (by weight) more Si02 to make 

sure there was no FeO left. The mixture (5 grams for each batch) was then put into a 

molybdenum metal crucible suspended from the top of the furnace. The temperature 

initially was raised to 800°C and the sample was put into the furnace. Then the furnace 

temperature was increased to OOCC over two hours and held there for one hour. After that 

the furnace temperature was decreased to I ISO^C and kept for about an hour, which helped 

fayaiite crystals grow. Finally the fiimace was cooled down to 600°C, then the sample was 

taken out of the furnace and cooled in water. The furnace was filled with CO and CO, and 

this mixtures' oxygen fugacity was adjusted by changing the CO/CO, ratio. The system 

oxygen fugacity was controlled so that the FeO would not be reduced and the molybdenum 

crucible would not be oxidized. The initially synthesized fayaiite was crushed, washed and 

ground to the required particle sizes and purified using a magnetic separator (for the detailed 

procedure see Massieon, 1993). The purified fayaiite was then analyzed by powder X-ray 

diffraction (shown in Figure 4-6) and electron microscopy with wave length dispersive X-ray 

spectroscopy (WDX) to identify the mineral and determine the homogeneity of the sample. 
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which is illustrated in Figure 4-5. 

Results and Discussion 

Figure 7-1 is a typical conversion-time profile for the carbothermal reduction of 

fayalite. The reaction rates are very slow compared to ilmenite reduction. But the initial 

reduction is fast. This might be attributed to the solid-solid reaction of carbon and fayalite 

at the contact points. Several experiments on the carbon monoxide reduction of fayalite were 

carried out and no such initial "jump" was observed. One of the other reason for this "jump" 

is that there might be some oxygen absorbed on the carbon sample which reacts rapidly with 

carbon to form CO or CO, at lower temperatures. Some weight loss has been observed by 

heating the sample to very low temperatures at which carbothermal reduction is not possible. 

Figure 7-1 also shows the CO and CO, evolution during the course of reduction. A large 

COj peak was observed in the very beginning of the reaction when the temperature was still 

increasing and well below the target temperature. Obviously this observation is consistent 

with our discussion above, because the solid-solid reaction generates CO and CO reacts with 

the absorbed oxygen and forms COi or carbon directly reacts with oxygen and forms CO,. 

When the temperature reached the set point, a large CO peak was observed and the average 

CO/COt ratio was about 99 during most of the experiment. This suggests that carbon 

gasification is fast since the ratio is much larger than the equilibrium ratio for fayalite 

reduction with carbon monoxide. As the reaction proceeds, the reduction rate decreases 

rapidly during the first 60 minutes because a non porous Si02 product layer grows around 
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Figure 7-1 Typical conversion and gas composition as a fiinction of time for 
the carbothermal reduction of synthetic fayalite (purge gas is Nj) 
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the particle. Penetration of inert gas into the sample bed increases as the rate falls and 

reduces the local CO concentration, causing further decrease of the reaction rate. After about 

100 minutes, the reaction rate is stable and is not very sensitive to temperature. This 

suggests diffusion of reactant through the non-porous product layer may control the overall 

reaction rate. 

Particle size effects on the reduction process are shown in Figvire 7-2. It can be seen 

that the reaction stage that is most sensitive to particle size is the second stage. The reason 

is that the major mechanism of the second stage is a gas-solid reaction so the reaction rate 

is proportional to the overall surface area of the sample. For the sample with particle 

diameter less than 38 ^im. the average particle size was much smaller than the sample with 

particles between 38 |im and 53 |im. Therefore the rate is much higher and it can reach the 

conversions from 10% to 70% while the larger particle size can only go from 10% to 45%. 

The effect of temperature on fayalite reduction is shown in Figure 7-3. when the 

temperature is below lOOO^C. the reaction rates are very low. Above 1050 "C, reaction rates 

are much faster. Obviously the reaction is not as temperature sensitive as ihnenite reduction. 

One of the reasons might be that the intrinsic reduction reaction rate of fayalite by carbon 

monoxide is not sensitive to temperature. Alternatively, the solid Si02 product is much less 

porous than the TiO^ formed during ilmenite reduction. A comparison of the reduction rate 

between ilmenite reduction and fayalite reduction is shown in Figure 7-4. It can be seen that 

at 1050°C the ilmenite reduction reaction rate is more than ten times faster than the fayalite 

reduction rate at higher conversion. Below 20% conversion the fayalite reduction rates 
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Figure 7-2 Particle size effects in the carbothermal reduction of synthetic fayalite 
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decrease very rapidly compared to ilmenite reduction. Above 20% the rates decrease further 

until the reaction stops. The overall reaction is more likely controlled by either fayalite 

reduction or the difiusion of CO through the silica layer than by carbon gasification. Since 

the short crucible was used back diffusion should also be significant. A more general 

mathematical model has been developed to simulate these processes. It is discussed in 

chapter eight. 

The morphologies of fayalite reduction products were studied by XRD and SEM 

analysis, which are shown in Figure 7-5 to Figure 7-7. Figure 7-5 is a set of XRD patterns 

of fayalite partially reduced at different temperatures and to different conversions. The main 

products of this reaction are a-Fe, a-cristobalite, a-quartz and perhaps glassy silica which 

is difficult to measure directly. At higher temperatures, a-Fe and a-cristobalite are the major 

products. Some glassy silica can also be identified by the noise at low angles. A small 

amount of quartz can also be seen. a-Fe and a-quartz are the major products at temperatures 

lower than IOOO°C. Glassy silica could also be one of the major products at low 

temperatures but it is hard to measure quantitatively. Similar morphologies were also 

reported by Minowa et a/. (1968) and Gaballah e/ a/. (1975) in their experiments on hydrogen 

reduction of fayalite. Minowa et al. claimed fayalite was initially reduced to the 

intermediate phase Fe2.xSi04.y and then at temperatures below 1100°C, it was further 

reduced to a-Fe, amorphous silica and a small amount of a-Fe and a-cristobalite. Gaballah 

et al. found that quartz and vitreous silica were products at all temperatures they studied 

(725°C to 1030°C) and cristobalite was formed above 910°C. 
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Figure 7-4 Comparison of the rates for ilmenite and fayalite reduction 
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Figure 7-6 is a SEM micrograph of a typical grain of fayalite partially reduced by 

carbon. Its morphology is surprisingly different from that seen in hydrogen reduction as 

reported by Watanabe et al. (1968), Gaballah et a/-(1975) and Massieon et al. (1993). After 

carbothermal reduction, the product iron is segregated from the Si02 phase and agglomerated 

into large particles. But Watanabe et al., Gaballah et al. and Massieon et al. also observed 

that after hydrogen reduction of fayalite, small iron particles were uniformly distributed 

throughout the product layer. A similar morphology to hydrogen reduction was observed, 

and is shown in Figure 7-6. It is not yet clear why the products take the form they do. 

Possible mechanisms might be that the diffusion of carbon monoxide inside the Si02 layer 

accelerates the devitrification rate of SiOi and generates more crystalline forms of Si02 like 

a-quartz and a-cristobalite than does hydrogen reduction. This generates pores and grain 

boundaries which increase the mobility of iron in the SiOi layer and allow the two phases 

to become segregated. Alternatively, it is possible that the reaction is controlled by the rate 

at which CO reduces the fayalite. which in turn is controlled by the rate at which the initial 

nonporous glassy silica product transforms to the denser crystalline phases and becomes 

porous. 

Conclusions 

Three different reduction stages were observed during the reduction of fayalite mixed 

with carbon. During the first reduction stage, solid carbon reacts with solid fayalite at the 

contact areas (and with the original oxygen in the carbon), at a high reaction rate; In the 

second stage, the major mechanism is either the carbon monoxide reduction of fayalite or 
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CO reacting with fayalite by diffosion through the pores and the grain boundaries. During 

this stage the reaction rate is still high but it keeps decreasing because of the formation and 

the growth of the low porosity product layer and back diffiision of ambient inert gas. In the 

final stage, most of the carbon is consumed and the partial pressure of CO can not be kept 

at a reasonable level, and the product layer becomes much thicker, so the major mechanism 

may shift to the diffusion of carbon or CO through the product layer. The carbothermal 

reduction of fayalite is much slower than that of ilmenite and it is thus more likely that it is 

controlled by either the carbon monoxide reduction of fayalite or diffusion of CO through 

the product layer. The product morphologies observed in carbothermal reduction of ilmenite 

are similar to those firom CO and Ht reduction. But the morphologies from carbothermal 

reduction of fayalite are more complicated. Several different crystalline types of Si02 were 

observed. a-Fe and a-cristobalite are the main products at temperatures above 1100°C, At 

lower temperatures, a-quartz and amorphous silica are the main products. The iron produced 

by reduction is segregated from the SiO, phases and agglomerated m large particles. This 

is very different from the product morphology of hydrogen reduced fayalite, which has a 

uniform distribution of small iron particles in the generally glassy SiOi layer. 
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THEORETICAL APPROACH TO CARBOTHERMAL REDUCTION 

In the previous chapters the detailed mechanism and kinetics of the carbothermal 

reduction of ilmenite and fayalite have been discussed. We believed that the major 

mechanism of carbothermal reduction consists of two gas-solid reactions coupled together 

to reduce the ilmenite or fayahte with CO formed by the gasification of carbon. The goal of 

these investigations is to relate the observed reaction rates to the fimdamental intrinsic rates. 

The ultimate goal is to be able to utilize these intrinsic rates to design practical carbothermal 

processes. Several simplified gas solid models have been used to evaluate the reaction 

system and to identify the possible rate limiting steps under various experimental conditions. 

Since the characteristics of coupled gas-solid reactions are very different from one pure gas-

solid reaction, it is difficult to completely understand the reaction system without considering 

the transport effects involved in it. 

In order to quantitatively evaluate the kinetics of various types of carbothermal 

reduction processes and to successfiilly interpret the experimental results, a general 

mathematical model considering both kinetics and transport in the system has been 

developed. It is used in this chapter to diagnose these processes. 

First of all, previous kinetic models of carbothermal reduction will be reviewed; then 

the formulation of a general kinetic model will be presented. Then the boundary conditions. 
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the major dimensionless parameters of the model, and the application of this model to the 

present case are discussed. 

Review of Prior Work 

Based on experimental observations, several physicochemical models have been 

developed to simulate the carbothermal reduction process. Sohn and Szekely(1973) 

developed a "total kinetics model". Intra-pellet difEusion, mass transfer effects around the 

pellets and diffusion through the product layer were neglected. Temperature and pressure 

gradients across the pellet were not considered in their model. Criteria under which the 

penetration of inert gas into the pellet could be neglected were presented. The general model 

was simplified into several asymptotic situations which represent the several rate limiting 

steps. One of the major defects of this model is that very few reduction processes actually 

occur without mass transfer resistance. In fact, many researchers have observed that the 

carrier gas has a significant effect on the reaction rate. For example, Srinivasan (1990) 

observed a large increase (35%) in reduction rate on introducing 60% CO into the CO, gas 

stream during the reduction of wiistite. 

Rao (1974) formulated a model by assuming that the gasification of carbon controls 

the rate and that the system is isothermal. Both mass transfer through the fixed sample bed 

in a crucible and the pressure build up within the bed were considered in his model, but the 

penetration of inert gas into the bed was neglected. From his model, Rao concluded that the 
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pressure gradient of CO, across a 2 cm deep bed was 20 atm at 20% conversion. Obviously 

this is an artifact which might be caused by not considering penetration of the inert gas and 

viscous flow through the sample bed. One of the asymptotic solutions of Rao's general 

model is based on the assumption that reduction of wiistite with CO is always in equilibrium, 

which implies that the carbon gasification reaction is very slow. But a considerable 

deviation fi-om equilibrium was observed by measuring the CO/CO2 ratio. 

Tien and Turkdogan (1977) proposed a mathematical model based on experiments 

with the carbothermal reduction of Mn304 and MnO. Like Rao's model, they considered a 

homogeneous mixture of metal oxide and carbon powder compacted in an inert crucible with 

the top exposed to an inert gas atmosphere. The gasification of carbon was assumed to be 

the rate limiting step. The distinguishing feature of this model is that penetration of the inert 

gas from the furnace into the bed has been taken into accoimt. They claimed that the gas 

permeability of the bed and back difRision of the inert gas from the furnace significantly 

affected the reaction rates. 

Wynnyckyi and Rsukin (1988) approached the problem in a very interesting way. 

They developed a model by assuming that transport of the reactive agent to the surface of the 

metal oxide was the rate limiting step. This model can only be used in reaction system in 

which all reactions are equimolar or there is no bulk flow of the product gas out of the 

mixture. Obviously it can not be used in carbothermal reduction systems since the overall 

carbothermal reaction generates gas. 
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Recently, Srinivasan (1990) presented an approximation model which again assumes 

gasification of carbon is the rate limiting step. Penetration of inert gas from the furnace is 

not taken into account in this model. External mass transfer effects around the pellet were 

investigated. The average COVCO ratios inside the pellets were calculated from the model 

and found to be higher than the measured results, indicating a significant catalytic 

enhancement of the carbon gasification rate during reduction. 

In sununary. all the available mathematical models have two major limitations. The 

first is that they always assume the carbon gasification reaction controls the overall rate and 

thus the COiJCO ratio is taken as constant at a specific temperature. Secondly, the difiusion 

of gases through the product layer is always neglected. However, these two assumptions 

might not always be true for the reduction of the minerals like fayalite and ilmenite. The 

mineral reduction rate could be slower than the carbon gasification reaction. Also the product 

layers for these reactions could have very low diffiisivities. If the mineral reduction rate or 

the diffusion rate is even lower than the carbon gasification rate, then those models assuming 

carbon gasification control are not valid. A mathematical model is needed to describe more 

general reduction processes. It should be able to predict COi/CO ratio during the reduction 

and help to understand the rate-limiting step. 

Formulation of the Model 

Figure 8-1 shows the configuration of the crucible with the mixture of carbon and 
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Figure 8-1 Schematic diagram of the mechanism of carbothermal reduction 
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Figure 8-2 Schematic diagram of the physical structure of the reaction system 
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minerals in it. The Z-axis is measured upward from the bottom of the crucible. At the 

bottom of the crucible Z is zero. At the top of the crucible Z is L. A control volume between 

the bottom and top of the crucible parallel to the bottom of the crucible, with a thickness dZ, 

is shown on the left hand side of Figure 8-2. In this diagram, the carbon-mineral mixture can 

be considered as thousands of pieces as demonstrated in Figure 8-2. The left hand side of 

Figure 8-2 describes the CO and CO, distribution between the two solids, the CO and CO, 

flux from bottom of the control volume and the flux of the inert gas from top of the crucible. 

The reaction mechanism can be described as follows. The input CO, CO, and N2 gases mix 

with the same local gases. They then react with the carbon and the mineral at the reaction 

interfaces; CO is consumed at the mineral interface and COi is consumed at the carbon 

interface; on other hand, CO is generated at the carbon interface and CO2 is generated at the 

mineral interface. Some particular CO and CO, distribution will form between them. The 

shape of the distribution curves are dependent on the reaction rates. Eventually the CO, COj, 

and Nt diffuse out of the control volume at concentrations determined by the distribution 

curve. Since in the real mixture the distance between the mineral and the carbon is very 

short, it is assumed that the CO, CO, and Ni are well mixed and the concentrations are the 

same at any Z position between the carbon and mineral, which is demonstrated on the right 

side of diagram in Figure 8-2. 

Based on this physical structure, described in Figure 8-1 and Figure 8-2, the model 

can be formulated using the following assumptions: 
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(a) The system is isothermal. 

(b) The solid structure is macroscopically uniform and is not affected by the reaction. 

(c) The pseudo-steady state approximation is appropriate for describing the concentrations 

of CO and CO, within the crucible. 

(d) Difilision within the crucible sample bed can be described eflfectively by only molecular 

diffusion, with negligible Knudsen diffusion effects. 

(e) The variation of the gaseous viscosity with changes in gas composition is negligible. 

(f) The catalytic effect of iron on the reduction reaction is negligible. 

For most practical applications, assumptions (c), (d) and (e) are reasonable. But 

assumption (a) might not be right for carbothermal reduction of ilmenite and iron-bearing 

silicates since the reactions are strongly endothermic, however, a reasonable experimental 

design can get around this problem (as discussed in our experimental section). Assumption 

(b) is oversimplified but it is difficult to make allowances for structural changes without 

extensive measurements. Finally, the catalytic effect has been observed for both carbon 

gasification and ilmenite reduction with carbon monoxide, but the mechanism of these 

phenomena are still not clearly understood, and there is no effective model to consider these 

effects. 

The flux of gaseous species through the control volume described in Figure 8-2 can 

be described as follows, which considers only molecular diffusion. 
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(1) 

Where 

Nco = flux of gas (CO, CO, and N,, respectively) 

C, = mole concentration of CO, CO, and Nj respectively 

Di.em ~ effective difflisivities for CO, CO, and Ni, respectively 

6j = diffusion factors for CO, CO, and N,: 

0 for BCnudsen diffusion 

1 for molecular diffusion 

Xj, = mole fractions of CO, CO, and Nj, respectively 

Bo = permeability or a parameter characteristic of the solid: usually taken 

as dV32 where d is the diameter of the pores 

[i = viscosity of the gas mixture 

Rj. = universal gas constant 

T = absolute temperature 

P = total pressure 

The first term on the right hand side of equations (1) is the diffusive flux, while the 

second term corresponds to bulk flow due to diffusion. Finally, the third term stands for the 

flux due to viscous flow caused by pressure gradients. This is a ternary diffusion system and 

very difficult to solve. In order to simplify the model, it is treated as a pseudo binary gas 
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mixture (CO+COt) - Ni. The other assumption is that N, is treated as a "balance gas". This 

basically means that the concentration in the sample bed depends on the CO and CO 

generation rate. If the CO and COi partial pressures are less than ambient pressure then the 

Nt partial pressure is equal to ambient pressure minus CO and CO , If CO and CO 45 greater 

than ambient pressure there is no N, in sample bed. A similar treatment has been discussed 

by Tien and Turkdogan (1977). Since only molecular difilision is considered and we neglect 

the bulk flow effect, the flux can be written as: 

The mass balance through the control volume described in Figure 8-2 can be written 

as: 

If ^ C02^^ N2 (2) 

(3) 

N = -D vC 
"C02 COeff ^C02 (4) 

(5) 

(6) 
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-^--0 (7) 

Where 

Rc = COt consumption rate (mol/s) 

Rb = CO consumption rate (mol/s) 

From discussion in chapters five and seven, we know that the reduction of ilmenite 

and olivine by carbon monoxide and hydrogen follow the shrinking-core model. Therefore 

the intrinsic CO consumption rate or mineral reduction rate for each particle and per unit 

volume of sample bed can be written as (Calvelo and Smith, 1970): 

^BI 
K e  

V.'(> * 
(8) 

'/r 

Where 

k (C -ESEL) 

(1 + -iLi£(i-Jl)) 
''uo 

= radius of the reaction interface 

r^o = radius of the mineral particle 

= volume percentage of minerals in the sample bed 
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k, = rate constant for CO consumption 

Ke = equilibrium constant for CO reduction of ilmenite 

t = reaction time 

6 = porosity of the sample bed 

The intrinsic COj consimiption rate or the intrinsic carbon gasification rate has been 

studied extensively, and the common rate expression can be written in the Langmuir-

Hinshelwood form as discussed in chapter two. Typically, there are two mathematical 

models to describe two types of carbon used in the experiments. Respectively, these are a 

shrinking-core with porous product layer model which is used for nonporous carbon; and 

a volumetric reaction model for porous carbon. 

Volumetric Reaction Model 

''Pc ^iPc^co2 
dt 1 + ^2^CO ^ 

(10) 

^ ' l + k P + k P  ' "2^00 '^rco2 

Where 

Pc 

ttc 

ki 

= mole density of the carbon 

= volume percentage of carbon in the sample bed 

= reaction constant of CO consumption 
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t = reaction time 

e = porosity of the sample bed 

Mc = molecular weight of carbon 

Shrinking Core Model 

dKc _ 

dt 1 ^2^ CO ^ ^3^co: 
(12) 

'"o (1 ^ ^2^ CO * ^3^C02^ 
^cr = 3 . . _ . (13) 

Where 

r,;. To = the radius of carbon reaction interface and original carbon particles 

For porous carbon in steady state case, we can get: 

Tz (l"' 

£C2M^, . s . g (15) 
dZ RT dZ Bi CI 

Where Rg, and Rci are determined by (equation (8) and (11)). 

dp^ _ ^iPc ^C02 
dt \ -^ fc P P ai 1 ACj /Cj 

(16) 
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dr 
-P 

u 
M 

RT CO 

M dt 
ro' (1 ''m 

(17) 
(1-—) )  

The boundary and initial conditions are: 

'"m ''uo' Pc Pco> When t 0 

dPrn cm 
= 0, —— = 0, when Z = 0 (18) 

dZ dZ 
PCO ~ PCO ' ^C02 ~ ^co2 ' when Z-L 

For the carbothermal reduction of ilmenite and olivine, since the ratio of CO to CO, partial 

pressure is very high (about 19), the equation (11) can be simplified as: 

R 
Tfl CO 

(19) 

'^Pc _ ^zPc ^C02 (20) 
dt  ~ K,^Pco 

Where Rg, and R^i are determined by equations (8) and (11). From chapter two, we know 

that k,» kj. then if Pco Pcos^ kjPco: can be neglected (Rao and Jalan, 1972); And also 

since k, » 1.0 and Pco is close to 1.0 for 1 atm total pressure, then 1.0 can be neglected. 

Equations (14)-(15) can be nondimensionlized by the following definitions: 



The dimensionless equations are; 

(-T?) = ( tYPQC-

$ COJ> 

C02 
CO Ke 

dr\ dr\ CO (1 

Bi 

(-^) = o' ( ,, p ^ - tYPQC-;^) 

Bi 

where 

^cPc^K! . ^2 _ Q._ Deff 

"i/PAA^C ^MtPeff ^\^\fO 

and we defined; 

r - _L - / = . 
' 'o." • 

J- - t = 

'02 " ' ''02' 
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then we have: 

<5. C02 
dQ <I> dE <^0 
_£ = B 0 --£2i- - nf.-\ 

Bi 

For nonporous carbon equations (22) and (23) become: 

$ 

- —(—^) = o' ( (27) 
^CO j ^ 

Bi 

$ 

- = o' ( - YP^c-sr^) (28) 
<'•'1 J ^ CO 

Bi 

Where all parameters are the same except P: 

p=ilL = 
'02 Pcrc0^^iP''K^2 

The initial and boundary conditions are: 

= 1, 0^ = 1, ^c = l, When T, = 0 Tj = 0 

<f4> 
= 0, £2i = 0, when T1 = 0 (30) 

dT[ dr[ 
A = A" $ = (I)® d)0 = 1 when Tl = 1 

CO CO' CO; C02' ^ wnen i] i 

Initially, the mineral and carbon particles are unreacted. No flux goes through the bottom 
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of the crucible. Finally, the partial pressures of CO and CO, at the surface of the sample bed 

are a fiinction of reaction time, which is discussed next; and the total pressure is ambient 

(the sum of CO, CO, and N,). 

The system may be characterized in terms of four dimensionless parameters which 

are the gas-solid reaction modulus, o. the solid activity, p, the solid reaction quantity ratio, 

Y, and intra-particle diffusion factor, Bi. 

The solution to these equations would yield the CO and CO, concentration profile, 

mineral unreacted core size and carbon consumption as a flmction of sample depth and time. 

The fractional conversion of the reaction is defmed by the radius of the mineral unreacted 

core as follows: 

Boundary Conditions 

The boundary conditions for this problem are given in equations (30). At the bottom 

of the sample bed. the fluxes of CO and CO, are zero, which mezms that there is no mass 

flow through the silica crucible; and at the top of the sample bed the partial pressure of CO 

and CO, are set to two constant values. These are very typical boundary conditions applied 

by most of the previous researchers (Rao, 1974 and Tien and Turkdogon, 1977). There are 

two assumptions which support these boundary conditions. The first is that there is no back 

m (31) 
0 
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diffusion of ambient inert gas into the sample bed. The criteria for this assumption have 

been discussed by Sohn and Szekely (1979). The other assumption is that the CO, to CO 

partial pressure ratio is constant and determined by the thermodjoiamic equilibrium for 

mineral reduction. For example, consider models of the reaction of FeO with CO, which is 

based on the assumption that the carbothermal reduction reaction is controlled by gasification 

of carbon. Since the ambient pressure is known, the CO2/CO ratio is known and if there is 

no inert gas penetration into the surface of the sample bed, then the partial pressures of CO 

and CO2 are known and constant. 

The validity of these assumptions has akeady been questioned by many investigators. 

First of all, the substantial effects of the penetration of ambient gas into the sample bed has 

been observed by Tien and Turkdogan (1977). In their experiment, four different gases, CO,, 

At, Nt and He. were used in the carbothermal reduction of Mn304 and it was found that He 

gave the slowest reaction rates followed by N, and Ar, and CO, has the fastest reaction rate. 

Obviously, this is because of the relative diffiisivities for these gases. The back diffusion of 

inert gases has also been discussed in chapter three and it was found that the effect is 

significant. On the other hand, according to the analysis discussed by Szekely, the reaction 

rate is high enough to neglect back diffusion at the begiiming of the reaction since the 

reaction slows as it proceeds, back diffusion will become more and more important. So 

realistically the partial pressures of CO and CO, at the surface of the sample bed vary as the 

reaction proceeds. Initially the partial pressures will be high and constant at ambient 
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pressure, then decrease. As the reaction proceeds to the end the partial pressures will 

approach zero. The second assumption used by most previous workers is not valid in the 

present model because this model does not assume any reaction controls the overall 

reduction process. So the COi/CO ratio is an unknown and in fact it is very interesting to 

find this ratio by solving this model. Therefore new boundary conditions need to be 

developed in order to solve the present problem. 

Before we discuss the new boundary conditions, it is necessary to review some of the 

analysis and experimental results that have been described in chapters 3 and 5. In chapter 

3. a special design was discussed to minimize heat and mass transfer effects on the 

experimental results. Basically, a deep quartz crucible about three times deeper than the 

sample bed was used to eliminate back diffusion effects. The results are illustrated in Figure 

3-2. The boundary conditions at the top of the crucible are that the CO and COj partial 

pressures are equal to those in the ambient gas, for example N,, because it is assumed that 

mass transfer is rapid at the top of the crucible. So the key problem now is how to relate the 

boundary conditions at the top of the sample to the boundary conditions at the top of the 

crucible. In order to get a rigorous analysis of this relationship, transport of the CO, CO, and 

Nt between these two boundaries was studied. To simplify the analysis, the system is treated 

as two pseudo binary gas mixtures CO - (N2+CO2) and CO, - (CO+H). According to 

Turkdogan's analysis, the general expression for the fluxes of CO, CO2 and N, can be written 

as: 
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•O, P dP 
N = -  — —^ — (32) 

RT P-P dz ^ '  

Where : P = Pn2 + Pco + Pco2; 

Pj = partial pressures of CO and CO,; 

Z = the distance from the surface of the sample bed to the top of the 

crucible. 

Nj = the fluxes of CO, COi. 

If it is assumed that at a specific time step the flux of CO or CO, is constant 

everywhere inside the crucible, equation (32) can be integrated from the bottom of crucible 

to the top. If it is also assume that when Z = U (depth of the crucible); Pco = 0, Pco2 = 0 and 

Pn2 = latm, then the equation is: 

NRTL 
- 1 - exp [ —^—^(1 -Z) ] (33) 

DeP 

If we let Z = 0 and Pj = P°j, where P"; is the partial pressure of CO or CO2 at the top surface 

of the sample bed, then: 

NRTL 
P\  = \  - exp [ (34) 

DeP 

From equation (34), it can been seen the CO and CO, partial pressures at the surface of the 

sample bed are determined by the flux of these gases in the sample bed, the distance between 

the sample surface and the top of the crucible, the temperature, the effective dififiisivity above 
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the sample surface and the total pressure. Obviously, the fluxes of CO and CO, in this 

equation are unknown, but can be calculated by assimiing a value of P"; and then 

recalculating the new P°j. One can iterate until the difference between the new P®; and the 

old one is small enough. 

Figure 8-3 shows model simulation results for three different boundary conditions. 

The triangles in Figure 8-3 represent the results based on the assumption that there is no back 

diffusion occiming at the top surface of the sample and the ratio of CO^/CO is equal to the 

equilibrium concentration for mineral reduction. As can be seen, the reaction rates are 

almost the same throughout all the reaction time. This is attributed to the constant CO and 

CO2 partial pressures at the boundary. For example, during the later stages of reaction, the 

boundary CO partial pressure can be higher than that inside the sample bed, so the reaction 

rate is still sustained at a high level by a CO flux from the boundary. Therefore it is an 

unrealistic boundary condition. Furthermore, the present model does not assume any rate 

limiting reaction, so the ratio of COi/CO is not fixed. 

The filled dark dots in Figiire 8-3 represent the results of assuming the CO and CO, 

partial pressures are close to zero at the boundary. As can be seen, the reaction rates are 

initially high and close to the rates for the first boundary conditions. One possible reason is 

that the initial reaction is so fast that it generates a very high flux of CO or CO, which 

eliminates back diffusion during the begiiming stages of the reaction. As the reaction 

proceeds, the boundary is forced to have zero CO and CO, partial pressures, so the CO and 
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CO, pressure gradients will be high. This causes the reaction rate to decrease dramatically, 

observed in the later part of the curve. 

The curve with square symbols in Figure 8-3 describes the simulation result using 

the boundary conditions shown in equation (34). These simulation results show a trend very 

similar to the experimental results. The model successfully simulated the bending over of 

the conversion-time curve as the reaction proceeded. The simulation results also show 

variations of the CO and CO, partial pressures at the top of the sample bed similar to the 

experimental results, as shown in Figure 8-4. Initially the CO and CO, partial pressures are 

high. As the reaction proceeds the pressures start to decrease. Toward the end of the reaction 

CO and CO, are very low and the conversion-time curve starts to bend over as the rate falls. 

Therefore we believe that proper boundary conditions for carbothermal reduction system 

have been selected. 

Solution of the Model 

Equation (22) to (26), (30) and (34) are a complete set of the equations and boundary 

conditions of the reaction system for solid-solid reaction through gaseous intermediates (e.g. 

the carbothermal reduction process). These equations have to be solved using numerical 

methods. The strongly nonlinear source term, equation (19), can be linearized. The 

computational procedure is shown in Figure 8-5. 

There are four key dimensionless parameters in the equations, a, y, P and Bi. a is 
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a Thiele type modulus and it describes the ratio of the intrinsic reaction rate for mineral 

reduction to the effective difilision rate for CO and CO, through the sample bed. 

Specifically, o is the ratio of the CO, generation rate to the rate of CO, and CO diffusion out 

of the crucible. A high a basically means more CO, and CO will be generated and 

accumulate inside the crucible instead of diffusing outside the crucible because the effective 

diffusion flux is smaller than the CO, generation rate. The higher the a, the higher the 

pressure gradient which will be built up across the sample bed and the higher the reduction 

reaction rates which can be obtained. Figure 8-6 shows the effect of a on the reaction rates, 

where y, P and Bi are assumed to be constant. As can be seen, when o increases from 0.1 

to 3.0, the reaction rates are not very sensitive to changes in o; but as o increases from 3.0 

to 10.0, the reaction rates increase significantly. Finally, the reaction rates are not sensitive 

to increases in a beyond 10. One reason is that since a is initially very small the CO local 

pressure is very low because the diffusion rate is high and ii is diluted by inert gas; so the 

reaction is not sensitive to a. But as a increases to some level where the diffusion rate is 

relative low then CO and CO, start to accumulate in the bed. The increase in the reactant 

partial pressures accelerates the overall rate. As a increases to very high levels, the CO2 

partial pressure increases rapidly. The increase in the COj partial pressure accelerates the 

back reaction (which is the oxidation of iron) since the ilmenite reduction is a reversible 

reaction. So the reduction rate is limited by ilmenite reduction equilibrium and the rate can 

not increases rapidly. 
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Figure 8-7 shows the relationship between the initial COj/CO ratio and a (normally 

the initial ratio is the maximum ratio as will be discussed later). It clearly indicates that as 

o increases the COj/CO ratio also increases and the region where a increases rapidly 

(between 1 and 10) is exactly the region in which the COj/CO ratio is sensitive to increases 

in o. As a increases to 40 the COJCO ratio is close to the equilibrium ratio for ilmenite 

reduction. This indicates that at higher o the overall reaction will most likely be controlled 

by ilmenite reduction. This is why at higher a (10-40) the rate increases very slowly. 

Generally speaking, the variation in a can be attributed to the changing K, L, rn,o, 

ttn, and E. a is defined as: 

(35) 

If a specific mineral reduction is chosen (K, is a constant) and ijno is constant 

(because if r^o changes P will change) then changes in the a are directly related to changing 

the physical structure of the sample bed. This directly brings up experimental design issues. 

As is discussed in chapter three, increasing the depth of the sample bed is the common 

method to prevent back diffusion problems. According to the model analysis a is 

proportional to For example, if o is one and L increases from 0.5 cm to 1.5 cm then o 

will increase by a factor of 9. According to Figure 8-7 in this case the overall reaction will 

change from carbon gasification control to ilmenite reduction control. The effect of the 
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effective difiusivity of the sample bed is presented in Figure 8-8. 

P is the solid reactivity ratio and it can also been interpreted as the ratio of the 

characteristic time for mineral reduction and carbon gasification. Higher p means shorter 

carbon gasification times and higher carbon gasification rates and vice versa. Figures 8-9 

and 8-10 show the effects of p on reduction rates at two different a's. Similar results are 

obtained to those for the effect of a except that p values vary more widely than do o values. 

It is commonly accepted that at higher P (or higher carbon gasification rates) more CO, will 

be consumed and the overall reduction rate will more likely be controlled by the mineral 

reduction reaction. Figure 8-11 shows the initial CO^/CO ratio at different values of P and 

a. It can be seen that at higher P the COVCO ratio is very sensitive to a rather than p. One 

possible explanation is that the carbon gasification rate is proportional to the COi/CO ratio 

(but not the absolute pressures) but the mmeral reduction rate depends on the partial 

pressures. At higher a the CO and CO, partial pressxires increase rapidly but the CO^/CO 

ratio may not be so sensitive to the increase of P; therefore at higher o the carbon gasification 

rate is still not comparable to the mineral reduction rate even for very high p. At low a the 

COi/CO ratio is more sensitive to p. This may be attributed to a higher diffusion rate that 

causes more CO to diffuse out of the bed instead of generating CO2. So less CO2 exists to 

be consumed by carbon. This indicates that not only can the intrinsic reaction rates affect 

the rate limiting step but also transport factors can cause rate limiting situations. In other 

words, the CO^/CO ratio measured from an experiment might not determine which uitrinsic 
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reaction rate is the rate limiting step. Other factors must be considered. 

Figure 8-12 shows the effect of y on the reaction rates, y is a solid reactant quantity 

ratio (moles of carbon divided by moles of ilmenite). Its effects are similar to p. 

Bi measures the intra-particle diffusion effect. A high Bi means that the reaction rate 

is smaller than the diffusion rate for the reactant diffusing through the product layer. The 

effect of Bi is calculated and shown in Figure 8-13. This figure shows that if a, P and y are 

constant, the product layer effect is negligible for Bi > 0.5; but if Bi is lower than that the 

critical value significant effects on the reduction rate could occur as described in Figure 8-13. 

Although discussions of the dimensionless parameters are quite informative, these 

parameters are not operational parameters like temperature, partial pressure, particle size and 

conversion. Normally changes in the operational parameter change both a and p. For 

example, increases in the particle size will decrease o and increase p. According to Figure 

8-11, this will obviously lead to the situation where mineral reduction is the rate liming step. 

Therefore these dimensionless variables can help us understand the eflfects of changes in the 

operational parameters. The effects of these operational parameters can also be calculated 

if all necessary information is available. 

The solutions of the present model equations can also yield the CO and CO2 

dimensionless partial pressure distribution throughout the sample bed, which are similar as 

seen in Figures 8-17 and 8-18. the mineral unreacted core radius distribution is the same as 

shown in Figure 8-19 and carbon density distribution as shown in Figure 8-20. 
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Application of the Model 

In the last section, various solutions to our model have been discussed in terms of the 

dimensionless parameters and key physical parameters. These solutions are helpful in 

understanding more about the relationships between these parameters and how they lead to 

the rate limiting steps. In this section, the present model is used to simulate the process of 

carbothermal reduction of ilmenite. All parameters required for this application of the 

present model are listed in Table 8-1. 

Table 8-1 Model parameters 

ttc = 0.435 6 = 0.3 L = 0.5 cm 
Km = 0.565 rMo = 0.00015 cm R= 1.987 
pc = 1.8 g/cm^ Dj = 0.3 cmVsec P° = 0.922 atm 
Pm  = 4.39 g/cm' Ic m  = 55l3.75exp(40374/RT) = 3.7>^10-5T+0.01842 
M, = 12 k, =3I.203exp(21651/RT) T = 1100.1050°C etc. 
Mm  = 151.74 k, = 10-" •''-exp(60593/RT) D = 2.5 cm 

Here two important reaction rate constants need to be discussed, the reaction rate 

constant for carbon monoxide reduction of ilmenite and the constant for carbon gasification. 

In chapter 3, previous investigations of the carbon monoxide reduction of ilmenite 

and of carbon gasification have been reviewed in detail. Although a lot of experiments on 

the carbon monoxide reduction of ilmenite have been done in our laboratory, no reliable 

intrinsic reaction rate constant has been unambiguously determined because the conversion-
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time curve is of a sigmoidal shape. In order to estimate the intrinsic rate constant for carbon 

monoxide reduction of ilmenite, both Zhao's (1991) and Marathay's (1993) experimental 

results have been carefully reviewed, based on judgement as to whether or not external mass 

transfer was successfully eliminated in the experiments. It was found that Marathay's 

experimental results are more reliable because he used more loose samples instead of 

pelletized samples. Also SEM micrographs of partially reduced bulk samples demonstrated 

that there is no extemal mass transfer resistance (Marathay 1993). In measurements 

involving gas-solid reactions it is customary to determine the intrinsic chemical rate constant 

by conducting the experiments under such conditions that neither extemal mass transfer nor 

pore diffusion play a role in determining the overall rate. But it is difficult to eliminate pore 

diffusion inside the grain. For this reason, the intrinsic chemical rate constant was deduced 

from measurement of the initial rate (when pore diffusion is at its minimum). The detailed 

mathematical method of deducing the intrinsic chemical rate constant was discussed by 

Karatas (1978) and the value of the intrinsic rate constant is given in Table 8-1. 

The intrinsic rate constant for the reaction of carbon with carbon dioxide is given in 

Table 8-1. It is the one of the parameters to fit the experimental data. There are several 

reasons that the carbon gasification reaction rate constant is not available. First of all, there 

is no universal intrinsic rate constant for different carbons. The proper rate constant can only 

be obtained by conducting experiments to determine it. Secondly, even if the noncatalytic 

intrinsic rate is known the catalytic rate constant in the carbothermal reduction process may 
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be very different. As discussed in chapter 3, iron, a product of carbothermal reduction, is a 

strong gasification catalyst and there is no quantitative mathematical model which can 

simulate this catalytic process. So it is difBcult to determine the rate constant for the carbon 

gasification reaction. 

In the present study, our model was used to fit the experimental results to obtained 

a catalytic intrinsic rate constant for the carbon gasification reaction which includes the rate 

enhancement by the catalytic effect. Figure 8-14 shows the comparison of experimental 

results from carbothermal reduction (see Figure 5-10) with model prediction results at 

different temperatures. As can be seen the model always underpredicts the experimental 

results a little bit at the begirming, then overpredicts them later; and finally both curves start 

to bend over but the predicted results bend a little earlier than the experimental results. A 

possible reason for this small deviation is that initially the oxygen-carbon reaction discussed 

in chapter 4 (which is not considered in the model) causes the "jump". The later 

overprediction is for the same reason. The reason for the early bending of the prediction 

curve is that the model is limited to only reducing the ilmenite to Fe + Ti02, but in reality 

TiOj can be further reduced to lower oxygen content products (which were identified by 

XRD as discussed in chapter 4). 

The Arrhenius plot for the prediction results is shown in Figure 8-15. The activation 

energy is 21.65kcal/mole. This is very close to the activation energy obtained by the 

simplified gasification rate-limiting model, which is 27.2kcal/mole. The comparison of the 
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rate constants for carbothermal reduction (Figure 5-10) between the simplified gasification 

rate limiting model and the general model is shown in Table 8-2. 

Table 8-2 Comparison of reaction rate constants 

Temperature CO 975 1000 1025 1050 1100 

Simple Model (rate constant) .091 0.109 0.134 0.175 0.24 

General Model (rate constant) 0.005 0.006 0.007 0.085 0.011 

* units: g.mole atm"' / g. of C-sec 

One can see that the rate constants for these two model are very different (about 20 

fold). These rate constants are much larger than these obtained by Rao (his non catalytic data 

is from 4.8x10'^ at 950°C to 1.76 x lO"' at 1050°C). One possible reason is that the iron has 

a tremendous catalytic effect (about several hundred fold). The overall results obtained by 

the two models are close. The differences between them might be caused by the fact that 

the simple model only fitted the initial fast rates which can be several times higher than 

average rates. 

The initial CO^/CO ratio calculated by the general model is shown in Figure 8-16. 

It indicates that the reaction is generally controlled by the gasification of carbon, especially 

at high temperatures. This result is consistent with the conclusions in chapter five. One 

reason that the reaction is more like to be controlled by carbon gasification at higher 

temperatures is that carbon gasification has a lower activation energy (21.65 kcal/mol) than 

ihnenite reduction (50 kcal/mol obtained firom chapter six). 
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The predicted CO, CO,, particle size and density distributions at different times can 

also be calculated from the present model, and are shown in Figures 8-20 to 8-24. One can 

see that a high CO partial pressure drop across the bed is obtained at 1100°C. The CO and 

CO2 partial pressures are initially high at the surface of the sample; as the reaction proceeds 

the pressures decreases rapidly and reach zero as the reaction stops. As expected at the 

sample surface the ilmenite particles are reduced more slowly than the particles at the bottom 

of the crucible. Since three excess moles of carbon are added to the reaction system the 

carbon density change with extent of reaction is not significant (about 70% of the initial 

carbon is left after the reaction is over). 

Conclusions 

• Based on a general model the carbothermal reduction system can be characterized by four 

dimensionless parameters: o, p, y, and Bi. o describes the ratio of the intrinsic reaction rate 

of mineral reduction and the effective diffusion rate for CO and CO2 through the sample bed. 

p is the solid reactivity ratio and it can also been interpreted as the ratio of the characteristic 

times for mineral reduction and carbon gasification, y is a solid reactant quantity ratio. Bi 

measures the intra-particle diffusion effect. 

• An increase in o increases pressure drop across the sample bed and also increases the 

COi/CO ratio. It could lead to gasification of carbon controlling the reduction process. 

Changes in the physical structure of the sample bed could lead to a high o in the system. 
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• At high a, the COi/CO ratio is not sensitive to p, but it is at low o. 

• The model can successfully simulate the CO and COj variations at the sample surface, 

caused by back diffusion. 

• The model has been applied to simulate the carbothermal reduction of ilmenite. It was 

found that this reduction process is controlled by carbon gasification. This is consistent with 

experimental results. 

• Carbon gasification rate constants predicted by the model are much larger than other 

investigator's data but smaller than those calculated using a simple model. The activation 

energies calculated by both models are very close (27.56kcal/mole for the simple model and 

21.65 kcal/mole for the general model). 
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CHAPTER NINE 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

This study has demonstrated that carbothermai reduction of lunar ilmenite and fayalite 

simulants is feasible. This completely eliminates the thermodynamic limitations of and CO 

reduction. 

The mechanism and kinetics of carbothermai reduction of ilmenite with charcoal 

powder have been investigated. It is found that the major mechanism of this reduction 

process consists of two coupled gas-solid reactions, ilmenite reduction with carbon monoxide 

and carbon gasification with carbon dioxide. Prior investigators claimed that carbothermai 

reduction of ilmenite is controlled by ilmenite reduction with carbon monoxide. However, 

the present study indicates that carbon monoxide reduction of ilmenite is not the rate-limiting 

step. It may be controlled by the carbon gasification reaction. The apparent reaction constant 

obtained from a carbon gasification controlled model is much larger than the noncatalytic 

reaction constant. This implies that a strong catalytic effect may be involved. Based on the 

same model, activation energy is calculated as 27.2 kcal/mole which is close to the catalytic 

activation energy obtained by prior investigators. 

The morphology of carbon deposition has been studied by TEM and we found that 

most of the deposited carbon is in the form of filaments and deposition is catalyzed by fine 

iron particles. It is also found that at 500°C to 550°C the maximum carbon deposition rate 
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can be achieved. Hydrogen is necessary during carbon deposition process. The reduction 

products were studied by SEM and XRD and it was found that the major products were 

a-Fe and TiO, at temperatures below lOOO^C; at 1050 °C, a-Fe and Ti ,0,7 were observed; 

at 1110°C, a-Fe and 71467 were observed. Iron is completely segregated from the titanium 

oxides. 

An extremely fast reaction rate was observed for carbothermal reduction of ilmenite 

with deposited carbon, which can be due to a possible reason. That is iron might accelerate 

the carbon gasification reaction (these iron particles are catalysts of the formation of carbon 

filaments, they should also catalyze the reverse reaction). Based on analysis of the present 

experimental results, it is believed that ilmenite reduction with carbon monoxide is the 

rate-limiting step between 775''C and 900 "C. But above 900 °C, the reduction is more likely 

controlled by difiiision through the product layer. A simplified model has been used to fit the 

experimental results. The activation energy of the reaction was found to be 50 kcal/mole 

between 775°C and 900''C, and 17.6 kcal/mole above 900°C. 

A pure fayalite was synthesized from a the mixture of FeO and quartz in the 

laboratory of the Geoscience Department, University of Arizona. Carbothermal reduction of 

fayalite with charcoal powder has been investigated. Three distinct reduction stages were 

observed during the reduction reaction. The first stage is the reaction between the solid 

carbon and solid fayalite at the contact area; On the second stage, the major mechanism also 

consists of two coupled reactions, fayalite reduction with carbon monoxide and the carbon 

gasification reaction (since the reduction product is nonporous and with low permeability, the 
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gas-solid reactions decreases very rapidly); then the third stage is controlled by diffusion 

through the product layer. The product morphology was studied by SEM and XRD. It was 

found that a-Fe and a-cristobalite are the main products at temperatures above I100''C. At 

lower temperatures, a-Fe, a-quartz and amorphous silica are the main products. The iron 

produced by reduction is segregated from the SiO, phases and agglomerated in large particles, 

which is different from the morphology of hydrogen reduced fayalite. 

In order to better understand the mechanism and kinetics of the carbothennal 

reduction process, a mathematical model has been developed. Based on this general model 

the carbothermal reduction system can be characterized by four dimensionless parameters a, 

P, v. and Bi. a describes the ratio of the intrinsic reaction rate of mineral reduction and the 

effective diffusion rate for CO and CO, through the sample bed. P is the solid reactivity ratio 

and it can also been interpreted as the ratio of the characteristic time for mineral reduction and 

carbon gasification, y is a solid reactant quantity ratio. Bi measures the intra-particle 

difflision effect. The dimensional analysis of the reaction system indicates that not only the 

intrinsic reaction constants of the two coupled reactions affect the COJCO ratio during the 

reaction but the physical structure of sample bed does too. In other words, physical structure 

can change the rate limiting step from one reaction to the other. The model has been applied 

to simulate the carbothermal reduction of ilmenite. It was found that the reduction process 

is close to being controlled by carbon gasification. This is consistent with the experimental 

results. Carbon gasification rate constants predicted by the model are much larger than other 

investigator's noncatalytic data which is interpreted as a catalytic effect. But they are 
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relatively close to those from the simple model. The activation energies calculated by both 

models are very close (27.56 kcal/mole for the simple model and 21.65 kcal/mole for the 

general model). 

Recommendations 

The mechanism of carbothermal reduction with deposited carbon is still not clear. 

Much work need to be done to better understand why the reaction rate is so high. The 

gasification reaction rate for carbon filaments needs to be determined and the intrinsic 

reaction rate for ilmenite reduction with carbon monoxide also need to be fiirther studied in 

order to answer the question. This high reduction rate process could benefit the synthetic 

rutile manufacture process. 

For carbothermal reduction of fayalite, the most unclear mechanism is how the gas 

reactants access to the reaction interface through the product layer, because the SiO, is 

nonporous and its permeability is very low. Further work in this field is highly recommended. 

One of the major problems of the carbothermal reduction process for lunar oxygen 

generation is carbon loss. Some preliminary work has been done on the thermodynamic 

aspects. But the kinetics of carbonization and decarbonization of the related metals and 

minerals should be investigated. 
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Difiusion Between Carbon and Ilmenite Interface 

The purpose of this Appendix is to 

estimate the possible concentration 

gradient between carbon and ilmenite 

reaction interfaces forcarbothermal 

reduction of ilmenite with charcoal 

powder. 

Ilmeiiite<  ̂ Carbon 

Figure I Schematic diagram of the reaction 
interfaces between carbon and ihnenite 

(1) Estimation of surface area of ilmenite sample (assume all particles are spherical); 

The average physical parameters are; 

Average radius of the particles; 

Density of ilmenite; 

Ilmenite sample weight; 

Ilmenite volume per particle; 

Ihnenite weight per particle; 

R = 0.000015 cm; 

dj = 3.4 g/cm^; 

Mj = 455 mg 

Vpp = 47tRV3; 

M;p = 47tRM,/3; 

The total number of particles and total surface area in the crucible are; 



199 

N = 

total surface area = N AtiR ̂  = 

—TzR^d 
3 

3M 3x 455 
0.000153400 

= 2677.6 cm' 

(2) Estimation of concentration gradient of CO, across the distance shown in Figure 1. 

The reaction rate (from experiments) is: Rj = 4.85 x 10"^ mole/sec; 

The difiusivity of CO, is: 0^02 =1-75 cmVs; 

The average particle radius is: R = 0.00015 cm; 

The average distance between 
two reaction interfaces is: d = 0.632 R (calculated by assuming all 

particles are ideally packed). 

The differential equation across the distance between the carbon and ilmenite interface 
can be presented as: 

D-±S21 = 0 

X = 0, {carbon gasification control) 

X = -D ̂ ^co2 _ Ri 
dx A 

By solving the equation and inserting the boundary conditions, we get: 

R.X c - r = 
^ CO2.e ^ C02 AD 

C02 

at X = d, AC = 
Rd 

A D 
= 4.85^10'"' molelcm^ 

C02 

Therefore the conclusion is that the resistance between carbon and ilmenite can be 

neglected. 
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APPENDIX n 

Derivation of Carbon Gasification Control Model 

Assumptions: 

(1) Carbon gasification controls tiie carbothermal reduction process; 

(2) Carbon is very porous; 

(3) The rate expression the for carbon-carbon dioxide reaction follows 

Langmuir-Hinshelwood equation: 

k P 
Rate of reaction = 5— fn 

1 - k^C02 ^ ^ 

Where: Pco2 partial pressure of CO, 

Pco = partial pressure of CO 

ki, kj and kj = reaction rate constants corresponding to the three 

reactions 

For high CO partial pressure, the rate expression can be written as: 
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Rate of reaction = ——^ = ——- = K' (2) 
k^co K 

Assume carbon has high porosity and it reacts volumetrically. Then the carbon density 

change with time can be written as; 

^ = - WcP/' (3) 

The carbon weight fraction as a function of time is : 

= 1 - = F, (4) 
PcO 

The mass of carbon removed from the sample during reaction in a time interval is; 

A W ,  =  F , A L p ^  

where AW^ = carbon weight loss at time t; 

A = cross-section area of the crucible; 

L = depth of the sample. 

For the total weight loss sustained by the sample is; 
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AW = F,ALp,o + F,ALp,oM = F,ALp,o(l+M) 

where M = the ratio of oxygen and carbon weight consumed during the reaction. 

The conversion of the reaction can be defined as: 

X = AW/QWo and ALp, o  = RWq  

where Q = the fraction of the maximum weight loss; 

W q  = the total sample weight; 

R = the weight ratio of the mixture. 

Therefore the conversion can be written as: 

^ - exp(-Mc/:'0) 

If the mole ratio of the mixture is four, then R for an ilmenite-carbon mixture is 0.316 and 

Q is 0.14. 

IfweletM^' = K", then: 

X = 5.27 (1 - exp(-K"t)) or -K"t = In (1 - 0.19 X) 

This is the equation used in chapter five. 
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