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ABSTRACT 

The high temperature reduction of ilmenite by various reducing 

agents is investigated. The experiments were performed in a 

micro gravimetric reactor system. The starting materials and products 

were characterized using X-ray diffraction (XRD) with a Cu Ka source, 

high-resolution scanning electron microscopy (SEM), energy-dispersive x
ray (EDX) and wavelength-dispersive X-ray (WDX) analyses, mercury 

porosimetry and Mossbauer spectrometry. 

The fundamentals of ilmenite reduction by hydrogen and carbon 

monoxide are compared and analyzed both experimentally and through 

theoretical modeling. Both processes involves the diffusion of Fe product 

away from the reaction front through the Ti02 phase, followed by the 

nucleation and growth of a separate Fe phase. The main differences 

between CO and H2 reduction of ilmenite are that the rate of H2 reduction 

of ilmenite is much faster than that by CO and Ti02 can be further reduced 

to lower oxides of titanium at temperature higher than 876°C. 

A technique for the synthesis of lunar ilmenite simulants has been 

developed. The simulant sample have' been successfully prepared with 

desired physical and chemical properties. The significance of this work is 

that it is possible to generate the kinetics data even without having access 

to real lunar ilmenite which is precious and difficult to obtain at the present 

time. 
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The results of ilmenite reduction by a mixture of H2 and CO indicate 

that the mechanism is similar to the reduction of ilmenite by H2 or CO 

alone. However, the overall process is more complex because of the 

reaction between H2 and C02 generated from the CO reduction of ilmenite. 

MgTi03, an important impurity in lunar ilmenite, has some effect on 

the reduction kinetics and mechanism. This depends on the reduction 

temperature and conversion. In samples containing MgTi03 impurity, in 

addition to the expected Fe and Ti02 product phases, an unreduced core 

enriched in MgTi03 is observed. The movement of MgTi03 towards the 

core is a significant factor affecting the reduction rate. 
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CHAPTER 1 

Introduction 

Oxygen is a consumable material which needs to be produced 

continuously in most space missions. Its use for propulsion as well as life 

support makes oxygen one of the largest volume chemicals to be produced 

in space. Production of oxygen from lunar materials is of particular 

interest and is a very attractive possibility. 

There is a significant amount of oxygen on the moon. The only 

practical source of oxygen on the lunar surface is igneous materials which 

contain typically 40-50% oxygen as oxides. The major minerals present in 

these rocks are ilmenite (the most abundant opaque mineral in lunar rocks), 

anorthite, and olivine. The igneous rocks have been precrushed to form 

regolith, the lunar equivalent of soil by meteoritic bombardments. This 

reduces the need for crushing and simplifies the mining and separation 

problem greatly. 

Extraction of oxygen from iron oxide present in lunar ilmenite is of 

particular interest because it is energetically more favorable than extraction 

from silicon, aluminum, titanium, calcium or magnesium oxides. Iron 

oxide reduction is also attractive because of its potential for producing iron 

and titanium dioxide as co-products that would be difficult to supply from 

the Earth. 
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The Apollo expeditions to the moon returned hundreds of pounds of 

lunar samples to Earth. Also, the Soviet unmanned Luna 16, 20 and 24 

spacecraft in the 1970s brought back small samples from three other 

locations, and some meteorites found in Antarctica have been found to be 

pieces of the moon (and Mars) blasted off by asteroid or comet impacts. 

Study of these lunar samples has generated a great deal of information on 

general geochemistry of the lunar surface. Based on the entire body of 

lunar science, several schemes for extraction of oxygen from lunar rocks 

have been proposed. Three particularly interesting and promising schemes 

are ilmenite reduction, magma electrolysis, and chlorination. 

The first of these schemes is based upon the use of a reducing agent, 

such as hydrogen, carbon monoxide, or solid carbon, to extract oxygen 

from the lunar mineral ilmenite. Ilmenite, as found on the moon and in 

many meteorites, is an iron titanate( FeTi03). The products of the reaction 

are an oxidized gas (water vapor or carbon dioxide) and a sintered mass of 

elemental iron and titanium dioxide. Oxygen is obtained by condensing 

water and electrolysing it to break it apart into oxygen and hydrogen, or 

thermally decompose carbon dioxide. to release oxygen and carbon 

monoxide. The oxygen can then be used as rocket propellant and the 

hydrogen or carbon monoxide recycled through the process. Attempts to 

develop this process on the earth have met with numerous difficulties. 

First, little is known about how to separate ilmenite from the lunar soil. 

Second, the terrestrial mineral ilmenite, which has often been used in 

attempts to study the reduction reaction, is actually very different in 
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composition from lunar ilmenite, and far more reactive than its lunar 

namesake. Third, hydrogen reduction is very inefficient since only a small 

percentage of the hydrogen reacts to make water vapor on each pass. The 

reacted gas stream must be dried scrupulously and recycled through the 

reactor many times. Fourth, use of other reducing agents such as carbon 

monoxide has not yet been adequately investigated. Finally, because of the 

scarcity and value of lunar samples, it is urgent to find or synthesize a 

simulant for lunar ilmenite that has the same physical and chemical 

properties as the lunar materials. 

Magma electrolysis of molten silicaceous materials, such as lunar 

regolith, asteroidal silicate of the minerals, or the regolith of the Martian 

moons, liberates copious gaseous oxygen from the anode and plates a 

complex mixture of metals onto the cathode. This scheme may prove to be 

sufficiently simple and flexible to warrant its use as the standard scheme 

for oxygen production on the moon and elsewhere, if, as presently seems 

possible, the energy requirements of the process can be minimized. 

Chlorination of silicate minerals by a chlorine plasma also results in 

extensive oxygen release, and work at the University of Arizona is ongoing 

to determine the feasibility of this promising approach. 

As these problems are addressed, other opportunities naturally arise 

to use coproducts and bypro ducts from the oxygen-production schemes. 

Examples include ferrous and strategic metals from the cathod deposits in 

the magma electrolysis scheme, high-purity iron and refractory rutile 

(titanium dioxide) from the ilmenite process, and nonferrous metals from 
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the decomposition of chlorides made in the plasma chlorination process. 

The present study has generated very interesting infonnation on the natural 

separation of elemental iron and titanium dioxide in the reduction process. 

Such coupled production of propellants, life-support fluids, metals, and 

refractories gives the most mass of useful product per unit of energy 

expended. 

Thus, even restricting attention to relatively simple extraction 

schemes, sources materials known to be abundant on nearby bodies, and 

simple products with high demand in space, we see a wide range of 

opportunities for the local use of the resources of our planetary system. 

This study focuses on the reduction of lunar ilmenite with various 

reducing agents, such as carbon, hydrogen, carbon monoxide, and the 

combination of hydrogen and carbon monoxide. The results can be used in 

the design of the reactors in which the reduction of lunar ilmenite is 

carried out. 

Previous work 

The purpose of the present study is to obtain fundamental 

information on the kinetics and the mechanism of ilmenite reduction by 

various reducing agents under conditions where the original ilmenite and 

the final products are well characterized. The emphasis is on ilmenite with 

no ferric impurities present, since the Mossbauer study of Apollo 11 

ilmenite found no detectable ferric iron. (Mason and Melson, 1970) This is 

important in applying the results to the reduction of lunar ilmenite. Before 
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the experimental work was initiated, a literature review was carried out to 

investigated what work had already been done on the reduction of synthetic 

ilmenite and ilmenite ores. 

While a number of papers have dealt with the reduction of ilmenite 

ores using various solid and gaseous reductants (Barnes and Pickles, 1988; 

Bardi, 1987; Donnelly, et aI. 1970; Flament et al. 1987; Jones, 1975; Merk 

and Pickles, 1988; Poggi and Charette, 1973; Wouteslood, 1979) much less 

is available on the synthetic ilmenite reduction (Briggs and Sacco, 1991; 

EL-Guindy and Davenport, 1970; Gupta et aI. 1987; Poggi and Charette, 

1973) All of the investigators have looked at the effect of the extrinsic 

n' parameters such as temperature and gas composition. Few investigators 

have looked into the elements distribution in the final products. 

Two other important points which were followed in the literature 

survey were the preparation of the samples, the type of apparatus used and 

how it was set up, and the products of reduction as a function of 

temperature and type of reducing agent. 

Generally, three types of reducing agents, solid carbon, carbon 

monoxide and hydrogen were used. The ilmenite samples used varied 

from powders, compacts and massive samples reduced at high 

temperatures. 

The thermo balance was the apparatus most utilized to follow the 

weight change on reduction as a function of time. Below follows a review 

of the published work done on the solid state reduction of the iron oxide in 

synthetic ilmenite, of the iron oxide and of ferric oxides in ilmenite ores. 
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Reduction of synthetic ilmenite 

Some investigators have carried out tests on the reduction of 

synthetic ilmenite in an attempt to determine the reduction mechanisms and 

to better understand the reduction process. The use of synthetic ilmenite 

eliminates such factors as the effect of foreign atoms on the reduction. 

EL-Guindy and Davenport (1970) studied the reduction of synthetic 

ilmenite with graphite using Cahn microbalance. They observed that the 

reaction initiates near 860°C at the contact points between the reactants. 

This finding was confinned in our lab in 1988. Up to 1020°C, solid state 

reduction appears to be the main reaction mechanism. Above this 

temperature a rate increase has been observed and has been attributed to a 

change of mechanisms to gaseous reduction of ilmenite by regenerated 

carbon monoxide. They also examined the reduced particles and found out 

that there is a tendency toward segregation of the products, iron and Ti02• 

In addition, they obtained the iron particles as large as 80 Jlm by keeping 

the reduced sample at 1025°C to 1075°C for several hours. The activation 

energy for the reaction in the temperature range 1075°C to 1140°C was 

calculated to be 64 + 6 kcal per mole. 

A similar study was carried out by Gupta et ale 1987 using a similar 

method. They prepared the pellets consisting of both synthetic ilmenite and 

graphite. The sample were heated in argon at 1000°C to 1100°C. Their 

results showed that no measurable reaction was obtained at 1000°C whereas 
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the rate was high at 1100°C. They also observed that the rate of reaction 

between ilmenite and graphite was increased significantly by the addition of 

ferric chloride which is considered to promote the nucleation of iron. The 

addition of rutile decreases the rate of reduction and the addition of 

manganese stabilizes a psedobrookite phase. The initiation temperature 

between graphite and ilmenite reported by this group seems to be much 

lower than that by EL-Guindy and Davenport. Thi.s is probably due to the 

accuracy of a linear variable differential transformer (L.V.D.T.), which is 

the major component of thermogravimetric apparatus assembled by Gupta 

et al. 

Briggs and Sacco (1991) has recently studied the ilmenite reduction 

with hydrogen between 823 and 1353 OK by first synthesizing the synthetic 

ilmenite. However, the sample was found to have small quantity of ferric 

iron (approximately 2~4 at. %) They employed both gravimetric and 

microanalytic techniques. Their results suggested that under a hydrogen 

atmosphere, iron was o~served to form a layer of low porosity on the 

surface of sample early in the reduction. This created diffusion limitations 

for hydrogen to the reaction front and for the escape of water vapor. This 

may also cause agglomerations of particles in the real process. 

Agglomeration may be further accentuated in the lunar environment as 

beneficiated ilmenite sources will probably contain quantities of silica

containing minerals. A shrinking core reduction model, modified to 

include the growth of this iron film was shown to predict the conversion

time relationships of ilmenite sample. An activation energy of 43.2 ± 2.6 
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kcal per mole was reported, which is representative of reaction control 

over the temperature range 823-1023 oK. 

Poggi and Charette (1973) also investigated the reduction of 

synthetic ilmenite by carbon monoxide. The sample were in the form of 

fused briquette with the porosity of 1 %. The grain size of the massive 

sample was found to vary between 0.5 to 6.0 mm in diameter. They were 

then cut into various shapes namely cubes, long rods and plates using a 

diamond saw, and finely polished. When the fused solid pieces of synthetic 

ilmenite were reduced, a sharp reduction interface was noticed. The 

results from microprobe and X-ray analyses have shown the reduced 

portion to consist of metallic iron which appears as the white phase and of 

the rutile matrix. The unreduced portion which appears as a dark grey 

phase was identified as unaltered ilmenite. Furthermore, some metallic 

iron was found to have diffused into the grain boundaries. However, the 

CO disproportionation reaction was not considered in their study. 

Reduction of ilmenite ores 

Most ilmenite ores contain Fe203. Therefore, the solid state 

reduction of ilmenite ores consists of the reduction of Fe3+ to either Fe2+ or 

Fe and of the Fe2+ in FeTi03 to Fe. This section deals with the published 

literature on the reduction of ilmenite ores. 

In several countries titaniferous ores, including ilmenite, have been 

successfull~ smelted (Jones, 1975) to yield pig iron and titanium-rich slags 
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suitable for the manufacture of titanium dioxide pigment by the sulphate 

route. Unfortunately, the slags are not always suitable for producing 

pigment by the modem chloride process and this situation has stimulated 

research into the reduction of ilmenite at temperatures well below those 

encountered in smelting. Shomate et al. (1946) in an early thermodynamic 

investigation showed that it was possible to reduce ilmenite by carbon or 

carbon monoxide at temperatures above 850°C to give metallic iron and 

titanium dioxide. Reduction by hydrogen was possible at temperatures as 

low as 650°C. In a more recent study, Grey et al. (1973) showed that the 

Fe-Ti-O phase diagram, particularly in the regions where metallic iron is 

stable, could be used to explain the course of ilmenite reduction. They 

determined the phase diagram by X-ray diffraction analysis of quenched, 

partially reacted samples. 

One of the first investigations of the reduction of ilmenite ores was 

that of Yamaguchi and Moriyama (1966) who observed that hydrogen 

reduction of natural, partially weathered, beach sand ilmenites from India, 

Ceylon and Australia occurred in two main stages. In the first stage, the 

ferric iron component of the ilmenite was rapidly reduced to ferrous iron. 

In the second stage, which was much slower than the first, the ferrous iron 

was reduced to the metallic state. They analysed their results in terms of a 

simple topochemical reaction model and concluded that the reduction rate 

was governed by a chemically controlled process. These two stages were 

also observed by Flamant et al. (1987) in their study of terrestrial ilmenite 

reduction by methane. 
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Donnelly et al (1970) studied the reduction of Western Australian 

ilmenite in a fluidized bed. A linear rate of reduction with time was 

observed with hydrogen, whereas carbon monoxide gave a parabolic 

relationship. Donnelly et al. suggested that hydrogen reduction was 

controlled exclusively by the rate of chemical reaction at the reaction 

interface, whereas carbon monoxide reduction was diffusion-controlled. 

There is a general agreement in the literature that ilmenite is reduced 

much more rapidly by hydrogen than by carbon monoxide. 

The kinetics of the reduction of iron oxide in ilmenite by carbon 

monoxide were investigated by Merk and Pickles (1988) in the temperature 

range 500-1100°C. They observed that the degree of reduction of iron 

oxide in ilmenite ores increases with increasing temperature, up to 

approximately 1000oe. Above this temperature the reduction degree 

remains practically constant due to the fonnation of metallic shells of iron 

that segregate to the ilmenite grain boundaries and inhibit carbon monoxide 

diffusion. 

They also studied the effect of impurity additions on the rate of 

reduction of ilmenite. Their findings suggest that impurity additions 

lower the rate of reduction of ilmenite. Manganese and magnesium oxides 

form an enriched zone which acts as a barrier to prevent complete 

reduction of Fe2+ and also inhibits carbon monoxide diffusion. Other 

impurities such as calcium oxide and silica also lower the reduction rate. 

Moreover, Merk and Pickles noticed that there exists a direct 

relationship between percent reduction and sintering temperature when the 
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briquettes are sintered in argon in the temperature range of 550-1000°C. 

At high sintering temperatures the reduction rate of the ilmenite was found 

to decrease. 

Barries and Pickles (1988) conducted an interesting study on the 

catalytic effect of alkali carbonates on the reduction of ilmenite using a 

thermogravimetric technique. Their experimental results are summarized 

below: 

(1) The addition of alkali carbonates to ilmenite briquettes resulted in an 

increase in the rate of reduction of the iron oxide in ilmenite at 800-

(2) At a given concentration of alkali carbonate the rate of reduction 

increased in proportion to the atomic radius of the alkali metal 

cation, while the carbon deposition rate decreased. 

(3) The presence of alkali carbonates promoted the deposition of carbon 

on the iron in the briquettes by the reverse Boudouard reaction. 

( 4) Carbon deposition was more pronounced at low reduction 

temperatures and higher concentration of the alkali carbonate. 

In the study by Jones (1975), the Natural Australian beach sand 

ilmenites and their preoxidised derivatives were reduced to metallic iron 

and titanium oxides by carbon monoxide at temperatures in the range 800-

1200°C. P~rticular care was taken to maintain a constant driving force for 

reduction using small samples and high gas flow rates. Over the entire 

temperature range studied, the natural minerals were found to reduce more 

rapidly than the corresponding preoxidized materials, although 
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preoxidation was found to improve the extent of metallization of the 

product. Heating the natural minerals in an inert atmosphere prior to 

reduction decreased their reactivities by approximately 70%. 

The rates of gaseous reduction observed in their investigation are 

generally two orders of magnitude higher than those which have been 

observed in continuing studies of solid-state reduction by carbon 

(Wouterlood, unpublished work). It appears that in spite of the rapidity of 

the carbon gasification (Boudouard) reaction at temperatures above 

1000°C, "carbon" reduction, either in a packed bed or in a rotary kiln, 

suffers from a lack of forced convection, which inhibits gas-film diffusion 

of carbon monoxide. This suggests that it may be preferable from the 

kinetic point of view to generate the carbon monoxide separately before 

contacting it with the ilmenite at relatively high velocities. 

There are many reports of investigations in which preoxidation of 

ilmenite improved its subsequent reduction. It is generally agreed that 

preoxidation increases the overall extent of reduction to metallic iron and 

rutile, but opinions vary as to whether the reduction rate is increased. 

When the reductant is hydrogen, the kinetic advantages of preoxidation 

seem to depend on the degree of natural alteration of the mineral by 

weathering. Nakazawa (1957) found no difference in the reduction rate 

following preoxidation of ilmenite of nearly stoichiometric composition. 

Ostberg (1960), Fetisov et al.(1968) and Khairy et al. (1966), however, 

found dramatic improvements for ilmenites containing hematite, either free 

or in solid solution. Donnelly et ale (1970) found a similar behavior with a 
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partially weathered beach sand ilmenite containing free hematite, but also 

found that highly weathered ilmenite did not benefit from a preliminary 

roast. 

It is not conclusively established whether preoxidation of ilmenite 

improves its subsequent rate of reduction by carbon monoxide. In what 

appears to be the only published work to date to include a comparison of 

CO reduction rates for natural and preoxidised ilmenite, Nakazawa (1957) 

found the reduction rate to be greatly enhanced by preoxidation. Clearly 

there are important differences between hydrogen and carbon monoxide 

reduction kinetics since the same author found no such enhancement with 

hydrogen reduction. 

The reactions involved in the oxidation of ilmenite have been studied 

by Kharkanavala and Momin who found that ferric pseudobrookite, 

Fe2TiOs, and rutile were produced by roasting ilmenite in air at 850°C. In 

a more recent study, Grey et al. (1973) not only confirmed this mechanism 

but also established a complex series of oxidation reactions at temperatures 

lower than 800°C. The work by Briggs and Sacco (1988) indicates that 

some preoxidation of ilmenite by oxyge~ prior to reduction can decrease 

the complete reduction time of the synthetic ilmenite. 
I. 
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Process for the reduction of Ilmenite 

A number of processes have been suggested for oxygen production 

from ilmenite in lunar regolith. Table 1.1 shows a list of these processes. 

Most of these processes require imported agent. Among the proposed 

processes, the hydrogen and carbothermal reduction of ilmenite appear 

very promising. 

Table 1.1. Selected proposed processes 

Hydrogen reduction 

Low-temperature carbothermal reduction 

Slag electrolysis 

Leaching: Fluoroacid 

HCL 

Carbo-chlorination 

Vaporization/rapid quenching, arc electrolysis, plasma 

reduction, alkali metal thennal cycling, vapor-phase pyrolysis, etc. 

Carbotek (1988) has developed a process for oxygen production 

from ilmenite-rich lunar deposits to support lunar base operations and 

large-volume propulsion needs. The key component of their process is a 
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fluidized bed reactor in which the reduction of ilmenite by hydrogen was 

carried out. 

The reactor consists of three, stacked fluidized beds with 

countercurrent flow of gas and solids. The top and bottom beds serve, 

respectively, to preheat. the incoming feed solids against hot, recycle 

hydrogen and to extract otherwise wasted heat from the spent solids by 

preheating the recycle before discharging spent solids from the bottom bed. 

Temperatures in the top and bottom heat-exchange beds are set by the 

solids feed and hydrogen recycle rate and are too low for the reduction 

reaction to occur. Reduction occurs in the center bed where some make-up 

heat must be added electrically to bring solids and gas to reaction 

temperature of about 1000De and to supply the small heat of reaction. 

Solids move down the reactor by gravity flow in standpipes. Gas exiting 

the center, reaction bed is a mixture of hydrogen and the product water 

vapor with the water content determined by the kinetics and 

thermodynamics of the reaction and by the diameter and depth of the 

fluidized bed. 

The gas mixture from this reactor proceeds to electrolysis where the 

contained water is continuously decomposed to product oxygen and 

recycled hydrogen in a solid-state electolysis cell operating at reaction 

temperature. The high-temperature, vapor-phase electrolysis scheme, as 

opposed to the more conventional method of condensing the water and 

electrolyzing it as a liquid, is quite important to the overall process 

efficiency. 
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Shadman and Zhao (1990) have recently developed a new process 

flow sheet, as shown in Figure 1.1, for the processes using carbotherrnal or 

CO/H2. The components and their functions in this flow sheet are described 

as follows: 

(1) Carbon monoxide generation section. 

(2) Reactor with lower operation temperature: This reactor is designed 

to deposit carbon on lunar ilmenite. The thermodynamic calculation 

indicates that the deposit of carbon on lunar ilmenite can increase the 

oxygen yield significantly. 

(3) Reactor with higher operation temperature: This reactor is to carry 

out the carbothermal reduction of lunar ilmenite. The major 

products in this reactor are Fe, Ti02, CO and CO2. 

(4) Oxygen production section. There are a few ways to generate 

oxygen from H20 or CO2• One example is to use zirconia cell to 

dissociate CO2 into O2 and CO. 

The staged reactor system with carbon deposition and reduction 

occurring at two different temperatures is a novel scheme that overcomes 

the inherent yield deficiency in other ilm~nite reduction process. 

Cutler and Krag (1985) proposed a carbothermal reduction process 

for winning oxygen from lunar material. This process starts with mining 

regolith and separating out a desirable mineral fraction, probably ilmenite. 

Above 100,000 tons of lunar regolith must be mined per year to produce 

1000 tons of oxygen, based on a 10% usable ilmenite content. This 

corresponds to digging a pit 100-m * 100-m * 5-m deep over the year, 
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Figure 1.1 Flowsheet for a novel carbothermal reduction process. 
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about the amount of material excavated in building 1.5 miles of interstate 

highway. A beneficiator removes oversize material and separates the 

remainder into tailings and feed material, about 90% ilmenite combined 

with 10% flux. The tailings are disposed of down a conveniently located 

slope, and the feed materials charged to the smelter. 

In the proposed lunar system, the feed contains ilmenite, anorthite as 

a fluxing agent, and any carbon-bearing solids garnered from garbage or 

the off-gas stream. Phase diagrams of the system, Ti02-SiOr A1 20 3-CaO 

(Numberg, 1981), show that a 10% addition of anorthite is sufficient to 

lower the slag melting point below that of the iron product. 

The overall process chemistry in the plant is: 

FeTi03 ~ Fe + Ti02 + 1/2 O2 (1) 

This is composed of the following steps (not showing partial reduction of 

Ti02): 

FeTi03 + (1 + x)C ~ FeCx + CO + Ti02 (2) 

(slag-metal bath reduction) 

FeCx + x/2 02 ~ Fe + x CO 

(iron decarbonization) 

yCO + (2y + 1) H2~ yH20 + CyH2y+2 

(reforming) 

(3) 

(4) 

CyH2y+2 ~ Cy + (y +1) H2 (5) 

(hydrocarbon cracking) 

H20 ~ H2 + 1/202 (electrolysis) (6) 



38 

In the smelter, feed material is mixed with a carbonaceous reductant 

and heated until melting, reduction, and slag/metal separation take place. 

The reductant should be as hydrogen poor as possible to keep the volume 

of smelter off-gas down and to reduce heat loss in this stream. The 

reductant is recycled carbon, refonned from carbon monoxide to waxes by 

Fischer-Tropsch synthesis and is perhaps cracked. Unfortunately, these 

waxes do not coke well, and research and development may be required to 

improve the yield of crackable products. The light ends can be reformed 

either by partial reoxidation or arc cracking to give materials more 

suitable for coking, at the cost of substantially increased power 

consumption. 

One advantage of smelting ilmenite is that under process conditions 

the titania will be partially reduced. This increases oxygen recovery per 

unit throughput and decreases the amount of iron that must be 

decarbonized per unit oxygen produced. However, feed minerals for lunar 

iron production have low iron content compared to terrestrial ores, causing 

a high ratio of slag to iron and increasing the heat demands and reactor size 

per unit oxygen (or iron) production. 

Water is a by-product of Fischer-Tropsch synthesis; its electrolysis 

leads to the product oxygen, which is liquified and stored. Electrolysis has 

been extensively studied in a space context. Literature also exists on using 

thermal cycles for production of hydrogen and oxygen from water, often 

using solar heat. Thermal water-splitting, if available, would significantly 

reduce electrical power demands. Although processes making direct use of 
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solar radiation are known (Raissi and Antal, 1985) further research and 

design studies are needed. 

Chemistty of ilmenite 

Synthetic ihnenite is a titanate of ferrous iron (Fe+2Ti+403) rather 

than a double oxide of ferric iron and titanium (Fe+3Ti+30 3). Its structure 

is somewhat similar to that of haematite but with some distortion in the 

oxygen layers along the direction of the triad axis; pairs of Ti ions 

alternate with pairs of Fe+2 ions. Thus each cation layer is a mixture of 

Fe+2 and Ti. 

The formula of ilmenite may be more fully expressed as 

(Fe,Mg,Mn)Ti03 with only a limited amount of Mg and Mn. Crichtonite is 

a distinct species containing both Fe+3 and Fe+2, as well as more Ti than 

ilmenite. Analyses of two ilmenites are given in Table 1.2. The Fe203 

content shown by these analyses is most probably present in the form of 

hematite. Natural ilmenites can take up to about 6 per cent Fe203 into solid 

solution. 

Experimentally it has been found that at l050°C complete solubility 

exists between ilmenite and hematite but at lower temperatures there is an 

increasingly large miscibility gap, extending from approximately 33 to 67 

mol. percent at 950°C 
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Table 1.2. Ilmenite analysis 

--------------------------------------
1* 2* 

Si02 1.51 0.11 

Ti02 50.02 48.90 

Ah03 0.54 

Pe203 4.19 5.70 

PeO 42.18 43.32 

MnO 1.44 0.35 

MgO 0.46 0.56 

CaO 0.71 0.65 

H2O 0.13 

Total 99.64 100.13 

1 *. Ilmenite, fayalite ferro gabbro, Skaergaard intrusion, east 

Greenlaand, mole%. 

2 * . llmenite, two-pyroxene granulite of the charnockite series, 

Madras, India, mole%. 

The alteration of ilmenite may take place in three successive stages to 

patchy ilmenite, amorphous iron-titanium oxide, and leucoxene. The latter 

is normally finely crystalline rutile, but leucoxene composed of finely 

divided brookite is also known. The reported breakdown product arizonite 
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is probably a mixture of minerals including hematite, pseudobrookite and 

rutile, and sometimes also containing anatase. 

The specific gravity is slightly increased by the partial replacement 

of Fe+2 by Mn and decreased by the replacement of Fe+2 by Mg. The 

reflectivity of ilmenite in air, relative to a pyrite standard of 54.5, is in the 

range 18-21. 

The terrestrial ilmenite differs significantly from lunar ilmenite in 

that the terrestrial ilmenite has some hematite dissolved within itself, 

whereas lunar ilmenite contains no detectable ferric iron. Both MgTi03 

and MnTi03 are present as impurities in these ilmenites. 

Ilmenite is present in almost every lunar sample recovered from the 

moon. In many mare basalts it is the dominant opaque oxide. In Ti02-rich 

basalts ilmenite content may reach up to 18 percent by volume of the total 

rock. Manganese content is also low (El Goresy et al., 1971) so that 

pyrophanite, MnTi03, is negligible in lunar ilmenites. The lunar mineral 

is primarily a member of the ilmenite, FeTi03, geikielite, MgTi03, solid 

solution series. Members of the ilmenite-geikielite series in Ti02-poor 

basalts occur either as primary minerals precipitated from the cooling 

liquid or as exsolution lamellae in ulvospinel-rich spinels. The content of 

MgTi03 is by no means a function of temperature of crystallization since it 

was found that ilmenite continually equilibrates with the coexisting silicates 

and thus changes its composition continuously upon cooling (Us selman, 

1975). The MgO content of lunar ilmenites may vary from a fraction of 1 

wt. percent to 9 wt. percent. In Ti02-rich basalts ilmenite relationships are 
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much more complex than in other lunar rocks. A major part of the 

ilmenite in Ti02-rich basalts is formed due to reactions involving 

armalcolite, ulvospinel, metallic iron, or the cooling basaltic liquid. 

Beneficiation 

A discussion of possible techniques for mining and beneficiation of 

lunar ores is given by Williams, et al. (1979). However, it appears that 

only Agosto (1986) has actually attempted to separate ilmenite from lunar 

soils in the laboratory. Agosto has done electostatic separation experiments 

on simulant soils made with terrestrial ilmenites as well as a 90-150 micron 

size fraction of an Apollo 11 soil. The experiments were run both in a 

vacuum and in a nitrogen atmosphere. Only 30% of the ilmenite was 

recovered in one pass in the vaccuum, while much better results were 

obtained using a nitrogen atmosphere. This is due to the density difference 

between ilmenite and other minerals in the soil. Ilmenite in the lunar 

simulant was concentrated from 10 wt% to 95 wt%, with 68% of the 

ilmenite recovered after one pass in nitrogen. Ilmenite in the Apollo 11 

soil was concentrated from 10 vol% to 54 vol%, with 45% recovery after 

one pass. Perhaps some combination of magnetic and electrostatic 

separation is needed. Work in this area is currently in progress (Ruiz 

1991). 
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Thennodynamics of ilmenite reduction 

In this section, the thennody~amic data on the reduction of ilmenite 

by hydrogen, carbon monoxide, and carbon are discussed. 

Hydrogen reduction 

Reduction of ilmenite by hydrogen constituted one of the bases upon 

which the thennodynamics properties of ilmenite were built. Data for 

reduction equilibria in this instance were in the Table 1.3. Column 1 gives 

the temperature; column 2 contains the free energy of the reaction. The 

equilibrium constant is shown in column 4. Column 5 and 6 list the 

composition of the equilibrium gas. 

It is apparent that hydrogen is not a practically satisfactory reducing 

agent. At 1,600 oK, whi~h is near the melting point of ilmenite, only 20 

percent utilization of hydrogen is possible. At a more easily attained 

temperature, say 1,300 OK, the utilization is only 10 percent. It is of 

interest, also, to compare the results of Table 3 with values for the reaction 

The latter a~e in Table 1.4. They were calculated from basic data that are 

entirely comparable with those used in obtaining the figures in Table 1.3. 
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Table 1.3. Thennodynamics values for ilmenite reduction by hydrogen 

(Shomate et al. 1946) 

T, bK ~H ~Go K*l()2 H2, % H20, % 

1000 10910 6800 3.27 96.8 3.2 

1100 11090 6390 5.37 94.9 5.1 

1200 11230 5970 8.18 92.4 7.6 

1300 10870 5540 11.7 89.5 10.5 

1400 10490 5150 15.7 86.4 13.6 

1500 10090 4780 20.1 83.3 16.7 

1600 9680 4440 24.7 80.2 19.8 

The marked difference in theoretically possible hydrogen utilization 

is the direct result of the free energy of binding of FeO and Ti02 in 

FeTi03• 

The data for the CO reduction equilibria are in Table 1.5. It is 

obvious that carbon monoxide is not a practical selective reducing agent for 

iron in ilmenite. At 1,600 OK, the theoretically possible utilization is only 

8.3 percent and at lower temperature it is still less. In this respect, 

hydrogen is therefore a better reducing agent than carbon monoxide. 



Table 1.4. Tbennodynamics values for the reaction of FeO by H2 

(Shomate et ale 1946) 

T, oK AH AGo K*10 H2, % H20, % 

1000 4030 1620 4.43 69.3 30.7 

1100 4210 1350 5.40 64.9 35.1 

1200 4370 1090 6.32 61.3 38.7 

1300 4060 820 7.28 57.9 42.1 

1400 3740 590 8.09 55.3 44.7 

1500 3430 380 8.81 53.2 46.8 

1600 3120 180 9.44 51.4 48.6 

Table 1.5. Tbennodynamics values for ilmenite reduction by CO 

T, OK AH AGo K*102 CO, % CO2, % 

1000 2780 6030 4.81 95.4 4.6 

1100 3230 6330 5.52 94.8 5.2 

1200 3640 6590 6.31 94.1 5.9 

1300 3550 6840 7.08 93.4 6.6 

1400 3440 7100 7.78 92.8 7.2 

1500 3310 7360 8.45 92.2 7.8 

1600 3160 7640 9.02 91.7 8.3 

45 



46 

Carbon reduction 

The data for the reduction equilibria is presented in Table 1.6. The 

following two reactions are considered in these calculations: 

FeTi03 + C = Fe + Ti02 + CO 

C+C02=2C 

Table 1.6. Thermodynamics values for ilmenite reduction by carbon 

(Shomate et al. 1946) 

T, OK ~H ~Go K=Pco PC02 Ptotal(atm.) 

1000 43450 4910 8.45*10-2 3.76*10-3 8.83*10-2 

1100 43680 1050 6.18*10-1 3.13*10-2 6.49*10-1 

1200 43830 -2830 3.27 1.87*10-1 3.46 

1300 43460 -6710 13.4 8.63*10-1 14.3 

1400 43070 -10550 44.4 3.13 47.5 

1500 43630 -14370 124 9.49 133 

The results indicate that carbon is a potent reducing agent for iron in 

ilmenite. Interpolation in Table 1.6 gives 1,127 OK as the temperature at 

which one atmosphere partial pressure of CO is reached. The total 

equilibrium pressure of CO and CO2 reaches an atmosphere at the slightly 

lower temperature of 1,124 OK. Although carbon reduction theoretically 
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will take place at these temperatures, the speed of reduction is low .. Our 

experiments show that a temperature of 1,323 OK is necessary to obtain a 

reasonable reduction rate. At this temperature it is possible, as observed in 

small-scale tests, to reduce most of the iron in ilmenite without appreciable 

reduction of titanium dioxide. 

Scope 

This research project is a study of the reduction of simulated lunar 

ilmenite with various reducing agents. In Chapter 2, the materials, 

experimental apparatus, and analytical tools used in this study are 

described. Chapter 3 presents the experimental procedures and results for 

the synthesis of the simulants for lunar ilmenite. The reduction of the 

synthetic ilmenite by carbon monoxide and hydrogen are investigated in 

Chapter 4 and 5, respectively. Chapter 6 describes the reduction of 

synthetic ilmenite by the a mixture of CO and H2. The effect of MgTi03 on 

the reduction of lunar ilmenite is discussed in chapter 7. 



48 

CHAPTER 2 

Experimental Equipment and Analytical Techniques 

As mentioned in the introductory chapter, hydrogen, carbon 

monoxide and the combination of CO and H2 can be used to reduce 

ilmenite, which ultimately leads to the production of oxygen. The kinetics 

and mechanism of ilmenite reduction are investigated in this work. In this 

chapter, the materials, experimental apparatus and analytical tools used in 

this work are described. The sample preparation and experimental 

procedure were configured separately for each reducing agent studied and 

are described in detail in the respective chapters. 

Materials 

I 

The materials used in this study are described in detail in this section. 

Both synthetic ilmenite and geikielite were purchased from CERAC, 

Inc.. The impurity content of these two materials are given in Table 2.1 

and 2.2. Both of them were used in the synthesis of simulated lunar 

ilmenite, which is discussed in chapter 3. Alumina tubes and crucibles 

used in the synthesis work were obtained from Coors Ceramics Company 

and Johnson Matthey Electronics, respectively. The plantinum with purity 

of 99.7% was obtained from VWR Scientific. The gases used were 

UHP nitrogen and the mixture of given composition, CO, CO2, H2, C~. 



Table 2.1. Maximum Impurity Content in the As-Received Syntheti 
Iimenite* 

-----------------------------
Impurity Maximum Concentration (Wt%) 

---------, -----------
Al 
Ca 
Cr 
Cu 
Mg 
Si 

* CERAC, Inc. 

0.001 
0.01 
0.001 
0.01 
0.001 
0.1 

Table2.2. Maximum Impurity Content in the As-Received Synthetic 
Geikielite* 

----------------
Impurity MaximumConcentrationm (Wt%) -----__ ' ___ 0----____ , ___ _ 

Al 
Cu 
Bi 
Fe 
Zr 
Mn 
Ca 
Sn 
Co 
Si 
B 

* CERAC, Inc. 

0.001-0.01 
0.01 
0.0005-0.005 
0.01-0.1 
0.001-0.01 
0.01-0.1 
0.01-0.1 
0.001-0.01 
0.001 
0.01-0.1 
.0.01-0.1 
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O2, and N2 for the calibration of gas chromatograph from Matheson as 

well as UHP Argon from LINDE. 
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Experimental apparatus 

In this section, the experimental setup for the reduction of ilmenite is 

described. The experimental setup for the synthesis of the simulants for 

lunar ilmenite is discussed in chapter 3. A schematic of the complete setup 

is shown in Figure 2.1. The main components of this system includes a 

gas preparation section, a quartz reactor, an electronic balance to monitor 

the sample weight change, and a movable eletronic fumance to heat the 

reactor. A detailed description of these components is given below. 

Gas preparation section 

As shown in Figure 2.1, the gases from 220 ft3 gas cylinders were 

mixed prior to entering the reactor. A flow element on each cylinder was 

used to control the flow rate and composition of the gas entering the 

reactor. The flow rates were controlled by varying the delivery gas 

pressure on the upstream side of the flow element. The lines used were 

polypropylene and brass tubing with the graded seals of borosilicate to 

brass fused to the inlet and outlet of the reactor. A gas chromatograph 

and an infra red analyzer were used to monitor the gas composition. The 

composition of the gaseous mixture depended on the purpose of the 

experiments. UHP nitrogen from a separate cylinder was to purge the 

microbalance to prevent any fouling of the microbalance assembly by CO 

or CO2• 
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Reactor system 

A quartz reactor was used in all the experiments in this study. A 

schematic diagram of the quartz reactor is shown in Figure 2.2. The 

construction of the reactor was such that the sample basket was located 

near the bottom of the reactor when the system was assembled. A ball joint 

at the top of the reactor allow it to be sealed to the balance enclosure with 

a gas tight seal using vacuum grease. The copper to borosilicate direct 

seal are welded to both inlet and outlet of the reactor. In normal 

operation, gas from the gas preparation section entered the reactor at the 

side inlet. A chromaValumel thermocouple mounted on the side of the 

reactor next to the basket monitored the temperature of the sample during 

the course of an experiment. 

Electrobalance 

A Cahn 1000 electrobalance was used in this study. The 

electrobalance is a very sensitive weight and force measurement 

instrument. It is capable of measuring weight as low as 1.0 microgram and 

has the capacity of 100 grams. 

The instrument has two units. One is the control unit which controls 

the operations of the balance, and the second is the weighing unit where the 

actual weighing is performed. 
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In principle, Cahn 1000 balance is an electric current to torque 

transducer which contains, (1) a balance beam which is mounted to and 

supported by a pivoting mechanism about the center of the taut ribbon (2) 

A torque motor coil located in a magnetic field and mounted to the taut 

ribbon (3) Sample supension fixtures (4) Beam position sensor system (5) 

Controls, circuitry and indicators. 

Weights or forces to be measured are applied to the sample (left) 

side of the beam which produce a force about the axis of rotation. An 

electric current flowing in the torque motor also produces a force about 

the same axis which is equal and opposite to the force from the beam if the 

beam is at the beam reference position. this reference position is detected 

by the beam position sensing system. A greater force on the beam will 

require a greater opposite force from the torque motor in order to keep 

the beam at its reference position. Therefore, the current necessary to 

produce the required torque motor force is a direct measure of the force 

on the beam. The process of calibrations allows this current to be measure 

in units of weight (grams) or force (dynes). 

Furnace 

Furnace. A Lindberg model 54459 single zone electric furnace was 

used to heat the reactor. It was mounted in a vertical position with one 

opening at the top that allowed it to be raised so that it enclosed the lower 

portion of the reactor. To allow vertical motion of the furnace, four 
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wheels were mounted on it and aligned to ride in vertical steel channel 

tracks. Raising and lowering of the furnace was accomplished with a hand 

operated winch. This configuration allowed the furnace to be preheated 

and then raised so that the reactor could be heated to the operating 

temperature in one rapid step. Likewise, lowering the furnace allowed 

rapid termination of the experiment at any time. The furnace temperature, 

with a range up to 1200°C, was controlled with a separate PID Eurotherm 

controller/programmer (Type 818) connected to a platinum/platinum-13% 

rhodium thermocouple. A temperature difference of approximately 20°C 

between the platinum/rhodium and chromeValumel thermocouples was 

consistently observed. 

Gas Analyzers 

A gas chromatograph and a dual CO/C02 infrared analyzer were 

used during the course of each experiment to monitor the gas composition. 

A bubble meter at the end of the analytical train was used to measure and 

calibrate the gas flowrate. 

a) Gas Chromatograph. A Varian model 3720 gas chromatograph 

(GC) was used to measure the gas composition prior to and during an 

experiment. A Valco ten port valve with two sample loops and connections 

to two columns was used so that on-line monitoring of the gas was possible. 

One column was a six foot, 1/8 inch OD stainless tube packed with 

Molecular Sieve SA used for the separation of O2, N2 and CO. The second 
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column was a nine foot, 1/8 inch 00 stainless tube packed with Porapack Q 

used for the separation of more polar compounds such as CO2. The GC 

was calibrated using Matheson certified standard calibration gases with 

known CO, CO2, N2 and 02 concentrations. For CO, CO2, O2 analyses, 

helium at 30 cm3/min was used as a carrier gas for both columns. The 

column was maintained at 70°C with a resulting pressure drop of 19 and 25 

psi across the Molecular Sieve and Porapack Q columns, respectively. 

For the analysis of hydrogen, UHP nitrogen at 25 cm3/min was used 

as a carrier gas for both columns. The column was maintained at 45°C 

with a resulting pressure drop of 19 and 14 psi across the Molecular Sieve 

and Porapack Q columns respectively. 

In both cases, a thennal conductivity detector was used to detect the 

eluting gases, and the detector temperature was set at 200°C. The resulting 

filament current was about 200mA at 240°C for CO, CO2 and O2 analysis 

and about 86 mA at 230°C for the analysis. The columns were 

occasionally heated 200°C for 30 minutes to elute any gases that were 

irreversibly absorbed at 70°C. 

b) Infrared Analyzer. Nondispersive infrared analyzer was used for 

continuous monitoring of CO and CO2 concentrations during an 

experiment. The instrument had a meter for each gas and was also 

connected to a strip chart recorder to get a pennanent copy of the output. 

It had a switchable range of 0-10% and 0-30% for each gas. The C02 

levels were typically 0.2% and the CO levels approximately 20%, so the 0-
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30% range was used for CO2 and the 0-10% range was used for CO2• The 

analyzer was calibrated with one of the Matheson certified calibration gases 

before the start of each experiment. 

Mossbaure Spectrometer 

The Mossbauer spectrometer used in this study is available in Physics 

Department at the University of Arizona. It consists of constant 

acceleration velocity drive, r-ray source mounted on velocity drive and 

conversion electron detector. 

The Mossbauer spectrum was obtained by sweeping a single line 

source of the 14.4 keY gamma rays through a range of velocities and 

allowing them to fall on the sample. The souce was 25 miliCurie (mCi) of 

57Co diffused in a 12-Jlm foil and the velocity range was (-8,+8) mm/s. 

Resonances were observed when the Doppler-shifted, gamma-ray energy 

matched one of the allowed energy differences. 

The small particles of the sample to be analyzed by Mossbaure 

spectrometer were spread and taped on hard paperboard. All experiments 

were conducted at room temperature in this study. 

Scanning electron microscope with EDS 

A JMS-840 A (JEOL) Scanning Microscope was used to obtain the 

images of polished cross sections of samples. This system features an 



58 

electron gun with Tungsten hairpin filament and a zoom condenser lens 

system allowing well focused high-quality images to be obtained on the 

order of 4.0 nm in length. A large-sized eucentric goniometer stage 

permits specimen observation from any direction. 

Both secondary electron and backscattered electron images can be 

acquired with the magnification varying from lOX to 300,OOOX. The 

accelerating voltage is adjustable from 0.2 kv to 40kv. The probe current 

varies between 10-12 to 10-sA. 

The JSM-840A is also equipped with Tracor Northern 5502 

dispersive X-ray spectrometer which is employed to identify the phases and 

obtain the X-ray mapping of the elements. The lithium-drifted silicon 

detector is the major components of TN 5502. The low limit of the 

analysis range is of an atomic number larger than 10. Both spot and 

linescan quantitative analyses can be obtained. 

Scanning electron microscope with WDS 

A Cameca SX-50 Scanning Electron Microprobe uses a finely 

focussed beam of electrons in either point or scanning mode to excite 

characteristic X-rays, backscattered electrons and secondary electrons to 

produce quantitative analyses and images of natural and synthetic materials 

such as rocks, metals, ceramics, and glasses. 

The microprobe is equipped with four fully-focussing wavelength

dispersive crystal spectrometers and one POT energy-dispersive 
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spectrometer. Spcialized crystals permit efficient detection of light 

elements such as Be through F. Conventional LiF, PET, TAP, and ODPb 

crystals permit routine analysis of all stable elements present above about 

0.1 wt. %. Lower detection limits are possible for the advanced user. In 

addition to imaging with X-rays and electrons, samples may be imaged 

with a CCD camera using both reflected light and transmitted light. In the 

latter case both plane-polarized and cross-polarized modes are available. 

The microprobe is controlled with a SUN 3/260 workstation, and is capable 

of automatic operation, including automatic focussing of the electron beam. 

Polishing procedure 

The samples for analysis were first mounted in a plastic clip and 

placed in a cup, the inner sid~ of which was coated with a releasing agent. 

Liquid epoxy mixed with a hardening agent was then poured in the cup to 

cover the flake. The epoxy was allowed to dry for 24 house The sample 

mounted in epoxy was removed from the cup and the edge of the epoxy 

was knocked off using silicon carbide paper. The cross section of the flake 

mounted in epoxy was polished successively using 30, 6 and 1 micron 

diamond slurries. The time spent in each polishing depends on the types of 

samples and RPM of the polishing plate. Polishiitg plates and cloths are 

carefully chosen in order not to introduce impurities. This sample 

preparation was done at the research laboratories of Buehler Corporation, 

located at the Arizona Materials Laboratories, University of Arizona. 
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The polishing method turns out to be extremely useful in the course 

of this work. It facilitates the determination of phases present and helps to 

get insight into the distribution of elements in the final product. 

X-ray diffraction 

The powder XRD analyses was performed using the General Electric 

diffractometer using a Cu Ka radiation source with wavelength of 

1.590598 A 0 or Co Ka with wavelenth of 1.7902 A o• The samples were 

prepared for XRD analysis by crushing them to a powder between two 

pieces of weighing paper. The powder was then sprinkled on a regular 

window glass slide. After being loaded in the diffractometer the samples 

were scanned at a rate of 20 per minute. A catalog of diffraction spectra 

was used to help identify the phases present in each sample. 

Mercury Porosimetry 

Mercury Porosimetry: A Micrometries Pore Sizer 9310 was used to 

determine the pores size distribution in the flakes. Mercury intrusion was 

used to obtain pore volume data. Low pressure measurements were made 

for bulk density measurements. The high pressure measurements gave 

information on the pore sizes ranging from 300 to 0.006 micrometers. A 

micrometries program loaded on an mM personal computer was used for 

on line recording and storage of data. Penetrometer No. 61714 was used 
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to hold the samples during volume measurements. Data was obtained on 

material density, pore volume, pore diameter, pore surface area and 

change of these values with a corresponding change in another. 
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CHAPTER 3 

Synthesis of SimuIants for Lunar Ilmenite 

A possible activity on the moon could be the production of oxygen 

from ilmenite, which is abundant on the lunar surface. An important 

aspect of investigating the reduction of lunar ilmenite is to prepare a 

simulant that has the same physical and chemical properties as the lunar 

ilmenite. Because first of all, the terrestrial mineral ilmenite is very 

different in composition from lunar ilmenite and far more reactive than its 

lunar namesake, and secondly, the lunar samples are very valuable and 

scarce. 

Typica1lunar ilmenite deviates from ideal FeTi03 mainly because of 

the incorporation of a significant amount of MgTi03 in the FeTi03 lattice. 

Substitutions other than Mg include Cr and Mn; rarer metals like, AI, Zr, 

and V could also be present, but in quantities less than 0.1 %. The metals 

Mg, Cr, and Mn are the most abundant substitutes in ilmenites of the high

Ti mare basalts, which are the lunar rocks rich in ilmenite and are the 

likeliest target for ilmenite mining. Literature data on the compositions of 

133 ilmenites from high-Ti mare basalts give the distribution of 

compositions listed in Table 3.1. 

In this present study, both synthetic ilmenite and the synthetic 

ilmenite containing MgTi03 are used as lunar ilmenite simulants. Only 

one impurity is added to the synthetic ilmenite at each time; this allows us 
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to have a better understanding of the fate of impurities such as MgTi03 in 

the reduction of lunar ilmente. Since both lunar ilmenite and terrestrial 

ilmenite contain at least three or four impurities, it is often difficult to 

interpret the mechanism of reduction of such samples. The results of 

present study are also applicable to the reduction of terrestrial ilmenite 

because of the presence of MgTi03 it. In this section, the detailed 

procedures for the synthesis of ilmenite with MgTi03 are described. This 

is followed by the results for the characterization of the samples. 

Synthesis Procedures 

FeTi03 and MgTi03 were used as reactants for the synthesis of the 

FeTi03-MgTi03 solid-solid solution. The reason for the use of FeTi03 

and MgTi03 as starting materials is that the use of Fe, Ti02, FeO, and 

MgO results in some unreacted Fe203 and Fe in the final sample(Briggs 

and Sacco, 1991). The FeTi03 (99.9%, -325 mesh) and MgTi03 (99.9%, 

-325 mesh) were heated in a drying oven at 100°C for a minimum of 24 

hours and then cooled under vacuum. 

Appropriate proportion of these two components were weighed to 

produce about four grams of a synthetic ilmenite and geikilite mixture. 

The mixture was ground under 'spec-pure' acetone for approximately two 

hours and then dried under vacuum. Pellets, 12 mm in diameter and 

weighing 200-300 mg, were made and loaded into an alumina crucible with 

15 mm J.D. and 23 mm height. Direct contact was avoided between the 
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crucible and the pellets by putting a layer of FeTi03 - MgTi03 mixture on 

the bottom and along the wall of crucible. This layer of FeTi03 - MgTi03 

is discarded at the end of each experiment. No significant reaction was 

observed between the alumina crucible and the mixture. 

Table 3.1 Compositions for 133 Ilmenites* from High-Ti Mare 
Basalts 

Ti02 
FeO 
MgO 
Cr203 
MnO 

Average mole 
fraction 

0.50 
0.45 
0.045 
0.0060 
0.0040 

Average 
weight % 

52.70 
43.30 
2.23 
0.64 
0.42 

Std.dev. 
weight % 

1.10 
2.40 
1.75 
0.29 
0.14 

Range in 
weight % 

49.90-55.50 
35.00-47.70 
0.0-9.50 
0.05-2.12 
0.00-0.95 

·Compiled from the proceeding of the Lunar Science Conferences, 1970-1977. 

Figure 3.1 shows the schematic diagram of the furnace used for the 

synthesis of the sample. It is a Deltech furnace (ModelDt-31-8) with eight 

molybdenum dislicide heating elements. Zirconia and high purity alumina 

insulation is employed to achieve a high operating temperature. The 

maximum operating temperature is 1750 °C. Silicone O-ring seals are used 

between a high purity alumina tube and sealing head parts which are water 

cooled in order to prevent the silicone O-rings from being overheated 

during the experiment. The ultra high purity argon with less than 2 ppm 

maximum oxygen content was used. In order to eliminate traces of 
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oxygen, titanium screen was placed above the alumina crucible. The 

furnace system was flushed for six hours with 1.2 std.Vmin of UHP Argon 

to remove any remaining air before the furnace was heated to the desired 

temperature. Temperature was measured with a Pt-6%RhlPt-30%Rh 

thermocouple installed near the heating elements and varied within +5°C 

during a typical experiment. The crucible loaded with the pellets was kept 

at 1300°C for 16 hours. This time was sufficient for complete reaction as 

judged by microscopic examination of polished samples and X-ray 

diffraction study. During the baking period, the flow rate of UHP argon 

was kept at 250 std.cc/min. 

Several techniques were used for chemical analysis and 

characterization of the starting materials and the synthesized samples. 

Mossbauer spectroscopy was employed to determine the oxidation state of 

iron in the ilmenite. X-ray diffraction (XRD) with a Cu Ka source, high

resolution scanning electron microscopy (SEM), energy-dispersive X-ray 

(EDX) and wavelength-dispersive X-ray (WDX) analyses were employed 

to determine the chemical composition and elemental distribution in the 

samples. 

Results and discussion 

Since lunar ilmenite does not contai~ any Fe3+, it is important to 

make sure that the iron in the synthetic sample is only Fe2+. To confirm 

this, Mossbauer spectroscopy was performed on the synthetic ilmenite used 
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in the studies. The amount of ilmenite used in a typical experiments is 

about 300mg. A typical Mossbauer spectrum of the synthetic ilmenite is 

shown in Figure 3.2b. The results indicate that the amount of impurities 

including Fe3+ was less than 0.8% on metal basis. The figure 3.3 shows 

that 2% of hematite (on a metal basis) in an lmenite sample can be easily 

resolved with the Mossbauer spectrometer used in this study ~ 

The polished cross-section of the pellets of the solid-solid solution 

was examined using both optical microscopy and SEM. An SEM secondary 

electron micrograph of the polished cross-section of the solid-solid flake 

after being heated for 16 hours at 1300°C is shown in Figure 3.4. The 

micrograph reveal only one phase. It also indicates the presence of small 

craters fonned during the baking of samples. 

To determine the homogeneity of the synthesized sample, both 

quantitative WDX and EDX were perfonned at randomly selected spots 

and lines. The results in Figure 3.5 and 3.6 show that the MgTi03 

dissolved uniformly in the FeTi03 phase and the atomic ratio of iron and 

magnesium is the same as that of starting mixture. The WDX results are in 

good agreement with those obtained from EDX. 

The synthesized sample was also analyzed using XRD. The typical 

XRD pattern is shown in Figure 3.7. The peaks in Figure 3.7 are very 

sharp, which indicates that the synthesized sample is homogeneous. As 

expected, there is some shift in each peak of the XRD pattern of the solid

solid solution as compared to those of pure ilmenite and geikielite, which 

are shown in Figure 3.7. This well characterized sample with desirable 
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properties has been substantially investigated and the results are presented 

in chapter 7. 
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Figure 3.1 Schematic diagram of the furnace used for the 
synthesis of FeTiOa-MgTiOa. 
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Figure 3.2a Mossbauer velocity spectrum for hematite. 
3.2b Mossbauer velocity spectrum for synthetic ilmenite. 
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Figure 3.4 Secondary electron micrograph of the polished cross 
section of FeTi03-MgTi03 flake after being heated for 
16 hrs at 1300°C. 
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Figure 3.7 X-ray diffraction spectrum of solid solid solution of 
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CHAPTER 4 

Reduction of Synthetic Ilmenite by Carbon Monoxide 

There has been an increasing interest in the reduction of naturally 

occurring ilmenite. llmenite, nominally ferrous metatitanate or FeTi03 , 

is regarded by manufacturers of titanium dioxide as a raw material 

alternative to natural rutile. A more recent application is related to 

mat~rials processing in future space stations (Shadman and Zhao, 1989; 

Briggs and Sacco, 1988). Dmenite is probably the most important source 

of recoverable oxygen as well as useful metals on the lunar surface. A 

reduction process can be used to produce ultimately gaseous oxygen for 

fuel and life support. 

Most of the available literature describes investigations on naturally 

occurring ores using carbon, CO or H2 as reducing agents (W outerlood, 

1979; Poggi et al., 1973; Bardi et aI., 1987). From a fundamental point of 

view, the results of such- studies are difficult to interpret because of the 

complex nature of the ores and the presence of many components. While 

CO might be an intermediate compound in any carbothermal reduction 

(Gupta et aI., 1987; Ei-Guindy and Davenport, 1970), the fundamental 

kinetics and mechanism of ilmenite reduction with CO are not clearly 

known. Poggi and Charette (1973) studied the reduction of synthetic 

ilmenite by carbon monoxide. However, their results are difficult to 

interpret because under the conditions used in their studies, carbon was also 
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formed from CO disproportionation and participated in the ilmenite 

reduction. 

The purpose of this chapter to understand the fundamental 

mechanism and reaction kinetics of the CO-ilmenite reaction. Carbon 

monoxide is an important reducing gas because first of all it is an 

intermediate product in any carbothermal reduction process. Secondly, CO 

reduction is potentially an attractive process in which a variety of initial 

carbonaceous compounds can be used as primary reducing agents for the 

production of CO. 

The kinetics and mechanism of the reduction of synthetic ilmenite 

were studied in the temperature range of 900 to 1100°C (which is below 

the melting point of synthetic ilmenite), with CO concentration of 13% to 

23% in a microgravimetric reactor system. The results indicate that the 

process involves· the migration of iron towards the grain boundaries during 

the reduction, causing separation and segregation of the products: iron and 

titanium dioxide (rutile) in the grain level. The temporal profiles of 

conversion indicate the presence of three different stages during the 

reduction reaction: induction, acceleration and deceleration. 

Experimental Approach 

A schematic of the experimental apparatus is shown in Figure 2.1. 

The main components of this system are an electronic microbalance (Cahn 
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Instruments, Inc., Model 1000), a quartz flow through reactor with inlet 

and outlet, and a movable furnace with a PID controller. The composition 

of gaseous reactants and products was determined using an infrared 

analyzer and a gas chromatograph. Ilmenite was used in the fonn of thin 

flakes pressed from powder. Samples were suspended from the 

microbalance, which monitored weight changes during the course of an 

experiment. A thermocouple was used to monitor the temperature of the 

reactor around the flake. All experiments were performed under 

isothermal conditions at temperatures between 900 and 1100°C. The 

reducing gas entering the reactor contained CO, C02 and N2. The ratio of 

CO to C02 was always maintained at 99 to prevent carbon deposition due 

to the CO disproportionation reaction (Jones, 1975; Shomate, 1946). The 

gas flow rate was 260 std.cc/min, except in the experiments conducted to 

determine the effect of interphase mass transfer on the reduction rate. 

Samples of starting material were prepared by cold pressing 

approximately 0.270 g of FeTi03 powder (with particles size less than 45 

Jllll) in a die at 14,500 psi for 5 minutes to form disks. The disks were 

then cut into flakes approximately 10 mm by 8 mm. The thickness of the 

disks was 0.60 mm except for experiments conducted to determine the 

effect of intergranular diffusion resistance (transport through void space 

among grain particles). 

Each experiment was started by first purging the reactor system at 

room temperature to reduce the concentration of oxygen to levels below 

25 ppm. A mixture of CO/C02/N2 was then introduced into the reactor. 
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To initiate the reduction, the furnace was raised rapidly. Within thl'ee 

minutes the temperature in the reactor was within 1 % of the set point 

temperature. ~e experiments were terminated at a desired conversion by 

rapidly lowering the furnace. 

Several techniques were used for chemical analysis and 

characterization' of the starting and reduced samples. Mossbauer 

spectroscopy was employed to determine the oxidation state of iron in our 

synthetic ilmenite. X-ray diffraction (XRD) with a cobalt Ka source was 

used to identify the different crystalline phases in the starting material and 

products. High-resolution scanning electron microscopy (SEM) and 

energy-dispersive X-ray (EDX) analyses were employed to examine the 

polished cross section of both partially and completely reduced samples and 

to determine the elements present in each phase. For SEM and EDX 

analyses, the samples were mounted in an epoxy resin and polished to 

expose the cross-section of the grains. 

Results and Discussion 

The impurity content of our synthetic ilmenite used in this study is 

given in Table 3.1. The XRD pattern of our synthetic ilmenite, as shown 

in Figure 4.1a, suggests that the sample contains only the FeTi03 

crystalline phase. A typical two-line Mossbauer spectrum of the sample, 

shown in Figure 3.2b, confirms that the iron in the synthetic ilmenite is in 
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Figure 4.1. a) X-ray diffraction spectrum of synthetic ilmenite. 
b) X-ray diffraction spectrum of synthetic ilmenite 

after complete reduction. T =900, 1000, 1100 °C 
c) X-ray diffraction spectrum of synthetic ilmenite 

after partial reduction. T =1000 °C 
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the form of Fe++. This represents the oxidation state of iron in lunar 

ilmenite. The six-line Mossbauer spectrum of hematite or Fe203 is given 

in Figure 3.2a. 

The data on sample weight loss (microbalance measurement) and 

C02 produced (IR reading) agree well with following stoichiometry: 

FeTi03(s) + CO (g) = C02 (g) + Fe(s) + Ti02 (s) 

The first set of experiments were conducted to determine the effect 

of interphase transport resistance around the flakes. The experiments we~e 

conducted at the highest temperature (1100°C) with 13% CO. As shown in 

Figure 4.2 , the interphase resistance is not important if the flow rate is at 

least 260 std.cc/min. At temperatures below 1100°C, the interphase 

resistance will be even less significant. 

The second set of experiments were to determine the effects of 

intergranular diffusion of CO on the kinetics. These experiments were 

conducted at the highest temperature (1100°C) with 23% CO and at a gas 

flow rate of 260 std.cc/Inin. As shown in Figure 4.3, the intergranular 

diffusion of CO does not affect the reduction kinetics if the flake thickness 

is less than 0.6Omrn. 

To fmd the reaction order, a series of experiments were conducted at 

13% and 23% CO concentration at 900, 1000, and 1100°C. The results, 

shown in Figure 4.4, show that the reaction order with respect to carbon 

monoxide is unity in this range of temperature and CO concentration. 

Therefore, the rate of reaction can be written as 

r = k(T, XB) Cco 
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where rate is expressed in [mg reacted/original mg·min] and Cco in 

gmole/liter. 

The effect of temperature on the reaction rate at various conversions 

is shown in Figures 4.5. The apparent activation energy was 18, 14 and 

10 kcal/gmole at 10%, 30% and 50% conversion level, respectively. As 

conversion increases, the thickness of the Ti02 product layer in grain 

particles increases. This increases the diffusional resistance against the CO 

transport into the grain particles. The higher diffusional resistance causes 

a decrease in the apparent activation energy. 

Isothennal weight loss measurements were perfonned at 900, 1000 

and 1100°C. The temporal profiles of conversion at these three 

temperatures and CO concentration of 23% are shown in Figure 4.6. 

These profiles have a sigmoidal shape and indicate the presence of three 

different stages (induction, acceleration, and deceleration) during the 

reduction reaction. 

To gain insight into the mechanism of the ilmenite reduction, 

particularly in relation to the observed three stages, samples of both 

completely and partially reduced ilmenite were analyzed using various 

analytical techniques. In particular, a combination of optical microscopy, 

SEM, EDX and XRD analyses provided very useful infonnation on the 

nature and distribution of various phases including the products Fe and 

Ti02. 

A SEM secondary electron micrograph of the polished cross

section of an ilmenite flake after partial reduction at l000°C is shown in 
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Figure 4.7a. The micrograph reveals three distinct regions which appear 

as bright, light gray and dark gray phases. In order to identify the phases 

present, quantitative EDX was performed at spots marked in Figure 4.7a. 

The observations show that the bright phase is primarily iron, the dark 

gray phase is made up of titanium dioxide and the light gray phase is 

unreacted FeTi03. These results suggest that there is a strong tendency 

towards the segregation of the products iron and titanium dioxide and that 

iron diffuses to the grain boundaries through the Ti02 layer during the 

reduction. This finding has important implications for product separation 

for recovery of Fe and Ti02. Since the reduction temperatures are much 

lower than the melting point of Ti02, it is expected that the Ti02 product 

exists in polycrystal form. As shown in Figure 4.7a, it appears that the 

reaction in the grain particles proceeds according to the shrinking 

unreacted core model. This result is expected because the grain particles of 

synthetic ilmenite are nearly nonporous, whereas the product Ti02 is 

porous. The corresponding X-ray Ka map of iron and titanium, as shown 

in Figures 4.7b and 4.7 c, confinn the shrinking core configuration. 

The polished cross-sections of synthetic ilmenite flakes after 

complete reduction at 900 and 1100°C were also examined by SEM and 

EDX. The results obtained, as shown in Figures 4.8 and 4.9, indicate that a 

similar mechanism of reduction is involved. However, the coalescence of 

grains is observed in the flakes reduced at l100°C, which is apparently due 

to the sintering of iron. The results of EDX analyses on these samples 

indicate that, the phase enriched in titanium is depleted in iron and vice 
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versa. This confirms the high degree of segregation of product Fe and 

Ti02. 

The XRD spectra of both partially and completely reduced samples 

are shown in Figure 4.1b and 4.1c. The phases present after complete 

reduction at 900, 1000, and l100°C were iron and titanium dioxide and 

those present after partial reduction at l000°C were iron, titanium dioxide 

and unreacted ilmenite. These findings confirm the data obtained from 

EDX analysis. 

The various observations described here all point to a mechanism 

consisting of the following main steps for the reaction in each grain: 

1. Diffusion of CO through the porous product layer of Ti02 

towards the unreacted core of grain particles. 

2. Reaction of CO with the ilmenite core to produce Ti02 and 

Fe. 

3. Migration of Fe through the Ti02 layer away from the 

unreacted core towards the grain boundary. 

4. Formation of iron nuclei and their subsequent growth outside 

and &round the reacted grain particles. 

Steps 3 and 4 result in almost complete segregation of the two solid 

products iron and titanium dioxide in the scale of grains. 

Using this proposed mechanism, the three stages observed during 

conversion can be described as follows: 

i) Induction stage: This represents the initial stage of the 

reduction process and corresponds to the formation of iron 
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nuclei. At this stage, most of iron reduced from FeTi03 is in 

the matrix of Ti02. The duration of this period is temperature 

sensitive, decreasing from 15 minutes at 900°C to five minutes 

at ll00°C. 

ii) Acceleration stage: In this stage, the iron nuclei formed 

during' the induction stage as well as those that may form 

subsequently grow. As the more and more Fe diffuses out and . 
pores in Ti02layer open up, which allows more CO to diffuse 

into the matrix of Ti02 and react with FeTi03. The rate of 

reduction increases and reaches a maximum. Iron cannot be a 

catalyst leading to rapid rate during this stage of the reaction. If 

iron does catalyze the reaction, then the induction stage would 

not exist and the maximum rate would be observed at a very 

low conversion. 

iii) Deceleration stage: Depletion of FeTi03 results in a decrease 

in the rate of reduction. 

For a direct observation of the effect of iron nucleation on the rate, 

in a series of experiments, a known amount of iron powder with particle 

size less than 45mm was added to ilmenite powder before pressing. As 

shown in Figure 4.10, the addition of iron significantly reduced the length 

of induction period. This confirms the suggestion that the low rate during 

the initial induction period is due to the absence of sufficient iron nuclei. 

This causes slow transport of iron away from the reaction front and 

inhibition of CO contact with the unreacted FeTi03. 
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It appears that only Poggi et al . (1973) has examined the CO 

reduction of ilmenite. The synthetic ilmenite sample in their study is in the 

form of fused briquette with the porosity of 1 %, whereas the sample in our 

study has porosity of 30%. In addition, the CO disproportionation was not 

considered in their work. These make it difficult to compare the results. 

They found the activation energy to be 14.1 kcal per mole in the 

temperature 900-1100°C. 

Conclusions 

• The reduction of ilmenite grains by CO follows a shrinking core 

configuration and consists of four primary steps: diffusion of CO 

through the product layer Ti02 reaction with ilmenite, diffusion of 

iron out of the Ti02 pores, and nucleation and growth of iron outside 

the ilmenite grains particles. 

• The temporal profil~s of conversion of ilmenite reduction with CO 

exhibit three distinct stages: induction, acceleration and deceleration. 

The induction period is due to the slow transport of iron out of the 

pores resulting from insufficient iron nuclei at the onset the reduction 

process. 

• The reaction order with respect to carbon monoxide is unity for CO 

concentrations up to 23% and temperature range of 900 to 1100 DC. 
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• The apparent activation energy of the reduction by carbon monoxide 

decreases from 18 kcaVmol at 10% conversion to 10 kcaVmole at 50% 

conversion. 



Figure 4.7a. SEM secondary electron micrograph of the polished cross 
section of ilmenite flake after partial reduction, T =1000 °c, 
Magnification=2500X. 
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Point 1: 3.1 atom% Ti, 96.9 atom% Fe; Point 2: 51.6 atom% Ti, 48.4 atom% 
Fe; Point 3: 98.9 atom% Ti, 1.1 atom% Fe. 



93 

Figure 4.7b. Fe ka X-ray map of the cross section shown in 4.7a. 

Figure 4.7c. Ti ka X-ray map of the cross section shown in 4.7a. 



Figure 4.8a. SEM secondary electron micrograph of the polished cross 
section of ilmenite flake after complete reduction, T =900 ee, 
mag nification=2500X. 
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Point 1: 99.0 atom% Ti, 1.0 atom% Fe; Point 2: 5.4 atom% Ti, 94.6 atom% Fe. 
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Figure 4.8b. Fe ka X-ray map of the cross section shown in 4.8a 

Figure 4.8c. Ti ka X-ray map of the cross section shown in 4.8a. 



Figure 4.9a. SEM secondary electron micrograph of the polished cross 
section of ilmenite flake after complete reduction, T =1100 °C, 
magnification=2500X. 
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Point 1: 99.0 atom% Ti, 1.0 atom% Fe; Point 2: 2.5 atom% Ti, 97.5 atom% Fe. 
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Figure 4.9b. Fe ka X-ray map of the cross section shown in 4.9a 

Figure 4.9c. Ti ka X-ray map of the cross section shown in 4.9a. 
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CHAPTER 5 

Reduction of Synthetic Ilmenite By Hydrogen 

The solid state metallurgical processes for recovering metals from 

ores are important as potential replacements for conventional smelting and 

wet chemistry techniques. An industrially important process receiving a 

great deal of attention is the solid state separation of titanium dioxide and 

iron present in ilmenite (chemically iron titanate, FeTi03). In industrial 

practice, ilmenite or titanomagnetite ores are smelted with carbon in high 

temperature furnaces. This process produces pig iron and a titania

enriched slag. The pig iron can be employed for castings while the slag 

can be further processed to extract titanium dioxide. This conventional 

smelting route has a number of serious disadvantages. Firstly, the electric 

furnace smelting is energy intensive. Secondly, in the smelting processes, 

it is necessary to produce a fluid titania-enriched slag. Thus, in this case, 

slag-forming reagents, which lower the melting point and the viscosity of 

the slag phase, must be added. These additives dilute the concentration of 

titanium dioxide in the slag and have deleterious effects on the subsequent 

processes for extracting titania from the slag (Merk and Pickle, 1988). 

Therefore, it would be beneficial to develop a direct reduction process 

which produces a solid slag and coarse iron particles which can be removed 

by either leaching or mechanical separation methods. 
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In recent years there has been a rising interest in the solid. state 

reduction of ilmenite ores. This interest is linked with the process for 

winning oxygen from lunar materials (Cutler and Krag, 1985; Zhao and 

Shadman, 1989, 1990). Dmenite, a mineral found in substantial quantities 

in lunar maria (Lewis, 1987) is an attractive source of oxygen because of 

its relatively low reduction temperature as compared to silicon, aluminum, 

titanium, calcium or magnesium oxides in the lunar soil. Iron oxide 

reduction can also produce iron and titanium dioxide as co-products. In 

addition, Agosto (1986) has concluded that ilmenite can be obtained from 

lunar soil at high purity using electrostatic separation techniques. The 

ilmenite may be heated with hydrogen gas (brought up from the earth) in 

the temperature range of 600°C to l000°C. The products are water vapor 

and an intimate, and probably sintered, mixture of solid metallic iron with 

titanium dioxide (the mineral rutile). The water vapor is condensed and 

dissociated by electrolysis. The products of electrolysis are oxygen which 

is liquefied for use as a propellant and for life support, as well as 

hydrogen, which is recycled through the ilmenite reactor. 

Most previous studies have been on naturally occurring ores using 

carbon or CO as reducing agents (Wouterlood, 1979; Jones, 1975). From 

a fundamental point of view, the results of such studies are difficult to 

interpret because of the complex nature of the ores, the presence of many 

components, and the inherent variations in ore composition. Consequently, 

the fundamental kinetics and mechanism of ilmenite reduction by hydrogen 

are not well understood. Briggs and Sacco (1988) studied the reduction of 
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ihnenite by hydrogen at 600°C and 800°C. The ilmenite used in their study 

contained about 8% ferric iron. They found that some preoxidation of 

ilmenite by oxygen prior to reduction can decrease the complete reduction 

time of samples. During preoxidation, the ilmenite is converted to 

pseudobrookite (Fe2TiOs) and rutile. The single crystals of ilmenite are 

converted, therefore, into a polycrystalline array of pseudobrookite and a 

fine dispersion of rutile (Barnes and Pickles, 1988). Carbotek (1988) has 

developed a fluidized-bed reactor for the reduction of ilmenite by 

hydrogen at the temperature between 900°C and 1000°C. Terrestrial 

ilmenite was used in this study. They demonstrated the feasibility of 

producing oxygen from terrestrial ilmenite by first reducing the terrestrial 

ilmenite and then electrolyzing water to produce oxygen and hydrogen 

which is returned to the reactor. They also reported that the reaction is 

first order with respect to hydrogen under 'their experimental conditions. 

Bardi et ale (1987) investigated the kinetics of hydrogen reduction of 

Norwegian ilmenite ore powders. They found that the activation energy 

value of a surface chemical reaction was 34.8 kcaVmole in the temperature 

range of 654°C-1007°C. The electron microprobe analysis of the reduced 

Norwegian ilmenite grains showed the existence of a segregated iron phase 

present as spheroidal nodules and a Ti02 phase present as vein-like 

arrangements. Their optical microscopic study on sections of synthetically 

prepared FeTi03 showed separate reacted and unreacted zones in the 

sample particles. 
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The purpose of the present study is to obtain fundamental information 

on the kinetics and the mechanism of ilmenite reduction by hydrogen under 

conditions where the original ilmenite and the final products are well 

characterized. The emphasis is on ilmenite with no ferric impurities 

present. This is important in applying the results to the reduction of lunar 

ilmenite. 

Experimental Approach 

A schematic diagram of the experimental apparatus is shown in Figure 

2.1. The main components of this system are an electronic microbalance 

(Cahn Instruments, Inc., Model 1000), a quartz flow through reactor, and a 

movable furnace with a PID temperature controller. The composition of 

the gaseous reactants was determined using gas chromatography. Ilmenite 

was used in the form of thin flakes pressed from powder. Samples were 

suspended from the microbalance, which allowed monitoring weight 

changes during the course of an experiment. A thermocouple was used to 

monitor the temperature of the reactor around the flake. All experiments 

were performed under isothermal conditions at temperatures between 

807°C and 1014 °C. The reducing gas entering the reactor was a mixture of 

H2 and N2. The gas flow rate was 660 std.cc/min, except in the 

experiments conducted to determine the effect of interphase mass transfer 

on the reduction rate. 
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Samples of starting material were prepared by cold pressing 0.270 g 

of FeTi03 powder (with particles size less than 45 J.UIl) in a 12.2 mm 

diameter die at 552 MPa for 5 minutes to fonn disks. The disks were then 

cut into flakes approximately 10 mm by 8 mm. The thickness of the disks 

was 0.60 mm. 

Each experiment was started by first purging the reactor system at 

room temperature to reduce the concentration of oxygen to levels below 10 

ppm. A mixture of H2/N2 was then introduced into the reactor. To 

initiate the reduction, the furnace was raised rapidly. In less than three 

minutes, the temperature of the reaction zone was within 1 % of the set 

point temperature. The experiments were tenninated at a desired 

conversion by lowering the furnace. 

Several techniques were used for chemical analysis and 

characterization of the starting material and the reduced samples. 

Mossbauer spectroscopy was employed to detennine the oxidation state of 

iron in our synthetic ilmenite. X-ray diffraction (XRD) with a cobalt Ka 

source was used to identify the different crystalline phases in the starting 

material and the products. High-resolution scanning electron microscopy 

(SEM), energy-dispersive X-ray (EDX) and wavelength-dispersive X-ray 

(WDX) analyses were employed to examine the polished cross section of 

both partially and completely reduced samples and to detennine the 

elements present in each phase. For SEM, EDX and WDX analyses, the 

samples were mounted in an epoxy resin and polished to expose the cross

section of the grains. 
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Theoretical Approach 

A mathematical model is formulated to describe the simultaneous 

reaction and diffusion that occur in the ilmenite flakes used in the 

experimental part of this study. The flakes were uniform and thin; 

therefore, the geometry assumed for mathematical modelling is that of an 

infinitely long and wide slab. This configuration was selected because it 

gives the desired information on the kinetics of ilmenite reduction without 

complications of sample shape. Thin flakes are also suitable for polishing 

as needed in the microprobe studies. It is assumed that the flakes consist of 

spherical and equal-sized grain particles of ilmenite. Based on the SEM 

micrographs and image analysis of grains in a flake, the overall size of a 

flake and the size of an individual grain do not change significantly during 

the reaction. 

The reaction considered is as follows: 

The following additional assumptions are made: 

(1) The pseudosteady state approximation is appropriate for describing the 

concentration of the gaseous species within a flake. 

(2) The system is isothermal. 
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(3) The effective diffusivities of gaseous reactant and product are equal 

and unifonn throughout the flake. 

(4) The reaction is first order with respect to H2 and H20. 

(5) The grain particles have little porosity and react following a 

shrinking-core mechanism. 

The conservation equations for hydrogen, A, and water, C, can be 

written as follows: 

Dev2cA-RA =0 

De v2cc + RA = 0 

(1) 

(2) 

The local rate of reaction based on the grain particles is given by the 

standard shrinking core model: 

drc CA-Cc/K 
-Ps dt = k k(1+1/K) ( rc) 

1 + Deg 1 - rs rc 
(3) 

Dividing Equation (2) by K and subtracting from Equation (1) gives: 

DeV2 (CA - Cc/K) - RA (1 + l/K)'= 0 (4) 

The initial and the boundary conditions for (3) and (4) are 

at t=O rc = rs (5) 

at Z=L CA-Cc/K = CAb-Ccb/K (6) 



at z=o d(CA-CC/K) 0 
dZ 
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(7) 

An expression can be obtained for the local rate of reaction RA. For a 

flake in this study, RA is given by: 

2 
r c (I-e) k (CA - Cc/K) 

RA = 3"3 k(I+I/K) rc 
rs 1+ Deg rc (1 - rs) 

(8) 

The local conversion can be related to the unreacted grain radius as 

follows: 

(9) 

The overall conversion for a flake is given by: 

1 JL 
X= (r:) 0 XBdz (10) 

It has been shown by Sohn (1974) that the solution to the model can be 

described by the following relationship. 



time required to 
attain a certain ... 
conversion 

time required to 
attain the same 
conversion in the 
absence of resistance 
due to intrapellet 
diffusion 

+ 

t* == gFg(X) + <fg . l'Fg(X) + 0'2. PFp(X) 

t* = -1L (CAb - CctYK)t 
psrs 

2 krs 
O'g = 60eg (1 + 11K) 

2 2 (1-£)k 
0' = L 20ers (1+1/K) 

gFg(X) = 1 - (1_X)1/J 

l'Fg(X) = 1 - 3(1-X)2f3 + 2(1-X) 

R=p(X) =)(2 
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time required to 
attain the same 
conversion under 
the control of . 
intrapellet 
diffusion 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

The terms on the right side of equation (11) are the asymptotic 

expressions which can be related to conversion as shown in equations (15)

(17). The results obtained by this method are very close to the exact 

solution that must be obtained numerically Sohn (1974). The closed-form 

solution of this problem is discussed in more detail by Sohn (1978). 
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Results and Discussion 

The impurity content of the ilmenite used in this study is given in 

Table 3.1. The XRD pattern of this ilmenite, as shown in Figure 4.1a, 

suggests that the only crystalline phase in the sample is FeTi03. Mossbauer 

spectra of the sample shows that the ilmenite used in this study contains 

only Fe++. This represents the oxidation state of iron in lunar ilmenite. 

For each experiment, the temporal profile of conversion was 

determined by monitoring the sample weight using a recording 

electrobalance. Initially, some experiments were conducted to determine 

the effect of transport resistance in the interphase around the flakes. The 

experiments were conducted at the highest temperature (1014°C) with 

3.4% H2. The results showed that the interphase resistance is not 

important if the flow rate is at least 660 std.cc/min. At temperatures 

below 1014°C, the interphase resistance is even less significant. 

The results in Figure 5.1 show the effect of H2 concentration on the 

reaction at 945°C. The H2 concentration was varied between 3.4% to 

14.7% in N2 atmosphere. As expected, an increase in the hydrogen 

concentration results in an increase in the rate and a decrease in the time 

required to attain certain fractional weight loss, which is defined as the 

ratio of weight loss of the sample to initial weight of the sample. The 

reaction order with respect to H2 is established using the runs which were 

not influenced by diffusion in the ilmenite flake. The results, shown in 

Figure 5.2, indicate that the reaction order is unity in the H2 concentration 
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range of 3.4% to 14.7% at 807°C and 876°C. This confinns the first order 

kinetics assumption presented in the theoretical section. 

Isothennal weight loss measurements were perfonned at 807, 876, 

945 and 1014°C. The temporal profiles of conversion at these four 

temperatures and H2 concentration of 3.4% are shown in Figure 5.3. The 

profile at 807°C has a sigmoidal shape and indicates the presence of three 

different stages (induction, acceleration and deceleration) during the 

reduction reaction. The profiles at 876°C, 945°C and 1014°C do not have 

these three stages. As shown in Figure 5.3, the time required to attain the 

weight loss corresponding to 'complete iron metallization' when all the 

iron in ilmenite is reduced to metallic iron, is 210 minutes at 807°C and 52 

minutes 1014°C with 3.4% H2. The effect of temperature on the reaction 

rate is shown in Figure 5.46. The apparent activation energy calculated 

based on initial rates is 22.3 kcal/mole. 

The model fonnulated in the previous section was used to extract 

intrinsic reaction rate constant from the experimental measurements. A list 

of parameters used in the model is given in Table 5.1. The model agrees 

well with the experimental measureme.nts. Sample results for model 

predictions at 945°C and IOI4°C are shown in Figures 5.5 and 5.6. The 

Arrhenius plot based on the intrinsic reaction rate constants is shown in 

Figure 5.7. The intrinsic activation energy for the reaction on ilmenite 

core is 16.9 kcal/mole. The fact that apparent activation energy is higher 

than the intrinsic activation energy is unusual and intriguing. This 
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observation is related to the initial induction period and will be explained 

later. 

To gain insight into the mechanism of the ilmenite reduction, samples 

of both completely and partially reduced ilmenite were analyzed using 

various analytical techniques. In particular, a combination of optical 

microscopy, SEM, EDX, WDX and XRD analyses provided very useful 

infonnation on the nature and the distribution of various solid products. 

SEM backscattered electron micrographs of the polished cross-section 

of ilmenite flake after partial reduction at l014°C and 807°C are shown in 

Figures 5.8a and 5.9a. The micrographs reveal three distinct regions 

which appear as bright, light gray and dark gray phases. In order to 

identify these phases, quantitative EDX was perfonned at spots marked in 

Figures 5.8a and 5.9a. These results and the XRD observations (to be 

discussed later) show that the bright phase is primarily iron; the dark gray 

phase is titanium dioxide and the light gray phase is unreacted FeTi03. 

These results suggest that there is a strong tendency towards the 

segregation of the products iron and titanium dioxide, and that iron 

diffuses out of the grain particles through the Ti02 layer during the 

reduction. This finding has important implications for product separation 

and recovery of Fe and Ti02 from ilmenite, particularly for the application 

of magnetic seperation method. 

Since the reduction temperatures are much lower than the melting 

point of Ti02, The Ti02 product is expected to be in polycrystalline 

fonn. Figure 5.8a and 5.9a indicate that the reaction in the grain particles 
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proceeds according to the shrinking core model. This is because the grain 

particles of synthetic ilmenite are nearly nonporous, whereas the product 

Ti02 is porous. The corresponding X-ray map of iron and titanium, 

shown in Figures 5.8b, 5.8c, 5.9b and 5.9c, confinn the shrinking core 

configuration. Moreover, SEM micrograph in Figure 5.9a indicates that 

hydrogen penetrates more into the unreacted ilmenite at 807°C than at 

1014°C. The polished cross-sections of synthetic ilmenite flakes after 

complete reduction at 876°C and 945°C were also examined by SEM and 

EDX. The results obtained at 945°C, as shown in Figures 5.10, confinn 

the complete segregation of products iron and titania. The EDX analyses 

of these samples indicate that the phase enriched in titanium is depleted in 

iron and vice versa. 

In an earlier study in our laboratory, the kinetics and mechanism of 

ilmenite reduction with car~on monoxide were investigated (Zhao and 

Shadman 1990). The results showed that the reduction of Ti02 did not take 

place at any appreciable rate in the temperature range of 800°C to 1100°C. 
, 

However, the experimental results for the ilmenite reduction by hydrogen 

in Figure 5.3 show that the total weight loss of the sample exceeds the 

weight loss corresponding to 'the complete iron metallization'. This 

indicates that titanium dioxide can be reduced by hydrogen in the 

temperature range of 876°C to 1014°C. The rate of reduction of titanium 

dioxide depends on both the hydrogen concentration and the reaction time. 

The reduction of titanium dioxide has practical significance in the 
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production of oxygen from lunar ilmenite, since 67% of oxygen in ilmenite 

is bound to titanium. 

In order to understand the mechanism of titania reduction by 

hydrogen, the electron microprobe with wavelength dispersive X-ray 

analysis was employed to detennine the atomic ratio of oxygen to titanium 

in the reduced titanium dioxide phase. The portion of analyzed area of the 

grain in the sample reduced at 1014°C is shown in Figure 11. For each 

sample, the analyses for titanium and oxygen were performed across the 

two polished grains. One is lo~ated at the edge of the flake; the other is 

located at the center. The results obtained from these two grains are very 

similar. The results showing the extent of reduction of Ti02 are given by 
\ 

Figure 12 and indicate that the reduction of titania took place throughout 

the titanium dioxide matrix in each grain. These observations suggest that 

the reduction of titanium dioxide in each grain and across the flake is 

kinetically controlled. 

Another important point related to the reduction of Ti02 is its 

inception relative to iron reduction. To further study this, two partially 

reduced samples were prepared at 1014°C and 14.7% H2, the first one at 

35% conversion and the second one at 70% conversion. The results of 

WDX analysis showed that the Ti02 phases in both samples had not been 

reduced at either conversions. These results indicate that the reduction of 

Ti02 does not occur to any significant extent as long as iron metallization 

is not completed. It is speculated that this is related to inhibition effect of 

water vapor as the reaction product. The equilibrium constants of Ti02 
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reduction by hydrogen in the temperature range of interest are much 

smaller than those of ilmenite reduction. During ilmenite reduction (iron 

metallization), the concentration of water vapor inside the Ti02 pores is 

high enough to inhibit the Ti02 reduction. However, as iron metallization 

approaches completion, the inhibition effect decreases and Ti02 reduction 

starts. 

The XRD spectra of partially reduced samples are shown in Figure 

S.13b. The phases present after partial reduction at 807°C and 1014°C are 

iron, titanium dioxide and unreacted ilmenite. Figure 5.13a is the XRD 

spectrum of sample reduced at 807°C with 'complete iron metallization', 

and indicates the presence of Fe and Ti02. The samples reduced at 876°C, 

945°C and 1014°C with 13% fractional weight loss were also analyzed 

using XRD. The patterns, shown in Figure 5.13c, indicate that all the 

peaks of Ti02 phases disappeared, which confirms the reduction of Ti02 

byH2. 

The various observations described here point to a mechanism 

consisting of the following main steps for the reaction in each grain: 

1. Diffusion of H2 through the porous product layer of titanium 

oxide towards the unreacted core of the grain particles. 

2. Reaction of H2 with the ilmenite core to produce Ti02 and Fe. 

3. Migration of Fe through the Ti02 layer away from the 

unreacted core towards the grain boundary. 

4. Formation of iron nuclei and their subsequent growth outside 

and around the reacted grain particles. 
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5. Further reduction of Ti02 to lower oxides of titanium by 

hydrogen. 

Steps 3 and 4 result in almost complete segregation of the two solid 

products, iron and titanium dioxide, on the scale of grains. 

An important point concerns the driving force behind the migration of 

iron followed by its nucleation and growth around the grain particles. Iron 

produced during the reduction reaction is distributed in the pores of the 

product rutile and has a higher activity than the agglomerated pure iron 

mass outside the grain particles. This is related to the fact that the small 

iron islands on the surface are less stable and move towards a large iron 

mass to agglomerate. Thermodynamically, this minimizes the total surface 

energy. 

Using the proposed mechanism, the sigmoidal profiles of conversion 

and the three stages observed .during ilmenite reduction can be described as 

follows: 

i) Induction stage: This represents the initial stage of the 

reduction process when the reaction rate is relatively low. The 

induction period is significant and observable at low 

temperatures. The induction period is definitely a genuine 

feature of the reaction mechanism and is not due to a delay in 

heating or similar experimental errors. A possible mechanism 

for the observed induction stage is the delay in the nucleation 

and growth of the iron phase. Initially, the iron produced by 

the reaction accumulates in the porous structure of the Ti02 
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product layer. In this stage, the rate of iron production is faster 

than the rate of iron transport out of the Ti02 layer. 

Consequently, Ti02 pores are partially plugged and H2 access 

to the reaction front is restricted. The induction stage is also 

present in the reduction of ilmenite by CO (Zhao and Shadman, 

1990). However, the induction stage in the H2 reduction 

ilmenite is less significant than that in CO reduction. This is 

because hydrogen diffusivity in the pores is significantly larger 

than CO diffusivity. Therefore, the effect of pore blockage on 

H2 reduction is less than that on the CO reduction. 

ii) Acceleration stage: As the reaction goes on, more iron is 

produced and transported to the grain boundaries, forming 

new nuclei and increasing the growth rate of iron phase. This 

facilitates the transport of the iron and opens up the Ti02 pores. 

Consequently, H2 transport to the reaction front is enhanced and 

an increase in the reaction rate is observed. It is important to 

note that the rise in rate during the second stage is not due to 

~y autocatalytic effect of if(~n accumulation. The nucleation 

and accumulation of iron is outside the grain particles and not 

on the reaction surface. The accumulated iron and the reaction 

interphase are separated by a layer of non-reactive titanium 

dioxide. 

iii) Deceleration stage: Finally, depletion of FeTi03 results in a 

decrease in the rate of reduction. 
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The results indicate that the intrinsic rate is influenced by the. pore 

blockage effect particularly at low temperature. As temperature increases, 

the iron mobility, nucleation and growth are enhanced and the pore 

blockage effect becomes less significant. This causes an increase in the 

observed initial rate which is separate and in addition to the usual increase 

in rate caused by increasing temperature. Due to these dual effects of 

temperature, the apparent activation energy calculated from the initial rate 

data is higher than the intrinsic activation energy. 

Conclusions 

• The reduction of ilmenite grains by H2 follows a shrinking core 

configuration and consists of five primary steps: diffusion of H2 

through the product layer Ti02, reaction of H2 with the ilmenite, 
I 

diffusion of iron out of the Ti02 pores, nucleation and growth of 

metallic iron outside the ilmenite grain particles, and the further 

reduction of Ti02 by H2. 

• The temporal profiles of conversion of ilmenite reduction with H2 at 

temperatures below 876°C exhibit three stages during the reaction: 

induction, acceleration and deceleration. The induction period is due 

to the slow transport of iron out of the pores resulting from 

insufficient iron nuclei at the onset the reduction process. 
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• The apparent activation energy based on initial rate for the ilmenite 

reduction is 22.3 kcaVmole, whereas the intrinsic activation energy is 

16.9 kcal/mole. 

• The proposed theoretical model agrees well with the experimental 

measurements and can be used for design and parametric study. 

Comparsion of CO and HZ Reduction of a synthetic ilmenite 

Shomate et ale has shown that the theoretically possible conversions for 

the reduction of ilmenite by CO are 5.1, 6.6 and 7.8 percent at 827°C, 

1027°C and 1227°C, respectively. At the same temperatures, the 

theoretically possible conversions for the reduction of ilmenite by H2 are 

5.1, 10.5 and 16.7 percent as mentioned in chapter 1. Both carbon 

monoxide and hydrogen would be present in the gaseous stream if the 

process for the production of oxygen from ilmenite is based on the use of 

carbonaceous waste as a carbon source. Therefore, it is very important to 

compare the reduction of ilmenite by CO with the reduction of ilmenite by 

H2. 

The m~chanisms of ilmenite reduction by H2 and CO are very similar. 

Both reactions involve the migration and nucleation of iron, leading to the 

complete segregation of iron from Ti02. The main difference between . . 

these two reactions is that Ti02 can be reduced to lower oxides of titaniun 

by hydrogen and the reduction rate of ilmenite by H2 is much faster than 

that of ilmenite by CO. 
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The effect of temperature on both reactions is shown in Figure 14. 

The apparent activation energy for H2 reduction of ilmenite is 22.3 

kcal/mol, whereas the apparent activation energy for eo reduction of 

ilmenite is 29.6 kcaVmol. This suggests that the reduction of ilmenite by 

eo is more sensitive to temperature than that by H2. 

In order to determine the effect of reducing agents on the reaction rate 

and the time corresponding to the 'complete iron metallization', two sets 

of experiments were conducted at the same condition. The results in 

Figures 15 and 16 show that the initial reaction rates of ilmenite reduction 

by H2 are 8.6 and 11.3 times larger than those by eo reduction at 1000ce 
and 9000 e , respectively. The times corresponding to the 'complete iron 

metallization' are 12.5 minutes and 34 minutes at lOOOoe and 9000 e for H2 

reduction of ilmenite, whereas, for the eo reduction of ilmenite, times 

are 95 minutes and 135 minutes at l000ce and 9OODe. 
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Figure 5.8a. Backscattered electron micrograph of the polished cross section 
of ilmenite flake after partial reduction, T =1 014°C, Magnification= 
2000X. Point concentrations in atom% are: 

Point Ti Fe 
1 50 50 
2 51 49 
3 51 49 
4 2 98 
5 96 4 
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Figure 5.8b. Fe ka. X-ray map of the cross section shown in 5.8a. 

Figure 5:8c. Ti ka. X-ray map of the cross section shown in 5.8a. 
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Figure 5.9a. Backscattered electron micrograph of the polished cross section of 
ilmenite flake after partial reduction, T =807°C, Magnification=5000X. 
Point concentrations in atom% are: 

Point Ti Fe 
1 50 50 
2 50 50 
3 51 49 
4 5 95 
5 99 1 
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Figure 5.9b. Fe ka X-ray map of the cross section shown in 5.9a. 

Figure 5.9c. Ti ka X-ray map of the cross section shown in 5.9a. 
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Figure 5.1 Oa. Backscattered electron micrograph of the polished cross section of 
ilmenite flake after complete iron metallization,T =945°C, 
Magnification=5000X. 

Point concentrations in atom% are: 
Point Ti Fe 

1 99 1 
2 99 1 
3 2 98 
4 3 97 
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Figure 5.1 Ob. Fe ka X-ray map of the cross section shown in 5.1 Oa. 

Figure 5.1 Oc. Ti ka X-ray map of the cross section shown in 5.1 Oa. 



132 

Figure 5.11. Backscattered electron micrograph of a reduced Ti02 phase. 
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Figure 5.13. X-ray diffraction spectrum of: 
a) ilmenite, complete iron metallization at 807°C. 
b) ilmenite, partially reduced at 807°C or 1014°C. 
c) ilmenite, complete iron metallization and partial reduction 

of Ti02 at 876°C, 945°C and 1014°C. 
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Table 5.1. Values of Model Parameters 

Parameter (unit) 

--------------------------
£ 

£~ 

Ps (gmol/ em3) 

Average rs (cm) 

Thickness of flake (em) 
De (em2/sec) 

Deg (cm2/sec) 

K 

--------------

Value 

0.33 

0.19 

0.032 
7.2 *10-6 

0.06 

1.040 (1014°C) 

0.950 (945°C) 

0.034 (1014°C) 

0.033 (945°C) 

0.11 (1014°C) 

0.09 (945°C) 
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CHAPTER (; 

REDUCTION OF ILMENITE BY A MIXTURE OF HYDROGEN 

AND CARBON MONOXIDE 

The purpose of this study is to understand the fundamental kinetics 

and mechanism of ilmenite reduction by mixtures of CO/H2. Both CO and 

H2 would be present in an ilmenite reduction process shown in Figure 2.1, 

which is based on the use of carbonaceous waste. Hydrogen reduction of 

ilmenite is much faster than CO reduction of ilmenite. The carbothermal 

reduction is more favored thennodynamically than that by hydrogen. It is 

our objective to take advantage of both gases in the process developed in 

this study. The emphasis is on ilmenite with no ferric impurities present, 

since the Mossbauer study <'f Apollo 11 ilmenite found no detectable ferric 

iron ( Mason and Melson, 1970). This is important in applying the results 

to the reduction of lunar ilmenite. The first part of this chapter deals with 

the literature on the reduction of ilmenite by a mixture of CO/H2. Then 

the experimental method and material used are described. This is followed 

by the results from the present study. 

Shomate (1946) concluded from his thennodynamic examination that 

carbon is better reducer of ilmenite than either hydrogen or carbon 

monoxide. EI-Guindy and Davenport (1970) studied the reduction of 

synthetic ilmenite with graphite in the solid state by thermogravimetric 

analysis. They observed that the reduction initiated near 860°C at the 



140 

contact points between the reactants. Up to 1020°C, solid state reduction 

appeared to be the main reduction mechanism, while above this 

temperature a rate increase was observed and was attributed to a change of 

mechanism to gaseous reduction of ilmenite by CO regenerated through the 

Boudouard reaction. Similarly, the mechanism of reduction of iron oxide 

by carbon is considered by Baldwin to be gaseous by the intermediary 

action of carbon monoxide which passes from the coke to iron oxide to 

fonn carbon dioxide which then returns to the coke to reform more carbon 

monoxide. This recycle continues until the completion of reduction. 

Donnelly (1970) showed that cokes and chars containing hydrogen 

are even more active than carbon monoxide in establishing a cyclic gaseous 

reduction process. It is therefore of value to investigate the reduction of 

ilmenite by the mixture of H2 and CO. The only study on the reduction of 

ilmenite with mixtures of CO/H2 was conducted by Donnelly (1970). The 

ilmenite beach sand concentrates used in the study was first oxidized with 

air and then reduced by a ,mixture of H:z/CO. The following four reactions 

were involved in the reduction process: (1) hydrogen reduction of 

ilmenite, (2) carbon monoxide reduction of ilmenite, (3) water gas shift 

reaction, (4) CO disproportionation reaction. The reduction with the 

mixture was found to be slower at temperatures below 850°C than with 

hydrogen alone. This is because carbon monoxide fonned carbon and 

carbon dioxide. The carbon dioxide then reacted with hydrogen to fonn 

water via the water gas shift reaction. The water formed from this 
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secondary reaction would set back the amount of water which could be 

generated by hydrogen reduction of ihnenite. 

Above 850°C, the reduction rate was much higher. At 900 °C and 

1000 DC, the rate of reduction by 50/50 mixture of H2ICO was as high as 

that with hydrogen alone, despite the dilution of the hydrogen by carbon 

monoxide. This was attributed to the fact that CO disproportionation 

reaction does not proceed to a significant extent at temperature above 

900°C. 

EL-Greassy et al. (1977) examined the reduction mechanism of pure 

Fe203 briquettes with CO/H2 mixtures and found that the reaction 

mechanism depended on the original structure (porosity and grain size) as 

well as the reducing gas composition. These factors significantly affected 

the structure of the phases formed during reduction. They also reported 

that the reduction of dense briquettes with H2 is chemically controlled at 

the initial stages, and then becomes controlled by both the chemical 

reaction and gaseous diffusion for reduction with either CO or CO/H2 

mixtures, with more contribution of the gaseous diffusion part as the CO 

fraction of the gas increases. The rate of reduction with CO was found to 

be much lower than the rate with H2, and was intermediate for CO/H2 

mixtures. Chemical rates predominate for reduction with H2, but the 

formation of a porous iron carbide layer during reduction with CO causes 

diffusional resistance for gases. The presence of these additional resistance 

affect the overall rate. 
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Experimental Approach 

A schematic of the experimental apparatus is shown in Figure 2.1. 

The main components of this system are an electronic microbalance (Cabo 

Instruments, Inc., Model 1000), a quartz flow through reactor with inlet 

and outlet shown in Figure 2.2, and a movable furnace with a PID 

controller. The composition of gaseous reactants was prepared using both 

a gas chromatograph and an infrared analyzer. The infrared analyzer also 

was employed to determine the concentration profile of carbon monoxide 

and carbon dioxide in the gaseous products of the reduction. Dmenite was 

used in the form of thin flakes pressed from powder. Samples were 

suspended from the microbalance, which monitored weight changes during 

the course of an experiment.. A thermocouple was used to monitor the 

temperature of the reactor around the flake. All experiments were 

performed under isothermal condit.i.ons at temperatures between 900 and 

1100°C. The reducing gas entering the reactor contained CO, C02, H2, 

and N 2. The ratio of CO to C02 was maintained at 99 to prevent carbon 

deposition due to the CO disproportionation reaction (Jones, 1975; 

Shomate, 1946). The gas flow rate was 660 std.cc/min, except in the 

experiments conducted to determine the effect of interphase mass 

transfer on the reduction rate. 

Samples of starting material were prepared by cold pressing 

approximately 0.270 g of FeTi03 powder (with particles size less than 45 
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Jlm) in a die at 14,500 psi for 5 minutes to fonn disks. The disks were 

then cut into flakes approximately 10 mm by 8 mm. The thickness of the 

disks was 0.60 mm except for experiments conducted to determine the 

effect of intergranular diffusion resistance (transport through void space 

among grain particles). 

Each experiment was started by first purging the reactor system at 

room temperature to reduce the concentration of oxygen to levels below 

10 ppm. A mixture of CO/C02/H2/N 2 was then introduced into the 

reactor. To initiate the reduction, the furnace was raised rapidly. Within 

three minutes the temperature in the reactor was within 1 % of the set point 

temperature. The experiments were tenninated at a desired conversion by 

rapidly lowering the furnace. 

Similar analytical techniques mentioned before were used for chemical 

analysis an9 characterization of the reduced samples. X-ray diffraction 

(XRO) with a cobalt Ka source was used to identify the different 

crystalline phases in the products. High-resolution scanning electron 

microscopy (SEM) and energy-dispersive X-ray (EOX) analyses were 

employed to examine the polished cro~s section of both partially and 

completely reduced samples and to detennine the elements present in each 

phase. For SEM and EOX analyses, the samples were mounted in an 

epoxy resin and polished to expose the cross-section of the grains. 
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Results and discussion 

The reduction of ilmenite by a mixture of H2 and CO consists of the 

following four reactions: 

(1) The reduction of ilmenite by H2. 

(2) The reduction of ilmenite by CO. 

(3) Water gas shift reaction. 

(4) CO disproportion reaction. 

However, the CO disproportion reaction can be supressed by adding 

a small amount of C02 in the mixture of H2 and CO. Two sets of 

experiments were conducted to determine the experimental conditions 

under which CO disproportion reaction does not occur. The results 

indicate that CO disproportion does not take place if the ratio CO to C02 is 

at most 124 at temperature above 850°C with H2 % varying from 0 to 

14.7%. All experiments were performed under this condition so that CO 

disproportion does not participate in the overall reduction of ilmenite. 

The results of reduction of ilmenite with hydrogen indicate that the 

interphase resistance was not important if the gas flow rate was at least 660 

std. cc/min at temperature of 1014°C, whereas the flow rate of 260 std. 

cc/min was high enough to eliminate the interphase resistance at 

temperature of 1100°C in the reduction of ilmenite by CO. The flow rate 

of 700 std. cc/min was used in the reduction of ilmenite by H2ICO. 
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The effect of temperature on the initial rate of reaction is shown in 

Figure 6.1. The apparent activation energy calculated based on initial rates 

with 6.4% H2 and 11.6% CO is 22.2 kcallmole. 

To understand the effect of hydrogen concentration in the gaseous 

mixture on the reaction rate of ilmenite by a mixture of CO/H2, two sets 

of experiments were conducted at 94SoC and l000°C at 6.4% and 14.7% 

H2 concentration and approximately 11 % CO in the mixture. The results 

shown in Figures 6.2 and 6.3 suggest that the reduction rate of ilmenite by 

H2/CO at 94SoC and l00SoC is almost equal to ilmenite reduction rate by 

H2 plus that by carbon monoxide. However, the reduction rate of ilmenite 

at 94SoC and at l00SoC with 14.7% H2 is nearly equal to that of hydrogen 

alone. The explanation of this is that the reaction rate between H2 and C02 

generated from the reduction of ilmenite by CO increases as hydrogen 

concentration in the gaseous mixture increases. The water formed from 

this secondary reaction would set back the amount of water which could be 

generated by hydrogen reduction of ilmenite. 

These results suggest that the ratio of hydrogen to carbon monoxide 

is an important factor in the reduction of ilmenite by H2/CO. Also as 

shown in Figure 6.4, 6.S and 6.6, an increase in the hydrogen 

concentratio.n results in an increase in the reduction rate and a decrease in 

the time required to attain any given conversion. For example, with 6.4% 

H2 and 11.6% CO, the time to reach 9S% conversion was 28 minutes at 

94SoC and 21 minutes at I04SoC. With 14.7% H2 and 10.S% CO, the time 
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to reach 95% conversion was 17 minutes at 945°C and 12 minutes at 

1045°C. 

The effect of CO concentration in the gaseous mixture was also 

examined. The results, shown in Figure 6.7 and 6.8, show that the effect 

of CO concentration on the reduction of ilmenite by H2I'CO becomes more 

significant at higher temperature as the CO concentration was increased 

from 10.5% to 18% at 14.7% H2 concentration. An increase in CO 

concentration from 0 to 10.5% at 945°C and l005°C does not increase the 

overall reduction rate with 14.7% hydrogen. This is because the C02 

(from the CO reduction of ilmenite) reacts with H2 to form H20. This 

would reduce the amount of water which could be generated by hydrogen 

reduction of ilmenite. 

As the CO concentration in gaseous mixture is increased from 10.5% 

to 18% with 14.7% hydrogen, the overall reduction rate increases at 945°C 

and 1005°C. This is probably due to the fact that the water gas shift 

reaction forms more H2 and C02 as CO concentration increases from 

10.5% to 18%. This increases the concentration of H2 which has an 

ilmenite reduction rate much faster than that of CO. 

An SEM secondary electron micrograph of the polished cross-section 

of an ilmenite flake after partial reduction at I,OOO°C is shown in Figure 

6.9. The micrograph reveals three distinct regions which appear as bright, 

light gray and dark gray phases. To identify the phases present, 

quantitative EDX was performed at spots marked in Figure 6.9. The 

results and XRD observations (to be discussed later) show that the bright 
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phase is primarily iron, the dark gray phase is made up of titanium dioxide 

and the light gray phase is unreacted FeTi03. These results suggest that 

there is a strong tendency toward the segregation of the products iron and 

titanium dioxide and that iron diffuses to the grain boundaries through the 

Ti02 layer during the reduction. 

The sample' completely reduced at lOOO°C, as shown in Figure 6.10, 

was also polished and analyzed using SEM and EOX. The observed phases 

are Fe and Ti02. 

The XRD spectra of both completely and partially reduced samples 

were also obtained. The phases present after complete reduction at 874°C, 

945°C, and 1048°C are iron and titanium dioxide; those present after 

partial reduction at 1049°C are iron, titanium dioxide, and unreacted 
" 

ilmenite. These findings are in agreement with the data obtained from 

EDX analysis. 

The various observations described here suggest a mechanism 

consisting of the following main steps for the reaction in each grain: 

Step 1. Diffusion of both CO and H2 through the porous product 

layer of Ti02 toward the unreacted core of the grain particles. 

Step 2. Reactions of both H2 and CO with the ilmenite core to 

produce Ti02 and Fe. 

Step 3. Water gas shift reaction involving H2, CO, H20 and C02. 

Step 4. Migration of Fe through the Ti02 layer away from the 

unreacted c9re toward the grain boundary. 
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Step 5. Formation of iron nuclei and their subsequent growth 

outside and around the reacted grain particles. 

Step 4 and step 5 result in almost complete segregation of the two 

solid products, iron and titanium dioxide, in the scale of grains. 

The SEM and XRD results suggest that the solid reduction 

mechanism of ilmenite is very similar to that by either H2 or CO alone. 

However, the overall reduction of ilmenite by H2/CO is more complex than 

that by H2 or CO alone because of the reaction between H2 and C02 

generated from the CO reduction of ilmenite. 

The temporal profiles of conversion as shown in Figure 6.4, 6.5, and 

6.6 indicate the presence of three different stages during the reduction of 

ilmenite by HuCO: induction, acceleration, and deceleration. In principle, 

the mechanism involved in this phenomena is the same as that in the 

reduction of ilmenite by either H2 or CO alone. However, the overall 

process of ilmenite reduction by HuCO is more complicated than that by 

either H2 or CO alone because of the involvement of water gas shift 

reaction. 
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Figure 6.9a. Backscattered electron micrograph of the polished cross section of 
ilmenite flake after partial reduction, T =1 OOO°C, 
Magnification=2700X. 
Point concentrations in atom% are: 

Point Ti Fe 
1 52 48 
2 52 48 
3 52 48 
4 52 48 
5 52 48 
6 3 97 
7 99 1 
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Figure6.9b. Fe ka X-ray map of the cross section shown in 6.9a. 

Figure 6.9c. Ti ka X-ray map of the cross section shown in 6.9a. 
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Figure 6.1 Oa. Backscattered electron micrograph of the polished cross section 
of ilmenite flake after complete reduction, T =1 OOO°C, 
Magnification=2700X. 
Point concentrations in atom% are: 

Point Ti Fe 
1 99 1 
2 99 1 
3 99 1 
4 99 1 
5 99 1 
6 4 96 
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Figure6.10b. Fe ka X-ray map of the cross section shown in 6.10a. 

Figure 6.1 Oc. Ti ka X-ray map of the cross section shown in 6.1 Oa. 
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CHAPTER 7 

THE EFFECT OF IMPURITIES ON THE REDUCTION OF 

ILMENITE ·BY HYDROGEN 

In chapter 4, 5 and 6, synthetic ilmenite was used as a first 

generation simulant of lunar ilmenite. This chapter deals with the 

reduction of ilmenite containing MgTi03, which is a major impurity 

present in lunar ilmenite. This approach allows us to have a better 

understanding of the fate of the impurities such as MgTi03 in the process 

of lunar ilmenite reduction. Since- terrestrial ilmenite contains MgTi03, 

the results presented in this chapter are also applicable to the reduction of 

terrestrial ilmenite. The detailed procedures for the synthesis of ilmenite 

with MgTi03 is described in chapter 3. In this chapter, the literature is 

reviewed and the results of the reduction of the solid solution (FeTi03-

MgTi03) by H2 is considered and compared to that of synthetic ilmenite. 

While a number of papers have dealt with the solid state reduction of 

synthetic ilmenite using various reducing agents, as mentioned in section 

one, very little is available on the solid state reduction of synthetic ilmenite 

containing MgTi03. The only study on the effect of MgTi03 on the 

reduction of synthetic ilmenite is conducted by D. Poggi, et al. They 

prepared their sample by melting a mixture of Fe203, MgO, Ti02, Fe in 

molybdenum crucibles at 1450°C under an atmosphere of argon. The 

sample was maintained molten for about one minute before fast cooling. 
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Analysis showed that sample contained approximately 1 % molybdenum 

evenly distributed throughout the sample. 

Microscopic examination of their samples reduced by CO shows that 

in pure synthetic ilmenite the metallic iron precipitates out on preferential 

planes and along the grain boundaries. However, "in the MgO doped 

ilmenite, the metallic iron precipitates as very fine particles and is well 

disseminated in the reduced phase. Also, near the reduction interface a 

metallic iron barrier seems to have formed. Between this metallic iron 

barrier and the interface there is a strip of reduced ilmenite depleted of 

metallic iron. They also observed that the MgO doped ilmenite does not 

contain as much metallic iron at the grain boundaries as does pure ilmenite. 

Experimental Approach 

A schematic of the experimental apparatus is shown in Figure 2.1. 

This system has been discussed in chapter 2. The main components of this 

system are an electronic microbalance (Cahn Instruments, Inc., Model 

1000), a quartz flow through reactor with inlet and outlet, as shown in 

Figure 2.2, and a movable furnace with a PID controller. The composition 

of gaseous reactants and products was determined using an infrared 

analyzer and a gas chromatograph. Ilmenite containing MgTi03 was used 

in the form of thin flakes pressed from powder. Samples were suspended 

from the microbalance, which monitored weight changes during the course 

of an experiment. A thermocouple was used to monitor the temperature of 
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the reactor around the flake. All experiments were performed under 

isothermal conditions at temperatures between 800 and 1045°C. The 

reducing gas entering the reactor contained H2 and N2. The gas flow rate 

was 700 std.cc/min, except in the experiments conducted to determine the 

effect of interphase mass transfer on the reduction rate. 

Samples of starting material were prepared by cold pressing 

approximately 0.270 g of FeTi03-MgTi03 powder (with particle size less 

than 45 Jlm) in a die at 14,500 psi for 5 minutes to form disks. The disks 

were then cut into flakes approximately 7 mm by 4 mm. The thickness of 

the disks was 0.60 mm except for experiments conducted to determine the 

effect of intergranular diffusion resistance (transport through void space 

among grain particles). 

Each experiment was started by first purging the reactor system at 

room temperature to reduce the concentration of oxygen to levels below 

25 ppm. A mixture of CO/C02fN2 was then introduced into the reactor. 

To initiate the reduction, the furnace was raised rapidly. Within three 

minutes the temperature in the reactor was within 1 % of the set point 

temperature. The experiments were terminated at a desired conversion by 

rapidly lowering the furnace. 

Several techniques were used for chemical analysis and 

characterization of the starting and reduced samples. Mossbauer 

spectroscopy was employed to determine the oxidation state of iron in our 

synthetic ilmenite. X-ray diffraction (XRD) with a cobalt Ka source was 

used to identify the different crystalline phases in the starting material and 
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products. High-resolution scanning electron microscopy (SEM) and 

energy-dispersive X-ray (BOX) analyses were employed to examine the 

polished cross section of both partially and completely reduced samples and 

to determine the elements present in each phase. For SEM and EDX 

analyses, the samples were mounted in an epoxy resin and polished to 

expose the cross-section of the grains. 

Results and Discussion 

The effect of temperature on the initial reaction rate is shown in 

Figure 7.1. The apparent activation energy is 20.9 kcallmole. This 

suggests that the addition of MgTi03 to synthetic ilmenite, up to 28.6%, 

doesn't affect the sensitivity of the reduction process of ilmenite to 

temperature significantly. 

It seems that the addition of MgTi03 to synthetic ilmenite didn't 

affect the rate of reduction significantly at the initial stage in the 

temperature range of 915°C to 1014°C as shown in Figure 7.2 and 7.3. 

Retardation of redcution rate increases as the conversion increases. The 

retardation is more significant at lower temperature and at higher 

conversion. This is probably due to the fact that the diffusion of MgTi03 

into the unreduced core of ilmenite (to be discussed below) affects the 

diffusional rate of Fe out of Ti02 phase, which affects in tum the draining 

rate of pores in Ti02 phase. This diffusional effect is more significant at 

lower temperature and is not important in the early stage of reduction. As 
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conversion increases, the diffusion of MgTi03 into the center core affects 

the diffusion of Fe out of the Ti02 phase to a greater extent because of the 

increase in diffusional length. The diffusion of MgTi03 into the unreacted 

core of ilmenite lowers the concentration of ilmenite. This probably also 

contributes to the decrease in the reduction rate of ilmenite. 

Figure 7.4 indicates that the reaction order with respect to hydrogen 

is unity and Figure 7.5 shows the effect of temperature on the reduction 

rate of ilmenite containing MgTi03. 

An SEM backscatterred electron micrograph of the polished cross

section of an ilmenite flake containing 28.6 wt% of MgTi03 after partial 

reduction at 1000°C is shown in Figure 7.6a. The micrograph reveals four 

distinct regions which appear as bright, light gray, dark gray phases. To 

find out what these phases are, quantitative EOX was performed at spots 

marked in Figure 7.6a. The results and XRO observations (to be discussed 

later) show that the bright phase is primarily iron, the dark gray phase is 

made up of titanium dioxide, the dark phase is primarily MgThOs. 

The light gray phase is unreacted ilmenite but it is richer in MgTi03 

than starting sample. To confirm this result, another grain reduced to a 

larger extent is analysed and is shown in Figure 7.7. The EOX was 

performed on the marked spot located in the unreduced ilmenite core. The 

results show that this spot contained more magnesium. Both EOX and 

XRO results suggest that some of the geikielite generated from the 

reduction of ilmenite-geikielite reacts with Ti02, forming MgThOs around 

the unreduced core, and some of the geikielite diffuses through the Ti02 
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layer and dissolves into the unreduced core, making the core richer in 

MgTi03 than the starting saamples. Segregation of Fe from the other 

products and nucleation of Fe around each grain are similar to what was 

observed in the reduction of synthetic ilmenite by either CO or H2. 

The polished cross-section of synthetic ilmenite flakes after partial 

reduction at 915°C was also examined by SEM and EDX. The results 

obtained, as shown in Figure 7.8 indicate that a similar mechanism of 

reduction is involved. 

Similarly, the SEM photo of a partially reduced sample at 807°C was 

analyzed and is shown in Figure 7.9. It shows that the reduction of 

ilmenite containing MgTi03 at 807°C follows the same mechanism as at 

915°C and 10OO°C. The only difference is that at 807°C the H2 penetrates 

more into the core of ilmenite and causes the phases of Ti02 as well as 

unreduced ilmenite to be mixed. 

The XRD results are listed in Table 7.1. The X-ray pattern of 

partially reduced FeTi03-MgTi03 sample is shown in Figure 7.10. 
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Table 7.1 XRD results of the lunar ilmenite reduction by hydrogen 

Reduction Extent Reduction Temperature (OC) Phases Observed 

partial 1000 Fe, Ti02, FeTi03-

MgTi03, MgThOs 

complete 1015 Fe,Ti02, MgThOs 

partial 915 Fe, Ti02, FeTi03-

MgTi03, MgThOs 

complete 915 Fe, Ti02,MgTi03, 

MgThOs 

partial 807 Fe, Ti02,FeTi03 -

MgTi03 

complete 807 Fe, Ti02, MgTi03 
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Figure 7.6a SEM backscattered electron micrograph of polished 
cross section of FeTi03-MgTi03 flake after partial 
reduction, T =1000°C, Magnification=4000X. 
MgTi03 wt%=28.6 
Point concentrations in atom% are: 

Point Ti Fe Mg 

1 52 23 25 
2 51 22 27 
3 51 22 27 
4 51 22 27 
5 5 95 0 
6 9 90 1 
7 74 10 16 
8 85 7 8 
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Figure 7.6b Fe Ka X-ray map of the cross-section shown in 7.6a. 
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Figure 7.6e Ti Ka X-ray map of the cross-section shown in 7.6a. 

Figure 7.6d Mg Ka X-ray map of the cross-section shown in 7.6a. 
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Figure 7.7a SEM backscattered electron micrograph of polished 
cross section of FeTiOa-MgTiOa flake after partial 
reduction, T =1 oooDe, Magnification=9500X. 
MgTiOa wt%=28.6 
Point concentrations in atom% are: 

Point Ti Fe Mg 

1 
2 
3 

57 6 
71 8 
90 4 

37 
21 
6 
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Figure 7.7b Mg K(l X-ray map of the cross-section shown in 7.7a. 



I 
Figure 7.8a SEM backscattered electron micrograph of polished 

cross section of FeTi03-MgTi03 flake after partial 
reduction, T =915°C, Magnification=8500X. 
MgTi03 wt%=28.6 
Point concentrations in atom% are: 

Point Ti Fe Mg 

1 51 7 42 
2 52 7 41 
3 50 7 43 
4 50 8 42 
5 4 95 1 
6 97 2 1 
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Figure 7.8b Fe Ka X-ray map of the cross-section shown in 7.8a. 
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Figure 7.8c Ti Ka X-ray map of the cross-section shown in 7.8a. 

Figure 7.8d Mg Ka X-ray map of the cross-section shown in 7.8a. 



Figure 7.9a SEM backscattered electron micrograph of polished 
cross section of FeTi03-MgTi03 flake after partial 
reduction, T =807°C, Magnification=5000X. 
MgTi03 wt%=28.6 
Point concentrations in atom% are: 

Point Ti Fe Mg 

1 
2 
3 
4 
5 

50 8 
51 7 
50 6 
94 4 
7 91 

42 
42 
44 
2 
2 
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Figure 7.9b Fe Ka. X-ray map of the cross-section shown in 7.9a. 
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Figure 7.9c Ti Ka X-ray map of the cross-section shown in 7.9a. 

Figure 7.9d Mg Ka X-ray map of the cross-section shown in 7.9a. 



184 

Ti02, (rutile) 

I I I 
Fe (alpha) 

I I 

FeTi03-MgTi03 (ilmenite-geikielite) 

I " I I I I 
MgTi205 (magnesium titanium oxide) 

I I "I I 

IJ. 1- 1 J .A Aj j - 1M All. J J ~ I .L 

I I I I I . 
100 90 80 70 60 50 40 30 20 

28 (0) 

Figure 7.10 X-ray diffraction spectrum of FeTi03-MgTi03 flake after partial 
reduction, T =1 OOO°C 



185 

CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

This study has provided useful insights into the kinetics and 

mechanism by which ilmenite is reduced with various reducing agents in 

the temperature range of 800° to 1100°C. The data can be used in future 

modeling and design. 

Chapter 3 describes a procedure developed for the synthesis of lunar 

ilmenite simulant. The simulants have been successfully prepared with 

desired physical and chemical properties. The significance of this work is 

that it is possible to generate the kinetics data even without having access 

to real lunar ilmenite which is precious and difficult to obtain at the present 

time. The experimental conditions are well established in terms· of type of 

crucible and synthesis atmosphere. This is crucial in material preparation 

because of the concern about the impurities which might be introduced into 

the sample during the preparation. 

In chapter 4 the reduction of ilmenite by carbon monoxide is 

discussed. This study shows that the process involves the migration of iron 

towards the grain boundaries during the reduction, causing separation and 

segregation of the products: iron and titanium dioxide (rutile) in the grain 

level. The temporal profiles of conversion indicate the presence of three 

different stages during the reduction reaction: induction, acceleration and 

deceleration. It was found that the reaction order with respect to CO 
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concentration is unity under the experimental conditions studied. The 

overall process becomes less temperature sensitive as conversion increases. 

The products of ilmenite reduction by CO are Fe and Ti02. 

The results of the chapter 5 indicated that the reduction of ilmenite 

by hydrogen also involves the diffusion of Fe product away from the 

reaction front through the Ti02 phase, followed by the nucleation and 

growth of a separate Fe phase. The main differences between CO and H2 

reduction of ilmenite are that the rate of H2 reduction of ilmenite is much 

faster than that by CO and Ti02 can be further reduced to lower oxides of 

titanium at temperature higher than 876°C. The theoretical model 

presented in chapter 5 for H2 reduction of ilmenite agrees with the 

experimental data and can be used for design and parametric study. 

The results of chapter 6 suggests that the ratio of hydrogen to 

carbon monoxide is an important factor in the reduction of ilmenite by 

H2/CO. An increase in the hydrogen concentration results in an increase in 

the reduction rate and a decrease in the time required to attain a certain 

conversion. The XRD results show that the products of ilmenite reduction 

by H2/CO are the same as those in the reduction of ilmenite by either H2 or 

CO alone. 

The chapter 7 is devoted to the reduction of ilmenite containing 

MgTi03. The results obtained can be used in the design of reactor in 

which the reduction of lunar ilmenite is carried out. The effect of MgTi03 

on the reduction of ilmenite depends on the reduction temperature. The 

results indicate a very important role for MgTi03 which has not been 
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reported before. In addition to the expected Fe and Ti02 product pha~es in 

the partially reduced sample, an unreduced core enriched in MgTi03 is 

observed. The movement of MgTi03 towards the core is a very significant 

factor lowering the reduction rate. 

Recommendation 

The present study has answered many important fundamental 

questions relating to the mechanism and kinetics of ilmenite reduction. 

However, some aspects of the processremain to be investigated. 

Future study should be directed towards the reduction of real lunar 

ilmenite. The lunar sample has to be first characterized in terms of the 

phases present, impurity content and physical and chemical properties. 

Then the kinetics study can be carried out. 

As for as the reduction of lunar ilmenite simulant, other reducing 

agents such as carbon and methane can be studied. Carbon is available in 

various forms in space activities. The reduction of ilmente by H2ICO can 

be further investigated based on the present study. The temperature and 

concentration programming techniques would be suitable for the 

fundamental kinetic studies. 

One of the important findings of this work is that Ti02 can be 

reduced to lower oxides of titanium by H2 at temperature higher than 

876°C. Further work can be carried out in this area because Ti02 is a 

potential resource for oxygen recovery on the Moon. 
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Since the lunar ilmenite contains other impurities such as MnTi03. 

other simulants containing such impurities can be prepared using the 

synthesis technique developed here and the theoretical model developed 

here should be expanded to include the role of impurities during ilmenite 

reduction. 



NOMENLATURE 

CA: concentration of H:z, gmol/ cc 
CAb: concentration of H2 in bulk gas, gmol/ cc 
Cc: concentration of H20, gmol/ cc 
CCb: concentration of H20 in bulk gas, gmol/ cc 
De: effective diffusivity in macro-pores in flake, em2/sec 
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Deg: effective diffusivity in the micro-pores of product layer in each grain, 
em2/sec 

E: intrinsic activation energy, kcal/mole 
Eapp: apparent activation energy, kcal/mole 

gFg: conversion defined by Eq. (15) 
k: surface reaction rate coefficient, em/sec 
kapp: apparent reaction rate coefficient, mg reacted· L/ original mg . min mol 
K: equilibrium constant 
L: half thickness of the slab, em 

PFg: conversion function defined by Eq. (16) 

PFp: conversion function defined by Eq. (17) 

RA: reaction rate, gmol H2/ cm3 bulk flake· sec 
Rate: reaction rate, mg reacted/original mg . min 

rc: radius of unreacted core in each grain, cm 
rs: radius of grain, cm 
t: time, sec 
t*: dimensionless time, defined by Eq. (12) 

T = temperature, oK 

XB: conversion of each grain 
X: overall conversion of flake 
Z: distance from the center of the slab, cm 

Greek Symbols 
£: macro porosity 
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CJ.1: micro porosity 
Ps: ilmenite molar density, gmol/cm3 

a: generalized gas-solid reaction modulus defined by Eq. (14) 
ag: dimensionless modulus for the reaction of the grain, defined by Eq. (13) 
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