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CHAPTER 1· 

INTRODUCTION 

The reduction of a-hen1.atite to iron proceeds in general via 

magnetite and v.rustite. The following steps are usually proposed to 

constituate the overall reduction processQ 

(1) Transport of reactant and product gases across the gas 

boundary la.yerc 

(2)· Transport of reactant and product gases across the iron layero 

(3} Gas- solid reaction at the gas/iroD:/wu.stite interfaceo (?' 
90

) 

2+ 
Transport of ferrous ions (Fe ) and electrons across the 

wustite layer proceeds via vacancy diffusion. 

( 4) Solid state trc:..nsforn1.ation of magnetite to \Vustite by the 

follo\ving r eactiono 

where Fe[Jand @ are ferrous ions and electron vacancies in 

the wustite phase respectively .. 
(" 2+ . 3+ 

Transport of rerrous (Fe ) and ferr1c (Fe ) ions and electrons 

across the rnagnetite layer takes place through vacancy diffusio~1.~ 

(5) Solid state transforTna.tion of hen1.atitc to rnagnetite 

12Fe 0 -·~~- 9Fe 0 + Fe" + 2Fe 111 + 8 (±) 2. 3 . 3 4 o: :0 . 

\vher e Fe0, .F'e '[] and <±) represent respectively ferrous a.:nd 



2 

ferric ions and electron vacancies in magnetite. Alternatively 

he1natite may transform to magnetite due to its o:>..'Ygen 

deficiency by the following reaction. 

3F 0 + O" . + 2'-' ..-)-2Fe 0 8
2 3 0 \J 3 4 

where o0 and 0 represent an oxygen.ion vacancy and an 

electron in hematiteo 

The most common approach in the analysis of data in the previous 

investigations has been to neglect the contribution from steps (1) and 

(2) and assume that the rate controlling process in the gas-solid 

reaction is step {3), w:here all the weight loss occurs due to oxygen 

removal. The internal reduction at the wustite/n~agnetite interface 

(step 4) and magnetite/hernatite interface (step.5)takes place without 

·any change in weighto There is no justification for discarding the 

contribution particularly from step (2), and there is no evidence that 

gas-solid reactions do not take place at the other two interfaces. 

Any overall reduction model which includes the contribution from 

step (1) and step (2) and also takes into consideration the gas- solid 

reactions at the wustite/magnetite and magnetite/hematite interface 

will require the values of the mass transfer co-efficient through the 

gas boundary layer, the va.lues of effective diffusivities through the iron, 

v;ustite, and magnetite phases, and values of reaction rate constants 

at the iron/wustite, wustite/n~agnetite and n1.agnetite/he1natite interfaces .. 

Also for reasons of complexity it would be necessary to assume son1e 

simple reaction mechanisms. It is certainly very difficult to evaluate 

all these para1neters reliably from sirnple direct reduction by hydrogen. 

Therefore, it is a n1uch better approach to study the reduction process 
' 

in separate steps consisting of one reaction at a time, and then use 

these steps in the study of the overall systeJn. This sturly has been 



undertaken from this point of view. The first part of this study 

has been based upon the direct measurements of the interfacial 

movement between hematite and magnetite phases under different 

3 

reaction conditions. Experimental limitations required the meas.urements 

to be performed after some reasonable thickness of the product layer 

has been formed. This essentially brings diffusion and interfacial 

chemical reaction jointly into consideration for the interpretation of 

the experimental results. This part of the study is described under the 

title, 11 The Mixed Control Kinetics 11
• Even in the single reaction system 

the dffusional effects necessitate an a~sumption that interfacial chemical 

reactio~ is first order with respect to the partial pressure of hydrogen. 

To avoid this complication it was decided to study the reaction in the 

initial stages when the diffusion effects are negligible. Under such 

conditions the interfacial chemical reaction may be investigated directly 

with the use of a 11ew development in instrumentation, the RH-Cahn 

electrobalance. This sensitive instrument enables us to observe that 

the reactivity of the artificially made specimens was dependent on the 

experimental conditions under which the specimen were prepared. 

The second part of this study under the heading, 11 The Chemical 

Reactivity of Hematite" describe those factors which influence the 

reactivity of the specimen. 

After the establishment of these factors it was possible to 

prepare spec:Unens with reproducible properties. Using these 

specimens the reaction rates in binary and ternary gas mixtures were 

studied. This part of the study is described under the heading, 

"The Kinetics and Mechanism of Hematite to Magnetite Reduction". 



C!-IAPT ER II 

LITERATURE REVIEW 

The reduction of iron oxide has been under extensive investigation. 

The complete reduction from a-hematite to iron proceeds through the 
0 

following sequence of reactions above 570 C: 

Fe + I-I
2

0 

Below 570°C wustite (FeO) is not stable and the reaction proceeds directly 

from n1.agnetite (Fe
3 

0 
4

) to iron. The co1nplexity of this reactiol\ combined 
-

with the fact that under different experimental conditions the controlling 

stage of the reaction may not necessarily be the same, has led workers 

in this field to widely different opinions regarding the reduction mechanism~ 

The available information on the kinetics and mechanism of hematite 

to magnetite reduction is very limited.. 1-Aost of the work in this field 

(magnetic roasting} is of a practical nature, often restricted to the study 

of one or two variables over a co1nparatively narrow range of experirr1e:ntal 

conditions, and is of little use for basic scientific consideration so 

As all the above reduction steps are similar it could be that the results 

from the experiments involving total reduction, may be applicable to 

each separate step, at least, qualitatively. Most of the \Vork on iron oxide 

reducHon ha.s been qualitative in nature, and it is only con1.parativcly recent 

4 
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that a definite quantitative model for the reduction of hematite has been 

proposed. This development has been largely due to work by McKewan(l-~). 
The following literature review represents a short critical analysis of 

the available information on the reduction of iron oxide. Some basic 

explanations which are helpful in the understanding of the latter part 

of this study will also be described. 

An extensive literature review of the previous work has been 

compiled by Themelis and Gauvin(S)' also Manning and Philbrook( 6). 

Excellent work on the basic principles of iron oxide reduction has been 

publish~d by Edstrom<
7>. 

,: 

2.1 Equilibrium Diagrams 

The equilibriutn diagram for the Fe-: 0 system has been compiled 

by Darken and Gurry( B). The oxide phases in equilibrium with different 

gas mixtures of CO-C0
2 

a.nd H
2 

-H
2 

0 are given by W"iberg( 9 ). These 

equilibrium diagrams show how the CO/C0
2 

and H
2
/H

2 
0 ratios should be 

chosen in order to obtain a ~esired final product. Thermodyna~ical 

properties of iron and its co1npounds and the most common reducing 

agents, together with equilibrium data, are given by Kun Li(lO). 

2. 2 Reduction Kinetics 

The overall process of iron ore reduction by a gas requires that 

the mole.cules of the reducing gas must reach reaction sites on the surface 

of unreduced core; This will require the counter-c1:1rrent diffusion of the 

gaseous reactants and products, through stagnant gas film around the 

particle surface, and the solid product layer formed. Inward -diffusion 

of gaseous reactants or outward diffusion of the gaseous product formed, 

may be a slow p~ocess and J:lence can limit the reaction ratea Alternatively, 

chemical reaction at the solid surface may be a slow process and can b'e 

a rate controlling step. It is also possible thatboth of these processes are 



of equal magnitude and neither is so predominant .that the oilier could 

be neglected. 

6 

It has long been.known that reduction of a-hematite at higher 

temperatures proceeds by way of the phases magnetite to wustite to 

metallic iron, and penetrates toward the centre of the oxide _sample so 

that concentric layers of the different phases appear, which remain 

parallel to the outer surface of the oxide. This reaction is described 

as topochemical, at least, from the macroscopic point of view(ll-l3 ). 

Under different experimental conditions the expected sequence 

of reaction may change. This is shown by an experiment by Richardson 

and Dancy(
14! These wor~ers oxidized the surface layer of iron to wustite an.d 

studied the reduction of wustite in hydrogen at temperatures ranging 

. 0 0 f h from 570 C to 900 C. No massive formation o iron was found on t e 

wustite surfac.e, but the reduced iron from the surface migrated through 

the wustite layer and was deposited on the m.assive iron underneath it5 

The suggestion was made that the migration of cations was aided by the 

fact that iron oxide in equilibrium with Fe contains about So/o of vacant 

cation sites. Since the concentration of vacant sites at the reaction 

surface is less than So/o,a concentration gradient is set up across the 

wustite layer and provides the driving force for the migration of iron 
. ( 15) . 0 

ions. Gellner and R1chardson found that, at 900 C with hydrogen 

as the reducing agent, wustite prepared by oxidation of pure iron is, 

after the formation of a thin surface film of metal, reduced 'from inside 

towards the surface, where the metal meets the oxide layer, and where 

the oxide is probably least stable. These authors explained the progress 

of the reaction by assuming that migration of iron atoms instead of cations 

occurred following nucleation at the surface. They also postulated that 

the presence of a thin layer of iron at the surface introduced a resistance 

to the diffusion of hydrogen, thus retarding further reduction5 
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(16) . . • 
Wagner also stud1ed the reduct1on of wust1te. He proposed 

the following mechanism: (1} Removal of 0
2 

by H
2 

from the outer 

surface of the oxide causing supersaturation of the oxide with iron. 

(2) Nucleation of this excess iron, causing a thin layer of metal to be 

formed on the surface. (3) Retardation of the further reduction caused 

by the surface metal, which prevents the contact between H
2 

and the 

oxide, and the diffusion of the water vapour formed. (4) Diffusion of 

excess iron formed in the outer layer of the oxide during the continuing 

reduction into the body of the oxide. (5) If the temperature is high and 

diffusion sufficiently rapid preferential growth of iron outward from the 

base metal, where the oxide may be expected to be least stable, and 

deposition for nucleation may be rapid. When a completely oxidized 

specimen was heated, an equalization of the composition of the oxide 

and a recrystallization was obtained. The oxide grains were reduced 

uniformly over the whole surface. The material in the centre and near 

the surface 6£ the specilnen behaved in the same way. 

The mechanism of transportation in the oxidation of iron appears 

to be fairly well known. Microscopical measurements and radioactive 

tracers have shown that the transportation through the wustite layer 

is by diffusion of iron ions. Opinions differ on the transport acres s 

the magnetite and hematite layers, but a.ccording to some authors it 

should in the former case proceed by means of iron ions, and in the 

latter, by oxygen ions, as might be expecte~ from the vacancies present. 

These types of considerations, based upon Wagner's theory of 

oxidation mechanism, were advanced by Edstrom (
7

) and they form the 

basis of the kinetic n1.odel used by McKewan(l-
4

), Quets, Wadsworth 

d L · { l?) · 1· d G . ( 5 ) F 11 . th 1· t an ew1s , Theme 1s an auv1n • o OWlng are e sa 1en 

features of this model(lB) .. 

1) The reduction is a topochemical reaction taking place through 

the series Fe
2 

0 
3
/Fe

3 
0 
4

/FeO/Fe; 
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2) t_h.e gas-solid type of reaction takes place only at the FeO/Fe 

interface, and ~he internal reduction Fe
2
o

3
-F_e

3
o

4
-Fe0 proceeds 

by solid state diffusion; 

3) iron layer formed is qaite porous and offers negligible resistance 

to gaseous diffusion; 

4) the rate controlling step in the reduction is a chemical process 

occurring at the Fe/FeO interface. 

The experimental considerations which led these workers to postulate 

that iron oxide reduction is an interface controlled process, were due to 

its reasonable adherence to a rate law which indicates a linear advance 

of the reactant product interface. This concept was advanced by­

Topley and Hume (l9) during their study of the decomposition of calcium 

carbonate hexahydrate. Since then large numbers of decomposition 

reactions have been found to obey the linear advance lav}
20

). 

McKewan(
2

l) assUL-ned that the rate of reaction is proportional 

to the interfacial area b~tween reduced and unreduced phases of iron and 

wustite. 

dw 
dt = K.A. 

· for spherical geometry A = 41t' r 
2 

(1) 

where r is the radius of the unreduced oxide sphere, at time t, and w is 

the weight of the material reacted.· K is a proportionality constant, which 

is a f'tmction of temperature, pressure and gas composition. 

The fractional degree of reduction R is defined by w/w therefore 
0 

3 
r 

1-R = ----?' r .;) 
0 

By substituting in equation (1) and integrating, McKewan(
2

l) 

obtained the following rate expression: 
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r 
0 

1/3 J d 
0 

[ 1 - (1-R) == Kt .. (2) 

where d is density, r is radius and w is the weight of the 
0 0 0 

starting specilnen. According to expression (2) the advance of the 

reaction front is linear with time of reaction, and inversely 

proportional to the diameter of the particle., If the reduction of the 

iron oxide pellet is controlled at this reaction interface plotting r d 

( 1 - (1-R)l/
3 J against time should result in a straight line, The 

0

sl:pe 

of this line will be the specific reduction rate. McKewan explained 

his results by assu1ning that the reduction was controlled by chemisorption 

of hydrogen molecules on active sites at the oxide metal interface~ 

One of the reasons for assuming such a mechanism \-Vas the dependence 

of the reaction rate on the partial pressure of the reducing gas., 

McKewan' J3
Jata for nlagnetite reduction indicated a heat of adsorption 

of -3. 3 Kcal per 1nole, a magnitude which suggests physical adsorptionQ 

Physical adsorption, however, does not occur to any appreciable extent 
0 

above th~ critical temperature of the adsorbate. (33 K for H
2

) and 

is not limited to the monolayer, which is a necessary assumption 

in McKewan' s derivation., 

The calculated values of the enthalpy of adsorption or activation 

_ processes will depend upon the mechanis1n assuiD:ed and the derived 

rate expression which corresponds to this n~echanismo In iron oxide 

reduction it has been assumed that molecular hydrogen takes part 

in the chemical reaction, ho\vever, the formation of OH groups 

by splitting H molecules into ato1nic hydrogen, has been prov~d by 
2 

spectroscopic analysis for many oxides (bO). 

Also, it is appr0priate to separate the contribution of the various 

steps, other\vise the activation energy may correspond to the overall 

rate controlling step(
22

). Procedure to evaluate the contribution from 

the individual steps in the overall rate expression will be described in 
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part III of this study. The concept that certain solid reactions proceed 

only along the interface between reactant and product phases is. a direct 

consequence of the absolute reaction rate theory for chemical reaction 

between gaseous and solid reactants. When a reaction between a gas and 

a solid involves the formation of a solid product, a three phase system 

is formed, and the mechanism of reaction, according to modern theories 

of chemical reaction1 depends upon the formation of an activated complex 

involving both solid phases at a point of contact common to all three phases. 

Eyring's theory for absolute reaction ratel has become a useful tool in 

the interpretation of chemical kinetics and applies equally well to homogeneous 

as well as heterogeneous reactions. It was probably this type of consideration 

that led Langmuir(
24

) to postulate that heterogeneous reactions can occur 

only if a nucleus of the product phase is present to initiate reactions. 

(micro nuclei of the product phase). More will be elaborated on this 

subject in the s-eccmd part of this study. In other words, such reactions 

can occur only at the reactant product interface. Since the· product should 

increase rapidly during the early stages, reaction between the gas and solid 

. should be auto-catalytic. (Induction periods in part II and III of this study.) 

The reduction curves as function of time had usually a sigmoid shape which 

is characteristic of the auto-eatalytic process. The curves are reported 

by Pease and Tayl.or(ZS) for hydrogen reduction of copper oxides. Moreau 

et al( 
26

) studied the kinetics of wustite reduction by H
2 

and found induction 

periods at the beginning of the reaction. It has been usually stressed that 
0 

the induction periods are observed only below 400 C. At high temperature 

the reaction speeds up much faster and a uniform rate is attained in a 

very short time. 

As stated in the previous paragraph the objectionable results 

predicted by McKewan' s theory has led the workers in this field to adopt 
{27) . 

alternative viewpoints. Bogdandy et al suggested the observed pressure 
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dependence in MacKe'\Xran' s experin1.ents for low and high hydrogen partial 

pressure is due to a transition in control from Knudsen diffusion in the 

shell layer at lov.r pressures, to normal diffusion at high pressures.. The 

dffusiom.l flow would be proportional to hydrogen pressure at low pressures 

and independent of hydrogen pressure at high pressure. This does not, 

however, explain the linearly advancing interface. But, however, represents 

the typical approach of the_ exponents of absolute diffusion control during 

reduction. 

2. 3 Diffusion through Porous Bodies 
. (28) . . (Z9l (18) 

Bogdandy and Janke , Ka.wasak1 et al , Warner , 

Olsson and McKewan(
30

' 
3

1\ have studied the problem of diffusion through 

porous bodies, when the mechanism is one of equimolar counter diffusion 

of hydrogen and water vapour • By definition in a diffusion controlled 

process, there is no interfacial resistance, so that local equilibrium 

prevails right on the interface. Bogdandy and Janke(ZS) and Kawasaki 

et al(Z9 ) studied this preble~ under conditions which ensure the absence 

of boundary layer. They both derived reduction equations from applications 

of Fick' s Law. The following derivation is due to Bogdandy and Janke(ZS) .. 

dR 
dt = 

2 E D n ( (H
2

0) ..: (H
2

0) ] 
r v e g 

where R = fraction of original oxygen removed 

t = time in seconds 

E , E = p·orosity of reduced and unreduced layers respectively 
r 

z 
D = diffusion co efficient in em /sec. 

v 
n = labyrinth factor 

3 
(H

2 
0) e = equilibrium concentration in moles/em 

3 
(H

2 
0) g = concentration in main gas stream. moles/em 

(3) 



3 
C = gram-moles of oxygen per em of oxide 

0 

r = particle radius in em. 
0 

12 

The labyrinth factor, n, is a. complex factor representing the hinderance 

provided by the solid to the diffusion of gas through the pores of the 

solid. Kawasaki et al(Z
9

) found the labyrinth factors for reduction of 

a particular hematite by CO and H
2 

to be 0. 7 and 1 .. 0 respectively. This 

result is consistent with the differences o£ the molecular diameters of 

CO and H
2

i wliich are approximately 3. 2 and 2. 4X. res.pectiveiy. 

These equations are not very useful due to their complicated 

mathematical formi therefore it is more common to w-rite simple diffusion 

equations of the form: 

rate= 
D(e) 

RTz 

where D( e1s the effective molecular diffusivity of H
2 

- H
2 

0 in porous 

medium., z is the ~ffective length of the diffusion path between the bulk 

gas phase and the reaction interface. Because the value of z changes as 

re~ction proceeds, the above equation only refers to the instantaneous 

(4) 

rate at a specified value of z. (P ) refers to. the hydrogen partial pressure 
H e 

at the reaction interface for transp5rt co~trol when the ratio of the partial 

pressures of water vapour and hydrogen at the interface will be given by 

the equilibrium constant K • K corresponds to the bulk gas phase ratio 
e e 

of PH 
0
/PH at- which the rate of iron formation becomes zero. Above 

560°2 whE:t2the wustite is stable, the value corresponds to Fe/FeO equilibrium · 
. (21) . 0 . 

as shown by McKewan • Below 560 C McKewan has shown that the 

appropriate value of K for magnetite reduction is that for the metastable 
e . 

co-existance of Fe0/Fe
3 

0 
4

• As the reduction of hematite to iron below 

560°C proceeds with the formation of magnetite as the intermediate phase, 
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the sa1ne values· of K have been used to represent conditions of zero rate 
e 

of iron formation. For reduction in pure hydrogen the total pressure, 

P T' and PH are the same and equation(4)becomes 
2 

D( e)p 
. T 

rate=----­
RT.z· 

K 
e 

(----) 
K +1 

e 
(5) 

The product D( e) PT is a function of temperature only. Hence, if the 

reduction process was controlled _exclusively by n1.olecular diffusion, the 

rate should be independent of pressureo 
( 2 9} ( 18) 

Kawasake and Warner have found that 'fhe reduction rate 

was independent of the total pressure of H
2

o The effective dif~usivity 

D( e), defined per unit area of the total surface across wh]ch diffusion 

occurs and in terms of gradient normal to that surface, ·is less than the 

nor.mal gas phase diffusion co- efficient be.cause transport can only occur 

in the voids of the porous layer, and must follo\v a tortuous patho Thus 

( e) 
D. 

J 

where D~p} is the diffusion coefficient in a single pore, f.. is the void 
J 

fraction in the porous la)rer, and r is a tortuosity factor depending 
. (32} 

on the structure of the .reduced iron layerc Wheeler suggests 

the theoretical value of T = 2. McKewan 1 s tortuosity factor is seen to be 

a function of the reduction temperature increasing from 2o 3 at 1000° C to 
0 

So 2 at 400 Co Wheeler suggests the following formula to calculate the 

relative contributions of Kundsen and normal diffusion to the pore 

diffusivity 

-2r/>.. · ] 
D~p) = D~b) (1 -, e ) = D~b) [ 1 - ~xp ( -D~k)/D~b)) 

J J J J J . 

where D~b) is the diffusivity of species j in gas phase. 
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The Kunds en diffusion co- efficient is given by 

D
(.k) - 3 = 9. 7 X 10 
J r J ~. 

J 

Pore diffusion occurs by the Kwidsen diffusion mec~anism when the pore dia­

meter r is small compared with the mean free path, A., between intermolecular 

_gas phas~e collisions. Kundsen diffusion of a molecular species, j, is 

independent of the total pressure ~nd. is a function only of the partial 

pressure gradient of species j. Because of molecular weight dependence, 

D(k) > D(k) " Therefore 
H

2 
H

2
0 

,.-_, 

( i) (i} 
PH + PH 0 ) 

2 z 

An excess total pressure will exist at the interface .. 
. (31) 

McKewan lias found 

that the average pressure differential for diffusion with 100 pet H
2 

as the 

bulk gas was found to be a function of oxide sample material and the reduction 

temperature. The average values for iron formed from dense hematite 
. .. 0 0 0 0 

were 12, 15, 30, 1. 8, and 0. 4 Crn.of H
2 

0 at 1000 C, 900 C, . 800 C,_ 500 C 
0 . -

and 400 C, respectively.. This study further shows the reduction of hema-

tite with hydrogen at one atmosphere is to a grc:;ater extent limited by 

gaseous diffusion between the bulk gas phase and the iron-\Vllstite interface .. 

The structure of the porous iron is primarily a function of the reduction 

tempe:ratur.e and the diffusion process at higher reduction temperature is 

normal. 

2. 4 ·Diffusion Through the Boundary Layer 

In discussing the effect of exothermicity in gas-solid reactions and, 

in particular 9 in the combustion of coal, Wicke(
33

) has suggested that at 

low temperature levels the reaction was chemically controlled, while at 
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intermediate levels the governing factor was the rate of diffusion through 

the pores to the reaction interface. At still higher· temperatures, he 

suggested that the controlling mechanism shifted to diffusion through the 

b d 1 d th . h (18, 34) 
oun ary ayer surroun ing e particles. S1nce t en some workers 

here stressed that the resistance offered by the gas boundary layer is 

small but not a negligible part of the total diffusional resistance. 

Themel(s and Gauvin{S) have presented a critical analysis of the 

boundary layer phenomena. 

A boundary layer is formed arow1d a particle in a stream of gas. 

It is composed of those gas ,molecules whose tnotion is retarded by the 

friction forces developed by the presence of the particle. The velocity 

of the gas varies from zero at the particle surface to the main stream 

velocity at the edge of the boundary layer. Both the reducing gas and 

the reaction products must diffuse across this boundary layer, in an 

inward and outv.ra:rcl direction, respectively.. If it is assumed that diffusion 

through the boundary layer is the slowest step in reduction, it follows that 

a ch.emical reaction should ·replenish HZ 0 molecules as fast as the 

diffusion process can remove them. The resistance through the solid 

product phase formed should also be negligible. Therefore the 

concentration of HZ 0 at the surface of the particle should approach, or be 

equal to, the equilibrium value corresponding to the temperature of the 

particle. Also,. by definition, the concentration of H 0 at the outer region 
. 2 

of the boundary layer should be equal to that of the free stream, Cg •. 

Assuming that neither the thickness of the boundary layer, which depends 
i 

on the temperature, the flow rate of the gas relative to the particle, and 

on the geometry of the system, nor the concentration difference across 

it changes with the degree of reduction, Fick' s first law can be expressed 

as a steady state process .. 

DAB 
NH O = A(--) (C - C l 

Z oo e g 
(6) 
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where 

NH 
0 

= gram-mole H
2 

0 transferred ~er second. 

2 2 
A =boundary transfer area in em 

DAB = diffusion co-efficient in erJ /sec. 

0 =boundary layer thickness in em. 
0 

The difficulty of estimating the value of the boundary layer thickness 

(o
0

) has led to the replacement of the ratio (DAB/o
0

) by the equivalent mass 

transfer co-efficient k . Values of k' have been determined and correlated g . I g 
against the properties of the diffusing gases and against the relative 

velocity between gas and particle for a limited number of physical 

processes.. For the case of evaporation of liquid droplets in the gaseous 

atmosphere at a Reynolds number below 200, the follo\\dng correlation 

has been developed( 3S) 

k (2r ) 
g o, 2r / 

0 0 60 ( o G!...)l 2 
fo 1/3 

0
AB 

= 2. + • fo - <po > 
AB 

where k = mass transfer co-efficient em per sec. 
g 

r = radius of the sperical specimen em .. 
0 

D = binary gas diffusivity, sq. em. per sec •. 
AB · 

).L = gas phase viscosity poise 

fJ = gas phase density, g. per cm
3 

/ 
G00 = flow rate of gas moles per sec.. sq. em .. 

(7} 

The validity of this equation has been verified by studies on the evaporation 

rates at relatively low temperatures.. However, due mainly to the 

complications which arise from the occurrence of simultaneous chemical 

reaction·s, there has been no similar systematic study of the boundary 
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layer phenomena during reduction, of its dependence on the relative 

velocity between reducing gas and oxide, or of tur'hulent intensity of 

the system. If '0
0 

the boundary layer thickness, is large, then NH 0 
will be small, i.e., the diffusion rate across the boundary layer w111 

he slow. A similar situation will hold for di.ffusion Inward of H
2

• 

Higher flow rates will reduce the o and thus increase N 
0

. This 
o H 

suggests that diffusion of the reaction species across the b5undary layer 

may control the overall reaction rate only at low flow rates. Some 

experiments ha..v·e been performed primarily to estimate the critical 

velocity beyond which diffusion through this· layer had little effect on the 
0 (36, 37) 

rea~t1on rate • 

2. 5 Mixed Control Mechanisms 

The field of iron oxide reduction lacks the availability of 

internally consistent data. Most of the data have been collected without 

proper specifications of the factors influencing the reactivity of the 

material. The result is tP,at most of the data can frequently be made to 

fit almost any postulated model. Such an apparent agreement cannot 

automatically eliminate the other poe sibilities. This has led to some 

workers believing that the process is under some form of mixed control. 

The mathematical models derived for mixed control kinetics are due to 

Spitzer( 34) et aL and Warner(lS). 

There is no reasonable justification for the assumption that the 

internal reduction at the wustite-magnetite interfa.ce and magnetite­

hematite interface takes place by solid state diffusion of anions and cations. 

Warner(
3

?) has argued that the formation of wustite layer during internal 

reduction cannot be explained in terms of solid state diffusion. He 

presented evidence which _indicates the existence of a micropore system 

in the wustite adjacent to the magnetite with the gas/ solid type of 

reaction occurring not only at the iron/wustite interface but. also at the 
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wustite/magnetite interface. He assumed that the internal reduction 

F e
2 

0 :r-"'" F e
3 

0 
4 

still proceeds by solid state diffusion. Spitzer et al ( 
38

) 

have later on derived a three step model where the gaseous reduction also 

takes place at the magnetite-hematite interface. More explanations of 

these models will be given on the following pages •. 

2. 6 Mixed Control Single Step Model 

The basic conc:ept underlying this approach is that the reduction, 

process must proceed through a sequence of transport and chetnical 

reaction steps acting in series. Under typical experimental conditions 

none of the individual transport and reaction resistances may be neglected 

in the development of a model. Lu( 39 ) considered simultaneously, the 

shell layer diffusion of gases and irreversible interfacial reactions. 

His equation takes care of the whole range continuously from diffusion 

control to purely chemical reaction control with expressio11s derived by 

McKewan( 9Z) and Kawasaki et al(Z9) as its special cases.· Seth and Ross(4 0) 

and Manning and Philbrook( 
0

) e~"tended it to reversible interfacial reaction. 

Spitzer et a1(
34

) and W~rner(lS) included the contribution from the gas 

boundary layer resistance and developed a generalized single particle 

mo~el consistent with a mixed-control mechanism involving an interaction 

of gaseous -diffusion effects with a first ord~r reversible chemical reaction 

at the iron/wustite interface. A linear rate of thickening of the product layer, 

usually taken as evidence of an interface-controlled reaction may be 

observed even though transport resistances play a dominant role in 

the overall kinetics. Warner was not, however, able to interpret 

McKewan's data on magnetite reduction by hydrogen. It maybe partially 

due to the reason that his calculations were based upon the initial rate 

of advance of the interface. The initial rate may be considerably 

different from the integrated one, and cannot include the contribution 

from. shell layer resistance. More elaboration on mathematical derivation 
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and interpretation will be given in the first part of this study. 

2. 7 
" . ' (38) 

Mixed Control Multiple Step Model 

This is a generalized mathematical model which has been 

developed to describe the kinetics of the gaseous, topochemical reduction 

of the porous hematite spheres. Gas-solid reduction is permitted at 

each of .the advancing interfaces and is controlled by a complex series 

parallel sequence of chemical and t:ransport steps. This model predicts 

that despite the fact that 'transport resistances are significant to the 

advance of each interface, little deviat~on from linear advance is 

predicted for the first 98 pet of ~eduction. This porous pellet model 

is claimed to give a better description than the dense model of the type 

described under single step mixed control pr·eviously, for McKewan 1 s 

measurements of interface movements in dense polycrystalline hematite 

reduced in hydrogen-water vapour mixtur~s .. 

Interfacial Chemical Reaction 

In all these. above models it has been assumed that the interfacial 

chemical reaction is a first order reaction with respect to partial 

pressure of hydrogen. The validity of this assumption is doubtful (l
8

) .. 

Rate expressions are only applicable if they represent the true mechanism 

of the reaction. More will be elaborated on this topic in the third part 

of this study. 

2·. 8 

2.8.1 

Factors Influencing the Reactivity of Iron Oxide 

Porosity 
(47) 

Porosity of the starting material as well as the product phase 

formed can have large effect on the reaction rate. The former, by providing 

greater surface area and preferential reaction site, while the latter serves 
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as the passage to the diffusion of reactant or product gaseous phase formed. 

The external shape of an ore with a given chemical composition influences 

its reducibility consideraply. Joseph(
4

l) found that, with all other 

factors constant, the time for complete reduction of a specimen was 

inversely proportional to the porosity of the unreacted sample. The 

porosity and the cracks formed during the reduction are also important. 

An ore with high original porosity may be reduced more slowly than a 

dense ore if the latter has a higher tendency to cracking and formation 

of pores during heating to reduction temperature and during the reduction 
(31) (27) (18) 

itself. Olsson and McKewan . , Bogdandy et al , Wa.rner , 
( 5) ,~. 

Themelis and Gauvin all observe that the mean pore raftius of the~ 

product phase increases with increasing reduction temperature. The 

internal void fraction is not affected by the sintering temperature, and 

no significant amount of sintering takes place. This is in contradiction 

with the results of Chufarov and Lochvichkaya (
42

) who have reported 

that at temperatures above 600°C, the nlicroporosity of iron was 

reduced considerably, and they have suggested that the effect \\'as due 

to sintering and crys~allization at high temperatures. Spitzer et a1(
34

) 

have derived a correlation for an approximate value of the pore radius 

(em) in the temperature range 650 to 1000° C. 

= 
3240 

0 
T(K ) 

.. 1. 3 

where r is the pore _radius. The values of r obtained are of such 

dimension that the Kundsen diffusion can be expected to in£11J,ence 

transport through the shell layer. Because of the temperature- sensitive 

nature of the pore structure, I'undsen diffusion will be more significant 

at lower reduction temperatures. 



2.8.2 Chemical Composition 

The chemical composition of the iron ore has great influence 

on its reduction. In blast furnace practise a11. oxidized magnetite 

is more quickly reduced than an unoxidized ore, and reducibility of 

21 

the sinter is increased with degree of oxidation(
44>. Even a small 

change in the degree of oxidation influences the reducibility considerably, 

and experiments therefore require great care in the choice of material. 

There is consi<:Jerable difference(~) in the reducibility of Fe
2 

0
3 

and Fe
3
o
4

. This has led certain workers to question whether Fe
3
o

4 
is forn1.ed as an intermediate stage in, the reduction ·of Fe

2 
0

3 
with pure 

H
2

• Other workers are ofthe opinion that Fe
3 

0 
4 

as an intermediate 

stage would have a certain porosity, and the reduction of this m.agnetite. 

with greater surface per unit volume should therefore proceed faster than 

that of a dense magnetite. 

Hockings(
4

S) was not able to find wustite or magnetite during 

H
2 

reduction of hematite at 550°Ca This was in contradiction to.Edstrom 1 s(?) 

investigation who had closely shown the formation of magnetite at 450°C .. 

He then suggested the following explanation. If the three phases, hematite, 

magnetite, and iron are present during reduction at temperatures below 

about 600°C, the overall phase boundary reaction at the m~gnetite-hematite 

boundary can be written thus .. 

(8) 

where the iron has arrived at the phase boundary by diffusion through 

the magnetite phase. The HZ reduction reactio:t:Ls must compete with the 

above reaction at the other side of the magnetite layer, viz.: 

(9) 
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If reaction (8) proceeds faster than reaction (9) a finite layer of 

magnetite will be formed between iron and hematite. Reaction (8) 

can be maintained by the solid state diffusion of iron across the magnetite 

layer, and if this diffusion is quite rapid, the magnetite layer will 

grow until the rate of formation by solid state diffusion is just balanced 

by the rate of reduction by hydrogeno 

Presence of silica (Si0
2

), lime (CaO), and magnesia (MgO) could 

change the reduction be~avior drastically. Ruecki(
46

) measured the 

CO reduction rates of a number of slag systems and reviewed the 

appropriate literature. 

below. 

The major conclusions from- his work are listed 
' /. ~· 

L The iron-bearing silicates, fayalite (2Fe0. Si0
2

), and i~on 

2. 

monticellite (CaO. FeO. Si0
2

), are not reduced by CO at 

temperatures less than 50°C below their liquidus temperature, 
0 

(m. p. 1100 C). These slags are undesirable in most processes 

because of their stability and low melting points. 

The binary ca.lcium ferrites (x CaO yFe
2

0
3

) are quite easily 

reduced. The kinetics of their reduction are similar to 

hematite. The reduct1on of the ores containing carbonates and 

hydrates is retarded at temperatures below the decomposition 

temperature of the compounds. The slow generation of C0
2 

or H
2

0 prevents the supply of fresh gas at the oxide/metal 

reaction interface, and high pressures of C0
2 

and H
2 

0 are 

therefore obtained at this surfaceG Such ores should be roasted 

or burned before reduction. 

Wiberg(9) has pointed out that the reduction of Fe
2 

0
3 

to Fe
3

0 
4 

is exothermic, while the reduction of Fe
3 

0 
4 

to 9irustite is endothermi~. 

If the ore is well oxidized to Fe
2

0 the initial reduction will therefore 
. 3 

haste:n the heating of the ore, whereas the heating is retarded when the ore 
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consists of magnetite. The effect of promoters for CO reduction of 

wustite has been reported by Khalafella and Weston( 
59

). When small 

concentrations of promoter materials in the order of o. 69 at. pet. were 

added to the reducible charge the rate of reduction to iron was increased. 

Promotion phenomena predictions were made in the light of surface 
( 91) 

reduction mechanisms with the aid of Vol' kenshtein' s effect regarding 

the propagation of crystal lattice distrubances by small amounts of 

relatively larger interstit.ial ions. The acceleration produced by a typical 

promoter, such as potassium, increases with promoter concentration up to 

a maximum, beyond which the reduction rate decreases. Concentration 

for maximum promotion deJ>~nds upon the nature and physicochemical 

properties· of the promoter. The extent of reduction rate enhancement was 

found to be directly proportional to ·the atomic volume and electronic 

charge of the additive. 

2.8.3 Pres sure Effects 

Kawasaki et al ( 29 >, Dalla Lana and Amundsen(4 S) and Warner(lS) 

have reported no effect of pressure on reaction rates, McKewan(
3

) 

Quets et al{l?), Hockings{ 4 S) and Lloyd(4 S) have reported that the 

increase of hydrogen pressure results ln the increase of reaction rate. 

Hansen et al(SO) has reported that decreasing the partial pressure of his 

reducing gas by introduction of inert has no effect on the reaction rate. 

Lloyd(
49

) found that oxide spheres reduced twice as fast in pure hydrogen 

than in a mixture of 50:50 hydrogen with nitrogen and helium. 

For pure H
2 

or CO reduction, if the reaction is chemical!~ 

controlled, the reaction rate· will be increased with increasing pressure 

because the molal concentration of gaseous species will be increased as 

reported by McKewan(Zl}. He assumed that the reaction takes place by 

chemisorption of hydrogen molecules on active sites on tha axide metal 

interface. Since only active hydrogen molecules can enter such a 

reaction, any dilution with inert gas should limit the number of useful 
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collisions with the oxide surface and thus decrease the rate. Above a 

certain pressure of hydrogen_ the oxide surface becomes saturated with 

absorbed hydrogen, and pressure has no effect on the rate of reduction. 

Warner has postulated a transition from surface r-eaction control at 

low pressures to transport control at high pressures. 

The diversity of the opini.msmay simply reflect the number of 

factors which control the reaction rate. 

2. 8. 4 Temperature Effect 
. . (6,7,26,43,49,5l)h d h. 

A number of 1nvest1gators ave r~porte t e 

slowing down of reaction rate above 600° C during hematite reduction to iron .. 
. ( . 

There have been different explanations for this phenomenon. Most opinions 

favour the crystallization and sintering of the reduced phase, thus slowing 

the gaseous diffusion to and from the unreduced oxide surface. Della 

Lana ( 
48

) suggests the change in the magnitude· of the thermodynamical 

driving force. The equilibrium value of H -H
2

0 composition on the 

Fe0/Fe
3 

0 
4 

shows a sharp increase at 570aZC, from the equilibrium value 

on the Fe
3 

0 
4 

interfa~e. Since the reaction depends upon the driving force 

created by the equilibrium concentration, the FeO cannot be reduced 

above 600°C until the concentration of H
2 

0 vapour decrease from 35o/o to 

23o/o. McKewan(Zl) and Quets et al(l
7

) report a sharp change in activation 

energy at 650°C. Due to the complex nature of the reduction process 

Themelis and Gauvin(S) suggest that the term. "temperature c oefficient 11 

is more appropriate than the usual "activation energy1
'.. The following 

values of temperature coefficient are taken from their compilation. 

Activation Energy, cal/mole 

23,000 
28,000 
15,000-20,000 

15,000 
13,000 
4,200 

Name of the 
Worker 

Reference 

Lloyd 49 
Royter et al 58 

Chufarov and co-workers 
4Z 

Warner 
1.1cKewan 

18 
21 

The:melis .et al SZ 
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. (53) 
~eth has reported that a change in temperature coefficient from 

11000 cal/grn-mole to 45000 cal/gm-mole can be ob'tained by small 

modification in Fe
2 

0 
3 
briq~ette composition and jn sintering temperature. 

2 •. 9 Volume Expansion During Reduction of Hematite 

L 
. ( 7, 9' 54' 55} . . 1 d .. arge mcreases 1n apparent vo ume an porostty are 

observed during hematite reduction by H. or CO • 
. - 2 

These dimensional changes are a function of the original oxide, 

the reducing medium and reduction steps involved. Following volume 

changes during Fe
2
o

3 
and Fe

3
0 

4 
reduct~on in CO and CO-C0

2 
at 1000°C 

are reported by Edstrom(?),-_. . 

Original Oxide Fe
2
o

3 

Product Phase Fe
3
o

4 
FeO Fe 

Apparent volume 100 ~ 125 --132 127 

100 148 

Original Oxide 

Apparent Volume 100 96· 

Swelling is greater when the sample is reduced by a gas with a higher 

reduction potential, and therefore with a higher reaction rate, than stepwise 

reduction. The swelling tendency is largest in the Fe
2 

0 
3
--.. Fe

3 
0 

4 
stage, 

where a break down of the crystal lattice combined with the bursting action 

due to higher pressure at the reaction interface, causes large porosity 

and volume expansion. 

When wu.stite is transformed to iron there is shrinkage, but occasionally 

a. large increase in volume is observed in this stage by CO reduction(S?) 

(catastrophic swelling). The reason may be the greater bursting-out-capacity 

of CO. Carbon monoxide carburizes the reduced iron layer surrounding 

. the small wustite grains. by solid state diffusion of carbon.. This carbon is 
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produced by decomposition of CO by the fol]owing reaction 

2 CO --t- C0
2 

+ C. 

A high gas pressure develops when carbon in the austenite reacts with 

the oxygen in the wustite~ The gas is thus formed at the iron-wustite 

interface and hence when sufficient pressure is built up, ~bursting 

action takes place with volume expansion.- Fe
3 

0 
4 

reduction to FeO involves 

no crystallographic transformation, and the reduction reaction probably 

proceeds by anion diffusion at the surface. Therefore, no porosity 

increase or volume expansion is observed. Ponghis et al(S?) believe 

that hematite with irregular needle-like grain structure is more predominant 
. . (56) 

in swelling characteristic. Brill-Edwards et al state that transgranular, 

as well as intergranular, stress cracking during hematite to magnetite 

transformation, may be the reason for volume expansion. 

It has been reported that small impurities of calcium reduce or 

elilninate swelling completely(SS)~ The present author believes that small 

contents of Ca stabilize the r-hematite structure, V\'hich has the same type 

of structure as magnetite. No nucleation will be requ_ired for this 

transformation. Hence no volume expansion or porosity increase of the 

product phase will occur. 



CHAPTER lli 

THE MIXED CONTROL KINETICS 

3. 1 Intr eduction 

The present investigation is concerned with the reduction kinetics. 

of natural hematite to magnetit~ by H
2

-H
2

0 n1.ixtures in the t.emperature 
0 0 . 

range 1084 K - 1284 K at atmospheric pressure. This reaction is the first 

step in the series of topo- chemical reactions in the process of reducing 

hematite to irono Kinetic information of the simple steps such as 

hematite-magnetite transformation is necessary in order to have a better 

understanding of the complex processes of hematite reduction in iron­

m?-king. It also has direct industrial significance because magnetic 
(61) 

roasting is one of the most important methods in benefication of lean ore . 

Although many technical papers have been published on the process of 

magnetic. roasting and iron oxide reduction, very little in.formation is 

available in the literature concerning the fundarnental nah..'..re of hematite 
(50) 

reduction to magnetite by reducing gases. Hansen eL aL reduced the 

dense synthetic pellets of.high purity oxide in CO-CO mixtures and 
. . 2 

determined. the reaction rate by the weight loss 1nethod. They were able 

to interpret most of their results by applying the interfacial area cant rol 
(1-4) . . (62) 

theory developed by 1\1cKewan o In contrast, W1lhehn and St. Pierre 

who studied reduction of hematite to rna.gnetite in H
2 

-I-I
2 

0 mixtures by the 

weight loss method, stressed that the resistance of the porous 1nagnetite 

layer to the diffusion of gases cannot be neglected in consideration of the 

overall reaction rate. In the present study the contributions of interfacial 

chemical reaction, diffusion of gases through the n1.agi1etite phase and the 

gaseous boundary layer to the overall reaction rate will be cDnsider ed. 

27 
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3. 2 Apparatus and Procedure 

Hematite Specimens Preparation 

Natural hematite ore from Vermilion range of Northern Minnesota 

was selected for the present investigation because of its high purity and 

thermal s·tability.. Chemical analysis of five samples gave the following 

average values. 67.52 pet Total Iron (96. 62 pet Fe
2
o

3
, 0. 28 pet FeO, 

0. 03 pet _Metallic Iron), 2. 53 pet Si0
2

, 0. 07 pet MgO, • 03 pet CaO, 

0. 05 pet combined mixture, 0. 07 pet 1 os s on ignition, and 0. 34 pet other$. 

Cylindrical specimens of 0. 93 em in diameter, and 2. 7 em in length were 

drilled from slabs of ore with a water cooled diamond core drill. These 
0 ' 

specimens were heated to 1000 C and furnace cooled. Specimens with 

silica pockets developed large cracks.. The uncracked specimens were 

heated a second itim.e, and their surfaces were carefully examined with a 

microscope. Those with hair-line cracks or surface inhomogenity Vilere 

rejected. 

Preparation of H
2

-H
2
o MJ.xtures 

H
2

-H
2

0 mixtures were prepared by the combustio~ of H
2
-o

2 
mixtures 

in a pyrex glass chamber in the presence of a catalyst. Alumina pellets 

coated with Palladium, supplied by Englehard Industries, were used as the 

catalyst. Purified grades of hydrogen and oxygen were used which were 

repurified by usual techniques. Hydrogen before entering the combustion 

chamber was passed through an activated alumina H
2

0 absorption bulb, 

with copper turnitgs at the top. The cover of this bulb was not made pres sure 

tight so that any pres.sure development in the hydrogen line would cause the 

cover to blow off and also the copper turnings would act as a flame arrester 

in the case of a flash back from the con1.bustion flame. 

Oxygen flow rates .were measured with a bubble flow meter after 

purification with+ lo/o accuracy. Hydrogen flow rates were measured by 
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fiG. ( 1 ) Schematic Diagram of Apparatus 

1 • Furance 

2. Specimen 

3. Thermocou,p 1 e 

4. H2-o2 Combustion Chamber 

5~ Condenser 

6. Gas Temperature Stabilizer 

7 • Flow Rate Measurement Units 
.... _ ... 

8o Fl arne Arrester· 
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"precision wet test n1.eter 11 and the a1nount of unburnt hydrogen was 

accurately measured by a bubble flow meter, after condensing water 

vapour in the gaseous stream .. 

The pyrex glass bulb contained concentric vycor glass tubes 

31 

as shown in Figure L Oxygen was prevented from diffusing into the 

hydrogen line by threading platinum wire through pores at the combustion 

end of the gas inlet tubeQ The glass bu.lb was heated with a Kanthal 

heating wire pasted in asbestos paper" The surface temperature of the 

bulb was measured with a thermoc·ouple and adjusted to remain at 

approxin1.ately 350°Co The gaseous reaction chamber also served 

as a preheater for gases to avoid thermal segregationo The follo\ving 

sequence of operation was adoptedo 

Nitrogen was pas sed through the outer concentric tube to purge 

the catalyst bulb of oxygene 

2.· Hydrogen was introduced through the inner tube until a steady 

flow was obtained. · 

3.o Oxygen was then introduced into the nitrogen strean1. passing 

through the outer tube. 

4. When cornbustion had con1.menced and a flame was visible over 

the platinun1. wire, the I\f
2 

was turned ofL · 

Reduction Furnace Operation 

The Kanthal furnace was 27'' x 111 with a constant temperature zone 

of approxilnately 10". 
0 

The temperature was controlled to + 5 C of the operation 

temperature. The specimen was suspended froni the top of the furnace 

with a Kanthal \Vire along the vertical axisG 

Nitrogen was pas sed through the furnace tube as the specimen was 

heated to reduction temperatureo When the reduction gas mixture was 

properly adjusted, nitrogen was switched off and the I-I -H 0 mix'cure 
2 2 
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introduced. After the desired period of reduction, the reducing gas was 

turned off and specimen coole~ in a nitrogen atmosphere. When the 
0 .. 

furnace temperature dropped below 5 00 C, the specimen was pulled up 

to the top of the furnace tube, and nitrogen was also introduced from 

the top for faster cooling. The specilnen removed from the furnace when 

it had cooled to less than 80°C was dipped in acetone to deactivate the 

highly reactive magnetite. The furnace was properly protected from the 

back diffusion of atmospheric oxygen. 

Method of Rate Measurement 

A picture of the transvers·e section of partially reduced 
I. 

cylindrical specimens is shovm in Figure 2. The thickness of the 

magnetite layer and the radius of the unreduced core were measured 

by placing a rectile marked with-0.1 mm divisions on the specimen under 

a travelling micros cope at a magnification of 10 x.. Only portions of the 

interface that were not obviously affected by crack formation were 

mea'sur ed.. The error in th~cknes s measurement was estimated to be 

+ 2o/oand the uncertainty in H
2
/H

2 
0 ratios was estimated to be + 2o/o. A 

further source of error could be the inhomogenity in physical and chemical 

properties of the specimens which is unavoidable for natural ore. 

3. 3 Determination of Critical Flow Rate 

An increase in reduction rate with increasing flow rate has been 

observed previously by Feinman et. al.. <
63 >.. For a particular 

temperature and gas composition there is a critical value above which the 

rate of reduction is relatively independent of flow rate., Figure 3 shows 

that increasing the flow rate beyond about 300 mls/min has little effect 

on the rate of reductiono A flow rate of 1000 ml/min was chosen in this 

study so that it is likely that the overall rate was not strongly influenced 

by ma~s transfer of the reducing gas through the boundary layer .. 
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(a) (b) 

Fig. 2. Representative photograJh of partially reduced specimens. 
(a) ternperature = 1084K , p l-I /pH 0 = 0. 2, time = 0. 5 hr. 

2 2 
(b) ter:n.perature = 1184K

0
, p1~ /pH 

0 
= 0. 2, time = 2. 0 hr. 

_,_ 2 2 

3 
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3. 4 Experimental Results 

Interfacial movements data are summariz~d in Tables 1. 1 to 1. 5. 

Magnetite layer thickness (Ar), the radius of unreduced core of the 

cylinder (r), the radius of partially reduced cylinder (r ) and the percentage 
0 

increase in volume of magnetite over hematite are listed.. The magnetite 

layer thickness and the radius of unreduced core as fWlctions of time are 

shown in~ Figure 4 and Figure 5 respectively at different H
2
/H

2
o ratios 

and temperatures. 

The change in amount of oxygen combined with iron in going 

from hematite to magnetite was calcula~ed to be 0. 0103 gm-atom/ml. The 

increase in volume of the magneti,te layer during reduction was observed 

to depend on the reaction rate and hence indirectly on gas composition and 

temperature,as shown in Figure 7. 

Tables 2.1 to 2. 3 and Figure 6 show the thickness of magnetite 

formed in various hydrogen-water vapour mixtures at three different 

temperatures for 1. 5 hours of reduction.. Figure 6 also shows that the rate 

of iilterfacial movement seems to increase linearly with the partial pressure 

of hydrogen in the maiD gas stream. The true densities of hematite ore 

and the magnetite phase were determined in the form of minus 100 mesh 

powders by kerosine and ethylene glycol displacement in a pycnometer. The 

bulk density was. m.easured by the method of mercury displacement. 

3. 5 Mathematical Analysis 

The reduction of a dense hematite specimen to magnetite consists 

of the following steps in series(lS, 34): 

1. Transport of H
2 

from t~e main gas stream to the outer surface 

of the specimen. 

2. Diffusion of hydrogen through the porous magnetite layer. 

3. Chemical reaction at the hematite/magnetite interface. 

4. Outward diffusi~n of water vapour through the magnetite layer. 
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Tablei.. 1 
0 

·pH /PH 0 :::: Oo38 Temp.· :::: 1084 K, 
2 2 

Time, Hours r , ffilU r, ffilU ~r, mm %Increase 
I b 

in Volume 

0. 25 - 4.7 4.37 0.33 11.. 8 

o. 5 4.75 4.12 0.63 12. 0 

1.0 4.75 3.55 1. 2 10.8 

1. 25 4.76 3.46 1.3 11. 0 

1..5 4.76 3. 21 1. 55 11. 0 

2.0 4.9 2.9 2. 0 11. 8 

2.5 4.97 2~ 47 2.5 1L 7 

3. 0 5.0 2.2 2.8 12~ 0 

Table~ 

Ten1p. 
0 

PH /PH O:::: 0.1 :::: 1185 K, 
2 2 

Time, Hours r ' mm r, mn~ .6r' mm o/o Increase 
0 

in Vohnne 

0.5 4.73 4.30 0.43 12.4 

1. 0 4.76 4.01 0.75 12. 1 

1. 5 4.82 3.72 1. 1 12. 1 

2.0 4.85 3.50 1.35 12. 1 

2.5 4.9 3.3 1. 6 12.3 

3. 0 4.96 3. 16 1. 8 12a4 

4.0 4.99 2.74 2.25 12.3 
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Table I. 3 -----
0 

PH /PH O = 0. 2 Temp. = 1184 K, 
2 2 

Time, Hours r ' mm r, mm h.r, mm o/o Increase 
0 

in Volume 

0.25 4.75 4.39 0.36 14. 0 

0.5 4.8. 4. 15 0.65 13.5 

0.62 4.86 3.96 0.9 13.4 

1.0 4.92 3.67 1.25 13.2 

1. 5 5.03 3.37 1.66 13.3 

2.0 5. 15 3.05 2. 1 12,6 

2.5 5.25 2.7 2. 45 13.4 

3.0 5. 09 2.2 2.89 12.6 

Table I. 4 

Ten1_p. 
0 

PH /PH O = 0. 05 · = 1284 K, 
2 2 

Time, Hours r ,mm r,mm Ar, mrn %Increase 
0 

in Volume 

0.25 4.75 4.45 0.3 15c 0 

0.5 4.8 4". 25 0.55 14. 0 

I. 0 4.9 3.9 I. 0 13o6 

1.5 5.0 3.72 1.28 I4. 5 

2.0 5.,05 3.5 1.55 14. 5 

2.5 5. 05. 3.3 1 •. 75 13.5 
! 

3. 0 5.1 3Q02 1.98 14. 5 
__ .._ _____ 
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Table I. 5 

. 0 

PH/PH 0 =0.1 Temp. = 1284 K, 
2 2 

Time, Hours r ,mm r,mm Ar, mm o/o Increase 
0 

in Volume 

o. 125 4.72 4.52 0.2 15.4 

0.25 4. 78 4.38 0.4 15.0 

o. 5 4.9 4.05 0.85 17.0 

1.0 5.0 3.6 1. 4 14.0 

1.5 5.05 3. 15 1. 9 13.5 

1.75 5. 16 2 .. 73 2. 43 13. 7 

2. 0 5.2 2.7 2.5 14.5 

2.25 5.25 2. 45 2.8 13.8 



Table II. l 
I 

Thiclaies s of Magn.etite Layer Formed. 
0 

Temp. = 1084 K, Time = L 5 hour 

P (atn1.. } 
Hz 

o. OZ4 

0.070 

o. 130 

o.zo 
0.26 

0.31 

0.34 

0.025 

0.075 

OD 15 

O.Z5 

0.35 

o. 45. 

0.5 

Table II. 2 

Thickness of Magnetite Layer Formedo 
0 

Ten1.p. = 1184 I<, Time = 1. 5 hour 

PH (atn1.. } p /P 
2 Hz Hzo 

0.005 0.005 

0.02 0. 02 

0.058 0.05 

o. 07 0.07 

0.098 0.10 

o. 11 0. 123 

Oo 125 0. 143 

0. 17 0.20 

o. 175 0.212 

0.20 0.25 

0.26 0.35 
------

41 

Thickness of Magnetite Layer 
(mm) 

o. 1 
0.4 

0.8 

1. 1 

I. 5 

1. 6 

2.3 

ThicJ;;.:ncE: s of 1vfagneite Layer 
{rHin} 

0.2 

0.55 

0.80 

0.75 

1. 1 

1. 2 

1. 55 

I. 7 

2.05 

2. 1 

3. 1 
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Table IIe ~ 

Thickness of Magnetite Layer ·Formed. 
0 

Temp. = 1284 K, Time = 1. 5 hour 

PH {atm.) 
2 

PH /PH 0 
2 2 

0.005 0.005 

o. 01 o. 01 

0.03 0.0134 

0.05 0.05 

0.06 0.067 

0~077 0.083 

o. 092 0.1 

Table III 

Densities of l-Iematite and Magnetite· 

I-Iematitc Ore 

T·rue 
Density 

Bulk 
Density 

Total 
Porosity 

5. 15 gm/c.·c. 

5. 10 gm/ c. c. 

1.1% 

43 

Thickness of Magnetite Layer 
{m1n) 

0. 18 

0.7 

0.75 

1. 35 

1. 0 

2.0 

2. 1 

lvlagnetite Phase 

4. 99 gm/c. c. 

4~ 044 gm/ c. c. 

19. Oo/o 
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5. Transport of water vapour from the outer surface of the 

specimen to the gas stream. 
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The first and last step in the above sequence can be described 

by the following two equations, when considering a unit length of a long 

cylindrical specimen. Symbols are defined in the nomenclature at page x. 

2 1f' r 
(P{b) p(o)) NH = k (H

2
) 

0 

2 g . RT Hz Hz 
{1) 

21T r 
( ( o) p(b) ) 

- NH O = k (Hz 0} 
0 

RT PH 0 H
2

0 2 g z 
(2) 

The positive direction of n1.as s fluxes is chosen fr o1n the gas phase toward 

the centre of the specimen. It is assumed that steps (Z) and (4) can be 

expressed in ter1ns of Fick' s First Law in the following for1n. 
(e) 

DH 

= ln r/r 
0 

JH 0 = ln r/r z 0 

27f 

__ z_ (P(o) p(i)) 

RT liZ Hz 
D( e) 

H 0 __ ._z_ (P(i) {o)) 
RT H 0- PHO 

z 2 

(3) 

(4} 

Step ( 3) is the interfacial chemical reaction which is taken fron1. the infor­

mation in Figure 6 to be.a first order reversible chemical reaction. 

(5) 

The movement of the interface can be related through a material 

balance to the rate of oxygen ren1.oval at the interface which takes the 

following forn1.. 
dv 

No= ~ p o dt = -~ p z·rrr 
0 

dr 
dt 

(6) 

A generalized rate equation may be for1nulated with all the above rnentioned 

steps, provided the following as surnptions are 1nade: 
(a) Isothermal and Isobaric conditions apply in the systern. 

(b) The individual steps are related as shown in the following equation under 

. t d t 1 d"t' th. . 1'1 ] t b J. • th '\ ,-. t ' ( 39) quas1- s ·ea y s a :e con 1 1ons, - .1s 1s 1 <:.e -Y ·a e rrue 111 <:, prco en .. cas c . 
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(7) 

Using t he set of a lgebraic equat ions in (7}, the four unknown quantiti es , 

I 1 p(i) .l)i) · J:)(o) P(oj ~ eli·I-rol.I"-:::~~-~e d. w ··tl th dd·t· 1 nanJ.e y , -~ , .H , H 
0 

a1 e .l..L . .l <,J- l - 1 :1 e a · 1 1ona 
H2 H2O 2 2 ( ) ( ) 

as su1nptions that I< (I-1 ) :: k (H O) = k a n d D: = D: 0 = De th e rate 
g 2 g 2 g 2 2 

of r eduction can b e related to the gas composition in th e main gas stream. 

[ -21f_r_l -a-
o 

+ 

whe r e a = 
k K 

g e 
K +1 

e 

D K 
e e f3 =-~ 

K +1 
e 

ln r /r 
0 

+ -2-r-/ - r-l-:<:- ] 

4 
~ k as K ) 10 

g . e 

~ D 
e 

r 

Substituting ( 6) into ( 8) it bee onJ.e s 

( - N ) = _l_ (P(Hb) 
o RT 

2 

p(b) 
H 0 

2 --- ) 
K 

e 

(8) 

dr 
-L---

dt 
= [(P(b ) ·- p(b) )/ ~ p 

H I-I 0 o 
2 -~~ 

r ---
r k 

0 g 
+ 

r l n r/r 
0 -------

D 
e 

+ _1 --] 
k 

r 
K 

e 

Afte r integration with the initial condition r = r at ~t = 0, Eq. ( 9) m a y 
0 

b e r ea rrange(CS}a s follo w s. 

p 0 

[ 
p(b) .. _ H2 J·L 

H I{ G 
· 2 e r .. , r 

RT b. P ( r - r) 
0 0 

= __ o~--- + 
2 r k k 

o g r 

2 
r 

2 (r - r) 
0 

ln r/r + 
0 

(10) 

(9) 
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Using the calculated values of k , equation (10) can be solved graphically 
g 

from which the values of k and D may be evaluated. 
r e · 

Very little experimental data on the mass transfer coefficients 

are available for a cylindrical specimen with flow parallel to its length& 
(64) 

Some experimental work sho~s that a flat plate n~odel may be 

applicable in the present study without introducing significant errors . 
. . 

The accepted correlation for strearn line flow over a flat plate is as 

follows( 65 ). 

k L I 
_g_ ::: Nu ::: 0.66 (Re)

1 2 
(Sc)

1
/

3 
D 

Viscosity and density values have been calculated from the i11Iet gas 

composition and diffusivitics were calculated by the ac.cepted method 

described in (66). The mass transfer coefficient values obtained are 

shown in Table 4. 

Table IV ------
Calculated Values of Mass Transfer Co- efficient. 

Tem:Qerature OK 1084 1184 1284 
-4 -4 

fol poise 3. 335 X 10 3. 826 X 10 4. 338 X 10 
-4 

gm/c. c. 
-4 -4 -4 

p 1.. 517 X 10 · 1. 562 X 10 1. 55 X 10 . 

D 
2 

Cm /sec. 8.70 

k Cm/sec. 5.49 g . 

1 
A plot of 23 = k 

r 

is shown in Figure 8 where 

9. 71 11. 64 

6.14 7.02 
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and 

{b) 

[ p(b) -( 
p I-I 0 

l J 
2 

H2 K 
e 

= 
(r -r) Ap R T 

0 0 

= [ 
2 

-r 
2{ r - r) 

0 

t r + r 
0 

2 r k 
0 g 

The values of k and D are the reciprocal of intercept and slope r e · 
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(11) 

(12) 

respectively in Figure 8o These valu.es obtained from the least square 

analysis, are shown in Table 5o The value of Z in Eqo {11)· is do1ninated 

by the leading tern1. so that a small variation in the value of k will not . g 

significantly affect the values listed in Table 5o k and· D therefore will 
r e 

not be greatly affected if a theoretical value of k . is used for simplicity 
. . g 

in place of an experimentally determined valueo 

Table V 
--r 

Values of Effective Diffusivity and Che_mical Reaction Rate Constant 

Temperature, OK 2 
k , Cm/sec De, Cm /sec 

!"""--

1084 Oo028 0.138 

1184 OoQ4 OJ Oo ?81 

1284 Oo087 Oo88 

The partial pres sure of hydrogen at the reaction interface, calculated on 

the basis of Eqso (5) and (8) and Tables (4) and {5), is shown graphically 

in Figure 9. The exis-ten_ce of a minima in Figure 9 is expected from 

a consideration of Eq. (7}, L e.; the value of P~) should make the 
2 
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(I) INTERFACE RESISl-Af\JCE 
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instantaneous rates of supply and constunption of hydrogen at the interface 

equal. 

Figure 10 shows how the instantaneous values of various 

resistances, defined by the terms in the denomjnator of Eq. (9), change 

with the extent of reduction. It is obvious that the interfacial chemical 

reaction and diffusion of gases in the magnetite layer contribute the 

major part of the resistance cant rolling the overall reaction rate when th~ 

gas flow is high. The proportion of .the total resistance contributed by 

each of these steps changes during the course of reduction. 

3. 6 Discussion 

Due to volunJ.e expansion when the magnetite phase is formed, the 

radius of the cylindrical specilnen is larger after reduction. Two sets of 

calculations have been carried out, one with r as the radius of the specirnen 
0 

before reduction and the other with r as· the radius after reduction. It 
0 

was found that the resulting difference in the values of k and D obtained 
r e 

are within the experimental error of this study. All the results reported 

here are calculated with r as the original radius of the specilnen before 
0. 

reductione It n1.ay be noted that Figure 8 not only gives the numerical 

values of k and D , but also shows that they are independent of the 
r e . 

composition of the gas. This may be considered as a confirmation that 

the proposed model is reasonable. 

· Although this study was only carried out at three te1nperatures, it 

is felt that· some valuable information has been obtained. Temperature 

dependence of the chemical reaction rat.e constant may be expressed as 

follows: 

k 
r 

4 = 4. 02 x 10 exp ( -22, 000/R T) 

This activation energy value is higher than that of 16, 000 cals/mole 

reported by Hans en et. al. (S OJ, with .synthetic pellets r:duccd by CO- Co
2 
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mixture. The effective diffusivity of hydrogen in the magnetite phase 

increases 3.1 times when the temperature is raised from 1084° to 

1284 °K. Such strong temperature dependence of D is probably due to 
e 

the larger pores and greater porosity in magnetite formed at the higher 

temperatur eG 

' •' 



CHAPTER IV 

THE CHEMICAL REACTIVITY OF a-HEMATITE 

4. 1 Introduction 

The ain~ of this investigation is to study the relationship between 

chemical reactivity of he1natite and its physical properties. The reac­

tivity of different specimens is compared by the amop.nt of oxygen loss 

during hematite to magnetite transformation under the same experimental 

conditions. 

The reactivity of solids is generally regarded as a structure sensi­

tive property because of its dependence on the nature and nurnber of 

defects in the solids(b?-?l~ Defects may determine the possibilities of 

formation of the initial reaction centrE:s and the relative probability of 

their appearance at diffe~ent points on the solid surface(?O} After the 

nuclei have for1ned thei:r growth rate and epitaxial relationship with 

the parent phase v;,rill deterrnine the course of reaction. When the 

1nigration of ions and atoms are involved for the reaction to progress 

defects determine their mobility and concentration. The different 

ions occupying different geometric locations on the surface of the 

crystal such as apices, edges, .and faces may have different reactivity. 

The presence in the crystal of lattice defects will facilitate the formation 

of initial reaction centres(?l~ _This may be the reason for large initial 

reactivity in broken surfaces. As these surface defects are decreased 

with cleaner surfaces long incubation periods are usually observed due 

to difficulty in the nucleation. a-hen~atite(?,?Z)has h. c.p. oxygen lattice 

with Fe+++ in an octahe~ral position filling two-thirds of such positions 

between successive oxygen layers. Magnetite has c~ c. p. oxygen \vith 

inverse spinel structure (Fe
8
+++) (Fe++ Fe+++) 0 • Their lattice 

tetr 8 8 oct 32 
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o· o 
constants are 5. 42 A and 8. 38 A and specific volumes of 0. 272 cc/ gm 

and 0. 270 cc/gm respectively. (0001) oxygen ions plane in a-hematite 

coincides with (111) anions plane in magnetite. These data suggest that a 

complete c·ollapse of the parent crystal would occur, and the magnetite· 

should grow by reconstructive transformation fron1. nuclei, which could 

be detached from the parent phase. The ionic species have to travel 

more than interatomic distances to reconstruct the product phase hence 

surface diffusion might ~e one of the important steps. 

Once the chemical reaction has started,a break down at the inter­

face would generate more and more de~ects. These freshly created 

surfaces may develop strong double layer charges giving autocatalytic 
. (73) 
effects to the reduction process .• 

L "k . 1 . . .d~ <74- 76 > h t"t . . 1 e many s1mp e 1norgan1c OXl es , a- ema t e 1s a non-

t .. h" t . d "th . . ( 7) u d t . d" s o1c tome rtc compoun Wl anton vacanctes . n er cer atn con 1-

tions it is an unstable compound and can be transformed to magnetite 

at low temperatures and at low pressures<77 ) or by simple heating in 

, air at 1380°C or higher temperatures (B). 

At a particular sintering temperature the concentration of anion 

vacancies increases with sintering time to s on1.e final equilibrium ·value< 751 
There are several ways that the point defects namely anion vacancies, 

created in hematite during sintering, may be accommodated. With increase 

in their concentration they could lead to the formation of isolated 

clusters (microdomains) <79 • 80) Simultaneously or alternati~ely another 

process may take place. Segregation of oxygen vacancies into suitably 

spaced arrays and their co-operative rearrangement along planes of shear 

where the oxygen vacancies are eliminated.(?B). Impurities could block 

the formation of complete arrays and could help in the formation of 

random clusters< 75 ~ The formation of shear planes is being more and 

more ·accepted as a stable structure for transition 1netal oxides. Arrays 

of oxygen octahedra with oxygen missing at their corners are sheared 
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relative to each other, collapsing along certain parallel ( 78 planes and 

bringing the metal oxygen octahedra at these borders into closer union. 

Shearing of octahedral edges rather than corners and faces rather than 

edges, increases the structural stability, but accompanying this there is 

an increase in lattice energy, and reflects a chemical bonding syste1n 

-n1.ore covalent than ionic. Hence making them more reactive than the 
(81} 

perfect lattice . A large J?-Ull1.ber of these shear planes may lead to 

the formation of surface steps knovrn. as thern1.al etching which is expected 

to increase with tilne and temperature of sintering. 

The n1.icrodomains could be a more defective hematite region 

within a less defective hematite phase and may impose a s1. ight change in 

symmetry, giving rise to irregular surface strains, usually observed 

after sintering processes. Th~s more defective a-hematite may also 

be termed as potential nuclei of magnetite, because it is the combination 

of defects with their complimentary ions of different valency which are 

responsibl~ for the nucleation of the new phase .. 

4. 2 Specimen Preparation 

The basic considerations in the preparation of specimens are to 

make the1n with various kinds of structural defects, such as surface 

roughness, porosity and lattice defects by controlling the sintering 

conditions. The effects of the defects on the reactivity of he1natite is 

the subject of the present study. 

High purity hernatite powder>:~ of less than 300 1nicron in size was 

soaked with distilled \Vater and hand rolled into spheres with approxilnately 

20% moisture contenL The specimens were dried at room temperature 

and then fired at 750°C for two hours, followed by rolling in a ball mill 

with hematite powder for about one hour e Then their surfaces were 

* The material was supplied by Atornergic Chemic~ls CO, New York with 
the follo'Aring analy-sis: 99. 76% Fe 0 , 0. 013% Mn,· 0. 002% Cu, Oe 004% Zn, . . 2 3 
0. 07% substances not ppted by NH

4
0I-1, 0.1% sulphate,·· 0. 01% phosphate, and 

0. 002o/o nitrate~ 
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cleaned with a so~t cloth until they were within ~ 25 mg. of the desired 

weight. The resulting nearly spherical specimens with :!:' 1. Oo/o variation 

in diameter were dipped in a thick hematite slurry and evacuated to 

facilitate the penetration of the slurry. Then they were fired at 900°C 

again for one hour. The rolling, evacuating and firing procedures were 

then repeated with firing temperature raisedto 1000°C for one hour .. 

These were once again ro.lled in a ball mill with hematite slurry (15 rpm) 

for two hours. The. finished specimens were then washed with distilled 

water and specimens with detectable surface defects under the micro­

scope were discarded. Due to difficulty in focusing on spherical surfaces 

small plane regions \Vere made by rubbing the spherical surfaces .after 
0 

750 C treatment. The specimens were given the same treatment as described 

above.v exc~pt the plane surfaces were smoothed by polishing with Fe
2
o

3 
powder over plane glass after each rolling operation. The texture of 

the plane surface was the same as the spherica 1 surface. 

Sintering of the Specimens.· 

The specimens were then placed in high purity alumina boats 

smoothed with Fe
2
o

3 
powder and sintered in tubular furnaces 

v;,rith free circulation of air. The temperature was raised to 1050°C 

in three hours and then increased at the rate of 100°C per hour to t.J::a.e 

desired temperature. ....tUter sintering for the required length of time, the 
. 0 0 

furnace was slowly cooled, at the rate of 80 C per hour down to 850 C, 

then the powe.r was turned off. The heat treatment was the same for all 

the specimens, but the cooling rate was varied as described later. 

Density ~easurementso 

The density of the sintered specimens was determined by the Arche­

medies principle. The weight loss in· distilled water was determined by 

a microbalance with a sensitivity of 0. 001 mg. Air adsorbed on the 

specim.en surface was removed by im1nersing the specimen in water and 

evacuating. 
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4. 3 Apparatus and Experimental Procedures 

A simplified schematic diagram of the equip1nen~ is shown in 

Figure 11. It consists of arrangan ents for preparation of H
2 

-H
2 

0 

reducing gas mixtures, reaction furnace and microbalance. 

~reparation of R·educing Gas Mixtures 

The metho.d for the preparation of H
2 

-H
2

0 mixtures by partial 

combustion of H
2 

with 0
2 

is an improved form of the procedure described 

in s eotion 3. 2. 

The flow rates were controlled by microprecision valv.es and were 
/ · .. 

indicated by long incline u tube manometers. 

The gases were passed through two-way outlet valves, one outlet 

of which was connected to a bubble flow meter and the other outlet to 

the combustion bulb. The flow rates were measured with the bubble 

flow _meter after making the usual corrections. The gases were taket 

as saturated with ~rater vapour at the ambient temperature and pressure. 

Telescope cross wires were fixed at the mahometer·liquid's meniscus 

to check any deviation thereafter. The gases were then introduced into 

the catalytic combustion bulb which was kept at about 300°C by a temp-

eratUre controller. Valve 12 ( Fig.ll), leading to the reaction tube, was closed 

and valve 11, leading to the water vapour condenser and floV"V-meter 

for unburnt gases was opened. Accurately measured oxygen was intro­

duced in an inert gas and hydrogen stream. The inert gas was switched 

off and the amount of unburnt hydrogen was measured. When nitrogen 
} 

was required for ternary gas mixtures it was introduced through inlet 

valve 15. Any deviation in the amount of unburnt hydrogen was corrected 

and another telescope cross wire adjusted on its U tube liquid minescus. 

The temperature of the unburnt gases was noted by thermometer 33, and 

any necessary corrections were made. The condensate could be withdrawn 
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Figure 11. 

Schematic diagran1 of the apparatus o 

p Microflow control valves at the hydrogen-oxygen-nitrogen cylinders 

2) Absorption and purification system 

3) Bubblers 

4) Long inclined U tube manometers 

5) Absorption tubes 

6) Absorption and flame arresting unit on hydrogen line 

7) Single inlet double exit valves 

8) Bubble flow meter 

9) Oxygen-hydrogen co1nbustion unit 

10) Low temperature furnace 

11) Stop valves 

12) Stop valves 

13) Iron constant thermocouple 

14) High te1nperah11·e heating tapes 

15) Nitrogen from purification and measurement unit 

16) Nitrogen inlet valve 

17) Specimen teJ!lperature measurernent thermocouple 

18) Quartz beads packing 

19) Specimen 

20) Three zone non-inductively wound funace, on a vertically sliding 

platform 

21) Detachable hook 

22) Specirnen inlet hole 

23) Alun1.inun1 joint with 0-rings 

24) ·Nitrogen frotn purification an~ n1.easurement unit 

25) Micro-balance 

26) Micro-balance control and recording 
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27) Low temperature heating tapes 

28) Three way valve 

29) Gas exit 

30) Cooling water 

31) H
2 

0 vapor condens or 

32) Condensate outlet 

33) Unburnt H
2 

temperature measurement 
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through outlet 32~ When the gaseous mixture ~~as adjuste~ accurately 

it was introduced into the reaction tube by opening valve 12 and closing 

valve 11. The manometer levels usually changed because the flo\1\r resis­

tance changed with flow length, but these were quickly readjusted by the 

microvalves. 

Reducti"on Furnace 

The reactant gases and the specimen were heated to reaction 

temperature in a non-inductively wound kanthal furnace. There we're 

three independently controlled heating elements, the load on which could 

be adjusted to obtain a longer uniform temperature profile. The total 

length of the heating elements were 2 7 inches with a two-inch inside 

diameter. There was about 13 inches uniformly heat zone, and the specimen 

was approxilnately in the centre of the zone. 

Sample Hang Down Tube 

A quartz tube of 1. 8 em inside diameter and 75 em long wa~ used 

to obtain a desirable flow pattern within a reasonable flow rate range and 

to give minirnum peak to peak noise ratio. This reaction tube was joined 

to the balance hang down tube of 6 em diameter with an aluminum seal 

containing 0 rings. The lower end of the reaction tube had a narrow 

capillary inlet tube for the reaction gases and a smal~ capillary tube 

for the measuring thermocouple. The lower portion of the reaction :tube, 

about 10 em, was packed with quartz beads which cut down the dea? space 

and ensured proper heating of the inlet reaction gases. The specimen was 

about 1. 5 em above this packing. The hang do'W'll. tube had a side inlet 

hole with a cap about 5 em above the heating furnace. The specimen could 

be introduced or removed through this opening. Two em above the side 

opening were two jets, 1/2 X 3 em, facing each other. Midway between __ 



these jets was the outlet tubing which had a three-way valve at its 

end. This three.-way valve could be either open to atmosphere or to 

the condensate measurement system, when measurements for top 

blown gases through the balance were required. 

Specimen Suspension 
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The specimen was hung from the left arm of the microbalance 

into the reaction tube. Two hand-made platinum. chains were used. 

The upper chain with a small circular ring at one terminal ended in 

front of the side inlet hole. The lower chain had a suspension hook 

at the top end and a specimen basket at the lower end. This chain 
( 

could be suspended or removed by placing the hook in the ring of 

the upper chain by means of a long t\""\Teezer. The specimen basket 

was a quartz ring, a little smaller in diameter than the specimen. 

The specimen rested on small gold rings attached to the quartz ring 

so as to give a negligible contact area and minimum hindrance to the 

flow of gases. The_ speci~en was also in contact with the suspension 

chain, which in turn was grounded through the balance weighing assembly. 

Microbalance· 

Specimen weight changes were followed by an automatic recording 

electric balance. The balance used was Cahn Instrument Company's 

RH2500 with a sensitivity range of 0. 001 mg. Purified nitrogen was 

blown from the top of the balance. Flow rates as. low as 80 ml/rn.inute 

were adequate enough to prevent any H
2 

0-vapor going into the balance 

chamber, but with these small flow rates there was no appreciable 

decrease in peak to peak noise ratio on the recorder. Therefore, a flow 

rate of 200 ml/minute was used. 

Condensation of Water Vapor 

To avoid condensation of water vapor, those parts of the ·glass 
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apparatus where a dotted line is shown in Figure 11, were heated with 

heating tapes. The stop valves and specimen inlet hole sealed with 

silicone grease were heated to a maximum temperature of 180°C. 

Iron-constantin thermocouples were placed on these particular spots 

to measure and indicate the temperature. The han~ down tube portion 

between the aluminum seal and _the specimen inlet hole was heated to 

a temperature of 500°C, so that the top blown nitrogen was adequately 

heated before it came into contact with H 0-vapor. 
. 2 

Blank Runs 
/ 

Blank runs with inert sp~cimens were performed for each set of 

experimental conditions. This was to compensate for loss· in weight 

from buoyancy and aer odyna.mic forces, effects of top blown gases, 

absorption or de·sorption of gases on the specimen or suspension 

systems. An inert specimen was prepared by sealing a nickel pellet 

inside a quartz sphere., . The weight of nickel and quartz were adjusted 

so that the size and weight ·of the specimen was very close to the actual 

specimens. The decrease in weight of the inert specimen was several 

hundred micrograms when changing from room temperature and static 

conditions to the experimental temperature and flow conditions. The 

weight changes were proportional to the flow rate of bottom and top 

blown gases and the experimental temperature. These corrections were 

applied to the actual weight of the specimen., The transition time in 

changing from one gas atm.osphere to another was observed to be less 

than 30 seconds, by heat conduction measurement., 



65 

Reduction Procedures 

The experimental conditions in the present investigation 

were kept the same, so that any variations in the reaction rate are 

due to solid specilnens only. The ratio of the partial pressure of 

hydrogen and water vapour was 0. 05, with total flow rate of 360 ml/min 

at S. T. P. and reduction temperature of 750°C. The specimen was 

flushed with nitrogen while being heated to this temperature. After the 

temperature of the whole system was fairly stabilized, the flushing gas 

was turned off and the reducing gases were introduced. Upon the comple­

tion of the experiment, the specimen was again cooled in a nitrogen 

atmosphere to roorn temperature for surface examination. 

Experin1.ental Errors 

The uncertainty in the adjus_trnent of the reducing gas ratio may 

be up to + 2 per cent. This may be due ·to assun1.ing the gases saturated 

with water vapours at the arnbicnt temperature and errors in the 

measurement of flow rates. The rnajor cause of variation in the results 

may be the surface area and nature of the specimen surface, the precise 

reproducibility of which is difficult. By careful surface preparation the 

difference in the reaction tirne for initial 4 pet reduction from he1natite 

to magnetite may vary withi11. + 10% for sp.eciniens of very close density 

values. 

4. 4 Results 

A large increase in density was observed for sintering ten1.perature 

increase from 1150 to 1200°C. At 1350°C there was no appreciable increase 

in density as sintering time was increased from two to five hours. It 

was observed by cleaving the specirnen that the outer portion of the 

specimen was pore free, but small isolated pores existed near the centre 
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of the specirnen. Small n1.icrocavities were also observed inside the 
0 

single grain for specimens sintered at 1350 C as shown in Figure 2. 

These pores were usually difficult to re1nove. Specimens used in this 

study had C?-pproxirrtately 1. 5% porosity (theoretical density 5 .. 25 

grn/c. c. )(.67~he density of the specimen with clean surface were 

higher than those with rough surfaces for equal time and sintering 

temperature. The usual density range for specimens sintered at 

1200°C and 1350°C for five hours will be 5.135 + 0~ 02 and 5. 18 + 0. 02. 

Figure 12 shows the weight loss versus time curves for specimens 

sintered under the same condition but different in treatment before the 

sintering process. It can be seen also from this figure that very high 

reaction rates can be obtained at the same flow rate for more reactive 

specimens. 

Figure 13 shows the kinetic data on the reduction of hernatite to 

magnetite for different specimens under standard conditions. These 

specimens were prepared by procedures as outlined previously except 

that the final sintering temperature differed. The measured densities 

of these specimens are included in Figure 13. The results frorn a 90 

minute reduction period are also included in Figure 14-. The experimental 

findings reported in Figure-13 and Figure 14 should be related to the 

surface properties of these s.pecirnens. Micrographs of these surfaces 

are shown in Figure 15. Micrographs taken as optical micrographs 

are labelled as (OM) while those of the scanning electron microscope 

as (SEl\.1}o The kinet:lc curves for specimens prepared under indentical 

conditions except sintering times are shown in Figurel6 and the corresponding 

micrographs in Figure 17. The dependence of reactivity of hematite on the 

cooling rate frorn the same sintering terr1perature are shown in Figure 18. 

It should be noticed, in general the denser specirncns are 1nore reactive~· 

Such phenomena indicates that the don1.inating physical property responsible 

for the observed results is different from those hnplied in Figure 12and i3. 
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1100°C (750X,OM) 
(a) 

1250°C (1250X, SEM} 
{c) 

ll50°C (1250X, SEM) 
(b) 

1350°C (1200X, SEM) 
(d) 

Fig.15. Showing grain growth on surfaces polished with Fe
2 

0
3 

powder, 
sintering time 5 hours. 
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10 hours 
{b) 

1 hour 
(a) 

20 hours 
(c) 

Fig.17. Showing grain growth at 1350°C for different sintering times (SOOX, OM). 
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(a) 

(b) (c) 

Fig.i9. Thermal etching of hematite grains (a) 1350°C (b) 1400°C 
(c) partially reduced surface, dar~ phase is magnetite. (750X, OM) 
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(a) (750X, SEM) 

(b ) (750X, OM) (c) (750X, OM) 
Fig . ~ O. The growth pattern of magnetite ove1; hematite. 
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(a) (1450X, SEM) 

(b) (2800X, SEM) (c) (2800X, SEM) 

Fig • .2.,1. Some specific grovvth of magnetite within a-hematite grains. 
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(a) (7000X, SEM) (b) (6900X, SEM) 

Fig. 22. Some details of magnetite growth over hematite. 



Hematite ---------
~ Magnetite 

(a) 12 00 ° C/5 hrs. s intered. ( 650X, S E:tvf) 

(b) 1350°C;10 hrs. sintered (670X, SEM) (c) 1350°C/10 hrs. s intered 
( 13 5 OX, SEM) 
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Fig. ~3. Inward 5rowth of magnetite on a-h ematite (a) 1200°C/5 hrs sintered 
(b) 1350 C/10 hrs. sintered (c) directional growth of magnetite _ 
inside a-hematite grain (lower left hand corner). 
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Sintering a specimen at 1350°C for 15 hours and then cooling down to 

800° C in forty hours. showed only a zot7o decrease in· reactivity compared 

to the specimen cooled according to the usual procedure. 

Many of the hematite grains were thermally etched, the number 

roughly proportional to time and temperature of sintering. At 1400°C 

after five hours sintering time all the grains were thermally etched. 

The specimen developed excess"ive cracks inside the grains as well as the 
grain boundaries, probably due to excessive grain growth or phase 

transformation. This is shown in Figures 19. a and b. Micrograph c 

shows the nature of the partially reduced surface. Thermally etched 

grains may not necessarily beth~ preferred sites for the start of 

the chemical reaction as is shown in Figure 19. c. 

Figure 20. a to 20. c show the different stages in the formation 

and growth of the magnetite phase over the hematite surface. It should 

be noticed that some of the g1·ains are almost completely reacted while 
' 

the others are unattacked. Son1.e preferred growth directions are sho~rn 

in Figures 21. a to c. This veLTJ.-like growth spreads in a large number 

of the grains before the actual coverage of the whole surface for high 

temperature sintered specimens. Figure 22. a. and b show some further 

details of magnetite growth over hematite. The vein-like growth is the 

predominant growth structure but was a.ccompanied with some tnushroom­

like structure in scattered regions.. Figure 23. a. to b. show the magnetite­

hematite interface. These photographs were taken at the surface of the 

cleavage. Micrograph a. w~s for specimens sintered at 1200°C for five 

hours. The micrograph b. and c. are sp.ecinJ.ens sintered at 1350°C for 

ten hours. Micrograph b. shows that the interface between two phases 

for high temperature sintered material is more irregular than that 

for the low temperature sintered material. Micrograph c .. shows how the 

magnetite phase has also formed inside the he1natite crystal on some specific 

plane. 
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X-ray powder diffraction photographs of the material sintered 

at 1400°C sho\\red ~very weak additional line corresponding to a strong 

line of the magnetite diffraction pattern. No lines corresponding to 

the magnetite phase were observed for material sintered at 1350°C for 

thirty hours. This was the maximum sintering temperature used in this 

study. Measurements of lattice constant to evaluate stoichiometric 

change_ in hematite structure under different sintering treatment were 

not conclusive. Formation of magnetite after sintering at 1350°C for 

thirty hours was not observed under the scanning electron microscope 

at a magnification of SOOOX. 

',--:. 

4. 4 Discussion 

In brief the results of this study show that the kinetics of the 

reduction process are related to the surface properties and sintering 

conditions employed in the preparation of the specimens. _ Widely 

different incubation perio.ds and reactivities are obtained under the 

same experimental conditions in carrying out the reduction process. 

Variation in reactivity for rough and smooth surfaces a_.s in 

curves A and E of Figurel2 is in fact related to the nucleation process, 

which was observed the most difficult step in hematite to magnetite 

transformation. In the absence of structural defects the b~eakdown of 

the smooth surface for the formation and growth of a new phase should 

be difficult to take place. \rery slow reaction rates for smooth surfaces 

and large rates for rough surfaces under the same flow rates indicate 

that the slow reaction was not !"imited by the inadequate supply of the 

gaseous reactant, but some solid properties are involved. Once nucleation 

has started, creation of more structural defects at the reaction interface 

provide autocatalytic effect for the reduction process. For higher 

sintering temperatures and longer sintering timesJ density and grain size 



81 

increase with corresponding decrease in the grain boundary area. 

The reaction rate was expected to decrease but was observed to increase. 

The decrease in the reaction rate as shown in Figures 13 andl4 was due 

to density and grain growth effects, but the increase again is related to 

the lattice defects. Because of dissociation during high temperature, 

sintering a-hematite may develop different types of defects which could 

be point and lin~ defects, microdomains, and shear structures .. 

. Nucleation starts more often within the grains, which may be a cluster 

of point defects or intersection of dislocations with the surface as shown 

in Figure 20. Directional growth is not only visible on the surface 
/ 

as in Figure 20. band Figure 21. a and c, but also with the volume of 
( 

the grain as in Figure 23. c. The higher temperature sintered material 

has comparatively more shear planes, very often going inside the grains. 

As the magnetite- interface moves ins ide the grain, it creates more 

surface by intergranular cracking effects, with corresponding higher 

reaction rates as shown in Figu.rel6 for longer time sintered material 
0 

at 1350 C. Quen·ching fro~ higher ten~peratures means preserving more 

defects with higher reactivity as shown in Figurel8. Although the effects 

of surface strains produced by rapid quenching may also be contributing 

Figure 22 shows that the magnetite phase formed has large porosity 

and may not offer resistance to the gaseous diffusion. The cause of 

the specific shape of growth of the product phase in Figure 22. b cannot 

be determined. 

A large number of shearing acticns may lead to the formatio:q of 

surface steps shown in Figure 19. a and b. Their appearance at mo~e 

or less uniform intervals was e:A.-pected from the regular nature of the 
( 75, 78) 

shear planes . As the number of shear planes formed is expected 

to in:creas e with sintering time and temperature,· so does the amount of 

thermal etching as described previously. These shear structures are a 
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direct result ofthe high temperature process and are retained during 

cooling. Once -ifai£rmed their reoxidation to the original structure may be 

a difficult prOC.El$S( ?S)o As has been mentioned earlier in the results 

that by very slOW" cooH.11.g of a high temperature, longer time sintered 

material showeni only a small decrease in reactivityo This may be due 

to elimination 0JI point defects by reoxidation at a lower temperatureo 

The reactivity l:J.i<O>Wever, remains large as compared to lower temperature 

lesser time sin~ned material.. This higher-reactivity may be due 

to the permanem1t nature of defect structures formed during high temperature 

s intering. Thus 1ilie presence and distr:ibution of defects, which cannot 

be directly idenltified has a major effect on the reactivity of a-hematite,­

which may -be adlwantageous for some commercial application .. 

4. 5 C onclusnons 

By redmcing 'a-·hematite to magnetite under fixed experimental 

conditions, it was o_bserved that the reactivity varies largely with the 

surface structure and internal defects in the specimen. Point defects 

may be formed 'by dissociation _of a-hematite, w):lic_h may further 

rearrange in different structure-like microdomains.. Different areas in 

the same grains have different ·reactivity, which may be due to distribution 

of defects. The -variations in specific reaction rates are·much larger 

due to_ external structural defects, than due to internal lattice defects o 

The form~r could vary by a factor of 30 depending upon porosity of the 

specimens and riavghness ofthe surface, while the latter may vary 'by a 

factor of 4. 



CHAPTER V 

THE KINETICS OF THE REDUCTION OF a-HEMATITE TO MAGNETITE 

IN H -H 0 P ... ND H -H. O-N
2 

MIXTURES -z-z z-z-

INTR ODUC TIOiN 

In ga·s solid reactions where solid and gaseous product phases 

are formed, c•.o:m.plication arises from the variation with time of the 
/ 

interfacial area~ between the intial and product phases, where the reaction 
( 

is localiz.ed. ne phenomenological representation is further complicated 

by resistance ·edT the solid product layer formed and gas boundary layer 

around the partncle surfac~ to the diffusion of the gaseous reactants and 

products. 

When 'ltlhe diffusion resistance from the solid product phase and 

gas film is takem:· into consideration, it becomes necessary to write the 

interfacial chemical reaction in a linear form of the type {
34

) 

rate = t ( p(i) - p(i) /K ) 
H

2 
H

2
0 e 

where k and K are forward reaction rate constant and thermodynamic 

"l"b' . ·~-+ t p(i) d p (i) th t" 1 f equ1 1 r1um co!L!UI% ... an ; H an H 0 are e par 1a pressures o 
2 2 

hydrogen and water vapour at. the interface. Otherwi'se the mathematical 
. . 

expression for the overall process becomes too complex for practical 

interpretation 0>£ the experimental results. To establish a rate e:>...~ression 

describing the reaction mechanism which avoids the complications 

introduced by diffusion effects, the experimental information of the 

initial reaction ·rate should be used. The resistance from the gas 

boundary film may be negligibly small for the type of slow reactions presently 

under study. Its effect could be f,_trther reduced by maintaining a sufficiently 

83 
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high flow rate of reducing gas. A flow rate of 360 ml/min at STP 

was maintained, as it was experimentally found th~t this flow rate was 

far beyond the range \Vhere convective mass transfer steps have any 

noticeable effect on the observed rate .. 

The measurements of initial rates involve some further 

difficulties, mainly because of the lack of accurate knowledge of the 

interfacial area. As reported previously a-hematite to magnetit~ 

transformation proceeds through a nucleation and growth process. 

The magnetite nuclei formed at specific reaction centres, mainly grow 

laterally over the hematite surface. In this stage of the process usually 

referred to as the induction period, the specific reaction rate can not 

~e calculated due to difficulty in deter1nining the true interfacial area. 

As these growing magnetite ~slands are joined together, the formation of 

new nuclei is practically stopped because of the absence of free hematite 

surfa,ceo The reaction rate at this stage becomes approximately constant. 

The duration of this constant rate period from here onward will depend 

on the- structure of the product layer formed and the changes in the 

interfacial area.. This is the appropriate period in which. to measure 

the reaction rate and has been used in the present study. The length 

of the induction period and the structure of the product layer formed 

depend upon the composition of the reducing gases and the experimental 

temperatureso 

In converting the weigp.t loss data to specific reaction rates, a 

knowledge of the size of the interfacial area is essentiaL The starting 

specimen is ve:ry near to spherical in shape, so that the surface area 

can be estimated. Although the magnetite growth over the surface is 

mainly lateral in the initial stages some inward growth does take place, 

making the rea.ction interface irregular. There is no alternative except 

to assume that the interface is regular and ·moves parallel to the external 

surface of the sphere .. In this study this assumption has been used~ and 



85 

the interfacial area has been calculated for the particular degree of 

reduction within the linear rate region. 

When the specific rate starts to slow down it could be that the 

diffusional resista11ce becomes significanto We measure the specific 

rate in the linear region, as the rate free from diffusion effects. For the 

sake of accuracy these linear regions should be well defined. It was 

found that induction periods of varying duration always precede the 

linear region. ][f. is believed also that the incubation period is closely 

related to the nucleation process. Under the .. conditions such that the 

nucleation is much slower than the growth step, the few nuclei will 

grow laterally on the surface of the hematite as well ~s inward towards 

the centre of the specimen. The welght loss can be measured but not 

the specific rate.~~ because not all the surface is completely covered 

even after an appreciable degree of. reduction (2. So/o). This imposes 

the lower limit on te1nperature and partial pressures of hydrogen used 

in this study. _Itt higher partial pressures of hydrogen i~ e. ·near the 

magnetite-wustite equilibrium ratios, diffusion resistance is observed 

much earlier, hence. the linear rate periods are much reduced which 

in turn affects the accuracy of the slope measurements. With larger 

value of PH the reaction starts from a large number of nuclei and all 

the surface 1s covered instantaneously resulting in a uniform layer of 

ma_gnetite with fine pores. This effect is predominant at lower temper­

atures (650°C) but was not observed at high ten1.peratures (750°C) even 

up to 30o/o of reduction. Diffusivity of a gas in a porous medium depends 

both on the diffusivity of the gas in free space and the pore structure of 

the medium. The pore structure of the magnetite solid product is 

determined by the sintering process, which is known to be very strongly 

temperature dependenta Higher reduction temperatures facilitate sinte_ring 

of the magnetite phase and results in larger pores and more open 

structu;re which may offer negligible diffusion resistance. 
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It has been shown in the accompanying study that the rate 
9 

constants of int-erfacial reactions are structure sensitive. In 

order to obtain consistent results for the reactivity of the hematite, the 

starting material must be· as reproducible as possible. It was found 

that a final sintering operation at 1200°C for five hours gave a pore 

free surface layer and best reproducibility of product from all the 

sintering conditions tried. The density of the specimens used in 

this study was·:5.135 + 0. 005 gm/c.c. 

The apparatus and procedure for the reduction experiment 

are identical with those given in Section 4. 3. 

5. 1 Experimental Results 

Reduction experiments were performed in binary (H
2
-H

2 
0) 

and ternary (Hz-H
2

0-N
2

) gaseous mixtures at temperatures from. 

650°C to 800°C with an interval of 50°C, and one atmosphere t~tal 

pressure. 

Figure a4shows a representative photograph of the rec.order 

chart of the weight loss ·with tin1e. The vertical arrow on this 

photograph shows the pos_ition where the inductic:>n period_ends and the 

linear region starts. The surface of the specimen was found to be 

completely covered with magnetite at this point. The slope measured 

in this linear region is dw / dt. The specific rate in terrr1s of weight loss 

per unit area per unit time is the value of· dw/ dt divided by the area 

of the interface A, between hematite and magnetite at that particular 

moment. 
2/3 

A=A
0 

[ 1-e.~ J 
0 

where A anddW are respectively the initial surface area and the possible 
0 0 

weight loss for the reduction· of hematite to magnetite for a particular 
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It has been shown in the accompanying study that the rate 

constants of interfacial reactions are to be structure sensitive. In 

order to obtain consistent results for the reactivity of the hematite, the 

starting rnatcrial must b~· as reproducible as possible. It was found 

that a final sintering operation at 1200°C for five hours gave a pore 

free surface layer and best reproducibility of product from all the 

sintering conditions tried. The density of the specimens used in 

this study was 5. 135 + 0. 005 gm/ c.c. 

The apparatus and procedure for the reduction experiment 

_are identical with those given in Section 4. 3. 

5. 1 Experimental Results 

Reduction experiments were performed in binary (H
2 

-H
2 

0} 

and ternary (H
2 

-H
2 
O~-N2 ) gaseous mixt:ures at temperatures fro1n 

·650°C to 800°C with an interval of 50°C, and one atmosphere total 

pressure. 

Figure 2flshows a representative photograph of the recorder 

chart of the \Veight loss with time •. ____ The vertical arrow on this 

photograph shows the position where the induction period ends and the 

linear region starts.. The surface of the specimen was found to be 

completely covered with magnetite at this point. The slope measured 

in this linear region is dw/dt. The specific rate in ter1ns of weight loss 

per unit area per unit time is the value of dw/dt divided by the area 

of the interface A, between hematite and magnetite at that particular 

moment. 

1- AY!_) 
AW 

0 

2/3 

where A a.nd(lW are rlespectively the initial surface area and the possible 
0 0 . 

weight. los·s for the reduction of hematite to magnetite for a particular 
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specimen. A is a function of time through the dependence on .AW, 

which is the weight loss up to that time und~r consideration. These 

weight Josses per unit area versus time are shown in Figure 25for various 

composition of reducing gas at 750°C. Only a few compositions have 

been shown. In principle one expects that the data become linear with 

respect to time in only one of those tv;ro plots. (Figures 24 and 25). 

because A is decreasing with the increase of time. From a.n examination 

of the recorder. charts, it is obvious that the variation of dw/dt with 

time is not significant for the range under consideration.. Unavoidably 

we have the calculated specific rate increasing with time as shown in 

Figure 25. In our opinion, the effect is /due to the assumption of the 
I 

relationship between A and AW which does not take the irregular form 

of the interface into account •. The tangent lines in Figure 25 show the 

approximate position where the slope was measured. This slope represents 

the initial specific rate for the condition that the observed rate is 

interfacial chemically controlled. It is this rate \Vhich is shov.'ll in the 

follo·wing figures and analyzed 1nathematically in a later section. of this 

study. 

Figure 2oshows the reaction rate versus partial pres sure of 

hydrogen for binary gas miAfures at four different temperatures. 

Figures 27-29show the reaction rates, in ternary gas nuxtures, versus 

partial pres sure of hydrogen for three different temperatures. The 

hydrogen water vapour ratios were fixed, but their partial pressures 

were varied by the intr eduction of nitrogen. In the case of binary gases 

the reaction rate .increases with the partial pressure of hydrogen, first 

very slowly, then increases rapidly and slowly again. In the case of 

ternary mixtures the reaction rate depends upon PH /PH 
0 

ratio and 

is always greater than the binary mixture for the sa~e pctrtial pressure 

of hydrogen. 

Diffusional retardation effects which would cause the value of 
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dw/dt, after the induction period to decrease with the increase of time and 

will cause the plots such as shown m Figure 25to deviate from the 

linearity i..""l ~he opposite direction as that of the irregular interface. 

The diffusional retardation effects as defined above are more pronounced 

at lower temperatures due to the smaller values of effective diffusivities 

which have been discus sed already. The diffusional effects were not 

observed at 750°C and 800°C until about 30 to 40o/o reduction had occurred 
. 0 

which is beyond-the scope of this investigation. At 650 and 700 C the 

effect appears at about 6 - lSo/o of reduction depending upon the composi­

tion of the reducing gases. 

I 

5. 2 Reaction Mechanisms and Rate Expressions 

Gas-solid reactions taking place on a solid surface may in 
. (23, 21) 

general proceed through the following sequence of reversible steps .- • 

.. A gas molecule approaching the solid surface ~ay go through the· 

activated state and be adsorbed on the solid surface. The adsorbed 

molecule may achieve the desired energy and configuration to go through 

the activated state for chemical reaction and remaLTJ. adsorbed as a 

product molecule. Furtherrr~ore,it goes through another energy barrier 

to be desorbed and join the bulk gaseous phase. 

In principle, the rate expressions which describe the interfacial 

chemical reaction should consist of all the three steps, namely, 

adsorption, surface reaction and desorption. Of course, each step 

should be considered reversible, hence thete are two kinetic parameters 
(82,83) . 

to be determined experimentally. I'f is feasible to derive the rate 

expressions including all the three steps but they would involve sbt 

constants, which cannot be evaluated uniquely by the present techniques .. 

The simplifying approach which is employed here involves the assumption 

that one of these steps is rate controlling, and the other two are 

intrinsically capable of going n~uch faster than the rate controlling step. 
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However the actual rates of these steps and the rate of the overall 

reaction are governed by that of the slowest step. • By comparing the 

rate expressions obtained this way with the experimental data, the 

identification of the single controlling step would be possible. It is also 

rossible to have more than one mechanism, suggesting rate expressions 

consistent with the same kinetic data. 

Four mechanisms, which are different in the types of adsorbed 

species and in the ways the water molecules are formed will be 

considered in this study. The first two of the four mechanisms to be 

proposed consider the hydrogen atoms in a single water molecule to 

originate from the· same hydrogen molecule. The difference between 
I 

these two mechanisms is that the adsorbed species are hydrogen 

and water molecules in one and hydrogen molecules and oxygen atoms 

in the other. In the other two mechanisms, hydroxyl group and water 

molecules are the adsorbed species. The difference between these two 

mechanisms is that in one mechanism, the adsorbed water molecules are 

formed as the result of a reaction between the adsorbed hydroxyl groups, 

and in the ·other as the result of a reaction between hydroxyl groups and 

the hydrogen gas. 

Mechanism 1. Hydrogen and water molecules as adsorbed species. 

The overall reaction consists of the following steps: 

Adsorption of hydrogen 

Surface reaction 

* H2 0 s ____.. 

Desorption of water 

* H
2
o= H

2
0(g) + s 

0 
s 

(1. a) 

(1. s) 

(1. d) 
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where 0 is the oxygen which is part of the solid, the symbol ~~Indicates 
s 

the ads orbed state and s stands for a site for ads orptiono It is 

assumed that the mass action law is_ applicable for the simple steps 

in equations (1)~ 

The reaction rates for these steps can be described in the 

following forms: 

Rate of adsorption r = k P C - k' 
a a H

2 
s a 

Rate of surface reaction r = k 
s s 

c 
H *0 

2 s 

Rate of desorption 

c 
H *0 

2 s 

k' 
s 

c 
H o~~ 

2 

(2. a) 

(2.s) 

(2. d) 

where r , r , rd are the reaction rates in terms of nu1nber of molecular 
a s 

species taking part in chemical reaction per unit surface area per unit 

. time. k, k' are rate constants for forward and backward reaction rates~ 

C is the surface concentration of bare sites which ar~ not covered 
s 

-by any adsorbed species. The overall rate expression under the 

conditions that only one of the three steps is controlling rnay be obtained 

· th 1 (Bb) ·. . A- d" l 1n e usua way as g1ven 1n ppen :~.x • 

Overall rate is controllecl. by the adsorption step. 

r = 
a 

k L (PH - PH 0/K ) 
a 2 2 e 

Overall ra.te is controlled by the surface reaction. 

k K L (PH - PH 0/K ) 
s a 

2 2 
e 

r = 
s 

(3. a) 

(3. ~-) 
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Overall :rate is controlled by 4esorption step. 

kd K Kd L (PH - PH- 0/K ) 
s 2 2 e 

(3. d) r = 
d 

(1 + K PH + K Kd PH ) 
a 2 s 2 

·where L is the total number of sites per unit surface area, K , K 
a s 

and Kd are the adsorption, surface reaction and desorption equilibrium 

constants, respectively. K is gas solid, thermodynamic equilibrium 
e 

constant, which is defined as / 

~ 1{ PH
2
0 

K =(as)=( ) 
e K. PH 

a 2 
eq 

Mechanism 2. Hydrogen molecules and oxygen aton1.s as adsorbed species. 

The overall reaction consists of the following steps: 

* Adsorption Hz{g) +as= H2 OS (4. a) 

(4.b) 

Surface reaction 

With McKewan( 3., Zl)the desorption of H
2

o* is assumed to be very fast 
. * 

so that its surface concentration is negligible in co1nparison with CH 

C 
0 
* and C 

8
• This is the mechanism suggested by McKewan ( 3' Zl) 2 

for magnetite reduction to iron in H
2 
-H

2 
0 mixtures. The overall rate 

expression for the case when the surface reaction is controlling is as 

follows. 
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The detailed steps of the derivation have been given by McKewan 

and will not be repeated here. 

r 
s 

k 
s 

(1 + K PH 
a 2 

PH 0/K ) 
2 e 

+ K PH 0/PH ) 
p 2 2 

where K and K are equilibriun1. constants for reaction (4. 9-) and 
a p 

(4) 

(4. b) respectively. According to 1v1cKewan at atmospheric pressure 

CH * is very small and the term K PH in the denominator of equation 
2 a 2 

(4) may be neglected. Eq. (4) beco1nes 

r 
s 

(5) 

r a has essentially the same functioi1.al dependence on PH 
0 

and PH as 

in Eq. (5) with k replaced by k and omitting the term c~ntaining 2 
s a 

K • Mathematically, r and Eq. (5') are indistinguishable. 
e a 

Mechanism 3. Two adsorbed (OH) groups forming a \Vater molecule. 

When one 1nolecule of hydrogen splits into two atoms, and 

is chemisorbed as two (OH) g :roups, two vacant anion sites are required 

for dissociation reaction. The following simplified scheme of reaction 

is assumed to take place. 

H (g) + 0- 0 ~ HO* - ·Ho,;~ 
2 s s 

li 0>!< - s 
2 

{ 6. a) 

( 6. s) 

( 6. d) 
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where 0 - 0 are two adjacent vacant anion sites, and s is a vacancy 
s s 

or bare site. The following rate expressions corresponding to the 

controlling step of the above mentioned scheme are obtained 

(Appendix II) 

LS k (PH -PH 0 /K ) a 2 2 e 
r ::: 

a 
[ Kd PH0)1/ 2 K PHO) 2· 

2 1 +'I< 2 +_ d 2 

(7. a) 

s 

L S k.K (PH -PH 0/K ) s a 2 2 e 
r = s 

( 1 + (K p )1/2 2 
2 + Kd PH20] a H

2 

(7. s) 

L kd K K (P - PH 0/K ) a s H
2 2 e 

rd = (7. d) 

[ 1 + (Ka 
p )1/2 +K K 

PH2J H2 s a 

Mechanism 4. Adsorbed (OH) group and hydrogen molecule form water· 

1 1 
(84, 85, 60) 

mo ecu e 

A hydrogen molecule may dissociate into two hydrogen aton1.s 

during adsorption or after adsorption on a lattice site, with the fornJ.ation· 

of 'two hydroxyl ions. Another hydro'gen molecule can split into two 

hydrogen atoms, possibly using the cation site as intermediate for 

adsorption and dissociation. These hydrogen atoms may join with two 

hydroxyl ions forming water molecules. The following simple steps 

may represent the course of chernical reaction 

_:J 

0 ::..---~= II o~:< - H 0* 
s 

(8. a) 



HO* - HO~~ + H ------ H o>:~ - H o~:~ 
z~-- 2 z 

H Q>:~ ___,__ H 0 + s 
2 ....--- 2 . 

The following rate expressions corresponding to one of each rate 

controlling step of the above sequence are obtained. (Appendix III} 

r 
a = 

r = 
s 

r = 
d 

k S L (P . -
a H

2 

( 

Kd 
2 1 +-­

(K )1/2 
s 

K k S L (PH
2 

a s 
2 

( 1 + (K PH )
1
/

2 + (K K )1/t. PH ) 
a a s 

2 .. 2 

100 

( 8. s) 

(8. d) 

(9. a) 

(9. s) 

Mathematically equation 7. d, and 9~ ~ are identical, therefore only 

· equation 7. d will be employed for analysis of the experimental results. 

5. 3 Mathematical Analysis of the Experimental_ Data 

The rate expressions developed in the previous section were changed 

into a linear forrn as shown in Table VI. The terms involving the reverse 

reaction were neglected because of the large value of the equilibriun1. 

constant. Under the experimental conditions in this study K has the 
4 e 

value of the order of 10 . 

All the equations in the right hand column of Table VI are linear 

in terms of unknown constants A, B, and C. These constants were 

McMASTER UNIVERSITY LIBRARY 



Table VI 

Rate Expressions and the Corresponding Linear Forms.=-:~ 

'f'· 
-~. 

PH K 

3.a - 2 =(1/k L) +(1/k L)( Kd + Kd) PH 0 r a a 
a s 2 

I PH 

3. s -
2
- = (1/k K. L) + (1/k L) PI-I . + (Kd/k K L) PH O 

rs s a s 2 s a 
2 

p 
Hz 1 1 

3.d = ·- + - (K + K K ) P 

I 
rd K K a a s H

2 
··-

K = kd Ks Kd L 

PH 
1 

K K. PH 0 

4 2 + 
a E 2 

I 
= PH + k L r k L k L PH s s s 2 s 

2 

I 
PH P· 

I 1 
K H.,O 

5 2 p {.. --- + 
I r k L k L p 

J 
s s s Hz 

I p 
t Hz )1/Z Kd )1/2 p 1/2 

K 

I 1 d 
?.a ( r . = 1/2 + ( K K H

2
0 + 

Kl/2 ! K s I a 

I 
K = k S L/2 

a 

I p 

j ( Hz 1/2 
1 K 1/2 

p1/2 
K 

7. s ) = -- +(~) d 

I rs K1/2 K H + Kl/2 PH 0 
2 2 

K = 1/2 (S L k
8 

Ka )· 

PH 0 
2 

1-

- ~--

R=A+BPHO 
2_ 

R =A+ B PH + C PH. O 
2 2 

R =A+ B PH 
. 2 

PH 0 

R=A+BPH +C p 
2 

2 H
2 

PH 0 

R=A+B 
2 

PH 
2 

R =A+ B P ~/z + C PH 0 H 0 
2 2 

~ 
2 

!-' 
0 
t-' 



Table VI Cont'q. 

7.d 

r 

p 
H 

( ---~z ·) -r -
d 

1 
K 

1/Z 
(K ) 1/Z 

+~a_ PH 
K Z 

K= LkdK K a s 

K 

+ 

p 

K K 
~ 
K PH_ 

z 

-- 1/2 
R =A+ B PH + C PH 

z z 

9.a 

p1/Z 
H _z 
1/Z -

K1/2 

1 + d 
(K K)1/2 

H 0 z 
p 1/Z 

H 

Kd 

+ l;z 
K 

PH 0 
2 

p 
HzO 

R = A + B 1/z + C P O 
P Hz 

....... 

9~s 

r 
a 

p 
Hz 

r 
s 
1/2 

1 

Kl/Z 

s z 
K = k s L/2 

a 

K· 
+ (-_-a_)l/2 

.K 
p 1/Z 

H 
2 

K = k K L S /2 
s a 

K 
d 

+ ~i/2 
K 

PH 0 
2 

Hz 

1/Z 
R =A + B PH + C PH O 

z 2 

>:c In table V:L.R in coluro..n 3 is defined by the expression on the L. H. S. of the corresponding 

equation in column 2. 

1-' 
0 
N 
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evaluated by the method of least squares with matrices inversion 

solution of the simultaneous equations on a CDC 6400 computero 

The following criteria should be fulfilledo 

103 

L The con~ants A, B, C, as defined in Table 1 should be positive, 

because rate constants and equilibrium constants catJ.Ilot have 

negative values. 

2. ·The vahu.es obtained fron1. experiments using binary gas mixtures 

should nut be much different from values obtained from experi­

ments us-ing ternary gas mixtures provided nitrogen is essentially 

a diluents!' / 
,:_, 

i 
. None of the mechanisms 3a, 3s, 3d, 4, 7a, 7s, 7d and 9a satisfy _criterion 

one given above, and hence will not be considered any furthers Expression 5 

passes test one for binary mixtures, but not for ternary mixtures.. The 

only rate expression which satisfies the above criteria is 9. s ·and hence 

this will be accepted as the best approximation describing the overall 

reaction of hematite to magnetite reduction in H
2

- H
2 

0 or H
2 

- H
2 

0 - N
2 

mixtures. 

5. 4 Results of Mathematical Analysis 

The values of the constants A, B and C based upon equation 9 .. s, 

are shown in Tabie VII. These values have been calculated from the data 

obtained with bina..;ry reducing gas mixtures" 
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Table VII 

Summary of the Constants (1\1echanism 9 .. s) 

800°C 750°C 700°C 650°C 

A o. 103 0.126 0.148 0.19 

B 0.241 0. 415 0.621 0.92 

c 0.142 0. 172 0.220 o. 42 

D o. 008 o. 011 0. 012 

To evaluate the absorption equilibrium constant, KN for nitrogen, a 

term of the form KN P N must be included within the brackets in 

the denon1.inator of equat1.on 9. s, where P N is the partial pres sure 
. 2 

of nitrogen. This will lead to the s elution of a 4 x 4 matrix. Such 

solutions were obtained, but were not reliable. The aiternative rnethod 

of calculating the nitrogen contribution is as below. From t~1e modified 

-9. s, 

R 
ter. 

1/2 
- (A_+ B PH 

. 2 
D PN 

J.. 2 

where Rt , as defined in Table VI is \Vith ternary gas mixtures. By 
·er 

using the experimental values of Rt and values of the constants A, B 
er · 

and C fr0tnTable VII:plots of the left hand side of the above eh..'}>res sian against 

P N are shown in Figure 30. The values of the constant D obtained 

fro~1. the slopes of these plots are included in Table VII. Table VIII shows 

the values of the reaction rate constants, F 
5

, Ka' Kd, and KN where 

F :: k 
s s 

S L 
2 

K 
0 

The ten1..perature dependence of these rate·constants can be 

expressed by the following relationships: 



0.010' 

"'0 0.009 
(\1 

:c 
CL 

·U 
-t= 
~ (\j 0.007 

:c 
a_ 
00 

~ 
I 0.005 
~ 
a> 
+-

0.003 

" 

0.1 0.3 0.5 

Pt<:2 jPH2o 
A= 0.4 
8 = 0.3 
x· = 0.2 
8 ::: 0.1 

0.7 

P N2 (atms.) 
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T 

0.9 1.0 

Fig. 30. Calculation for the absorpUon equilibriurn constant for nitrogen~· 



F :: K 
s 0 

kT 
h 

e 

- -L\H 
s 

RT 
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where K contains the factor to covert rates, in nun1bers of gram-atoms 
0 

of oxygen per sq. em. per sec. to n1.g. of oxygen per sq. em. per min. 

-6H AS 
ln K 

a a 
:: + 

a RT R 

-AH .6Sd 
ln K = d 

d RT + R 

-AH ASN 
ln K = N 

N RT + R 

Table VIII . 

Values of the Rate and Equilibriu1n Constants. 

Temperature F == (.1_)2 B 2 c (~-1 K == {--·) K == (--} K = s B a A d A N A. 
OK 

923 1. 17 25.8 2. 3 

973 2.8 17. 5 1. 48 • 08 

1023 5.8 10.8 1.36 . 087 

1073 17. 1 5.4 1. 33 • 078 

F 
A plot of log (-~~) against _!_ is shown in Figure 31. The value of the er1thalpy 

T T 
of activation rnay be calculated from the slope of this plot and intercept gives 

the combined factor, 

log ( 
K L S 

0 

2 

k --) + 
h 2. 3R 

. 15 -2 
By assuming suita1;le vah:es for L = L 29 x 10 c1n , S ::: 6 (co-· ordination 
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Fig. 31. Effect of temperature on hematite reduction at various hydrogen, water vapour partial pressures. 
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number for a close packed plane) and K = 6 X 10
4 

· m/N where m is 
0 

atomic weight of oxygen and N is Avogadro's number, the value of the· 

entropy change for surface reaction is calculated as given in Table IX.· 

Slmilarly, from the.plots of log Ka ver·sus 1/T and log Kd versus 1/T 

(Fig. 32) the values of the changes in enthalpies and entropies for adsorption 

of hydr~gen and absorption of water vapour are shown in TablP IX. A 

standard state of one atmosphere ~as been taken in these calculations. 

In Fig. 32a plot of log KN_ versus 1/T shows approximately zero enthalpy_ 

change of absorption for nitrogen. 
I 

Table IX 

Calculated Values of Changes of Enthalpies, Entropies and Free Energies 

for Mechanism 9. s. 

Adsorption of H
2 

AH = -22.0 kcal/mole 
a 

.6.5 = -16.5 e.u. 
a 

A.F = -4.8 kcal/mole 
a -
(1073°K) 

5. 5 Discussion 

Surface Reaction 

.6.H1 = 33 kcal/mole 
s 

-l 

AS.., = -15 e. u • 
s 

AF=f- = 50 kcal/mole 
s 

(1073°K) 

Absorption of H
2 

0 

.6.Hd = -6. 5 kcal/mole 

ASd_= -5..4e.u. 

AF d = -0. 7kcal/mole 

(1073 °K) 

The various values. of the enthalpy and entropy changes rc:p orted 

in Table IX agree well with the proposed mechanism. The enthalpy change· 

of adsorption for hydrogen is within the range usually given for chemi­

sorption(87! The idea of dissociation of hydrogen into atoms is further 

supported by the values of entropy change. The major entropy change may 

be attributed to the loss of three translational degrees of freedom of 

the hydrogen molecule in the gas phase. The loss of the rotational 

degree of freedom may be balanced by the additional vibrational modes 

in adsorbed or activated state. The entropy change can be easily calculated 
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~ . (89) 
by the use of the Sa.ckur- .Ledtrode equat1on • This calculated value of 

.-17. 0 e. u. at 1000°K agrees well with the experimental value given above. 

The val~ of the free energy and enthalpy of activation for 

surface reaction are found to be reasonable. As given in equation (8. s) 

involving the disappearance of a hydrogen molecule, the entropy change 

of this step shouild not be very different fro1n that of step 8. a. It is true, 

as shown in Table IX. However, when calculating the entropy change in 

step 8. s, a reasonable estimate of the number of sites L and the number 

of pair~ of adjacent sites S has been made. 

The small values of the changes of E:nthalpy, entropy and free 
l 

energy for the adsorption of water vapour suggest physical adsorption. 
I 

Approximate tern:perature independence of the absorption equilibrium 

constant for nitrogen suggests a specular reflection of nitrogen molecules, 

with a near· zero accotnmodation co-efficient. This is consistent with 

the inert nature of the diluent nitrogen. 

Thus the rate expression for a-hematite to magnetit·e reduction 

may be represented as follows: 

k. K L ·s (PH
2 

- PHZ 
0
/K

2
) 

s a 
2 2 

e 
r = --------------~----~---------s 

where 

lnK 
zzooo 16. 5 = a B.T R 

lnk 
-33000 15 

+ In 
kT 

= s RT. R h 

InK = 65DO ~ 
d RT R 

I 
. 13 . 0 

where kT h is the frequency factor, 2. os:-x 10- at 1000 K. 

The surface rea.d:ion rate constant k increases with rise in temperature, 
s 

whereas the adso:rption equilibrium constant decreases with rise in 

temperature. The net result of these conflicting effects is that the 
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reaction rate rises with an increase in temperature in the low temperature 

range while it decreases with a rise in temperature in the high temperature 

range. The contribution of water vapour is s1nall. Thus there could be 

an optilnum tem.perature for maximum reduction rate. 

5.6 Surrrrnary 

Spherical specin~ens of high purity a-hematite were prepared by 

sintering at 1200°C for five hours. These were reduced in binary gaseous 

mixtures of H
2

-H
2

0 and ternary mixtures of H
2

-H
2

0-N
2 

in the temperature 
0 0 

range of 650 C to 800 C, at one abnosphere pressure. The reaction rate 

was followed by an automatic microbalance in the initial stages of reduction .. 

Rate expressions were der-ived based upon different m.echanismso 

The interpretation of the e},.--perirnental data, with the use of these expressions, 

s~owed that the following expression is the best approximation in terms 

of single step assumptions: 

r 
s 

Nitrogen acts mainly as a diluent and does not participate in the n1echanism 

of the reduction process. The values of tl1-es e kinetic paran1.eter s and their 

ten~perature dependence are given below: 

22000 16.5 
lnK = -~--

a RT R 

-33000 15.0 kT. 
lnk ::: +lnh 

s RT R 
6500 5.4 

lnKd = --
RT R 



CHAPTER VI 

SUGGESTIONS FOR- FUTURE WORK 

The next step in this research programme could be a study of 

the kinetics and mechanism of magnetite to wustite and wustite to iron. 

reduction. This may be studied in reducing gas mixtures in either a 

continuous or a two- step process. In th·e continuous pr.oces s after 

reducing the magnetite to wustite, the speciinen should be co1npletely 

equilibrated in the reducing gas mixtures and then, by changing the 

hydrogen potential, the second reduction could be performed. If there 

are large changes in1he specimens due to crack formation and porosity, 

during reduction to \vustite, the second reduction should be performed 

with a new specimen. 

The magnetite specimens may be prepared by sintering hematite 

or magnetite in various gas compositions of H
2 

..:.H
2 

0 or CO- C0
2

. The 

internal defect concentration depenql:) __ upon the con1.position of the sinter ing 

atmosphere and other factors described previously in this study. Magnetite 

may be better represented by the "following forrnulae depending upon its 

anion concentration. 

Fe 0
4 

{oxidized spinels)~Fe3 o4~Fe3 0
4 

{reduced spinel) 
3-z - +z 

where z is a small fractional number. 

The oxidized spinel could be closer to garmna hematite {y Fe
2

0
3

) and 

thG!· reduced spinel n~ay have a wustite structure. These widely different 

defect structures should result in different mobilities of the ions, and 

hence the spinels should have different reacti;vities. By preparing 
"_, 

specimens vvith different concentrations, the effect of the defect structure 

on reactivity rnay be studied. Specilnens with fixed defect properties 

112 
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can then be prepared and kinetics of the gas-solid reac~ion may be 

evaluated. Because there is no unit cell transformation during both 

these steps of reduction, the ·reaction will be most probably diffusion 

controlled. The expected reproducibility of the results may not be 

better than this study. In the case of hematite to magnetite reduction, 

the creation of the new hematite surface at the reaction product interface, 

may eventually make all this surface uniformly rough. This could 

partly smooth out the difference in reactivity from specimen to specimen. 

This may not be the case· in this proposed study. Selective paths of 

the reduced interface may be formed, along the grain. boundaries or 

other macroscopic defects in the specimens. 

There are more challenging aspects of these reactions. For gas­

solid reactions the mobility o:f the ions, especially in diffusion controlled 

reactions, should be considered. By electrical conductivity measu.rements, 

under various ambient conditions a concentration mobility product may 

be obtained, from which mobility may be det~rmined if the concentration 

of the defects is known. To study the defect concentration the specimen 

may be equilibrated with. som·e known partial pressure of 0>.."1rgen and 

weirjlt changes studied at different ten1.pera.tures. Using X-ray dif~raction 

and neutron diffraction to study the changes in the positions of anions and 

cations respectively and electron microscopy to determine the overall 

lattice changes, better under standing of the defect clustering and 

rearrangements taking place during the sintering process may also be 

obtained. 
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APPENDIX 1 

L From the rate expressions of 2o a, 2 .. s, a1J.d 2o d,. when adsorbtion 

is the controlling and surface reaction and desorption is fast 

we have 

CH 0''" ~ ... , ... 
2 

- K p 
d H 0 

2 

K 
c =__E_ 

H* 0 K 
2 s 

c (2 .. La) 
·S 

Substituting (2o 1. a) and {2 .. 2Q a) in {2., a) 

where 

where 

.L =.C 
s 

r :::: k 
a a 

K = 
e 

PH 0 
___ 2.c--) 

K 
e 

c 
s 

L = total no of sites per unit surface area 

C :;;; 'Concentration of unadsorbed sit€s 
s 

Cl-I *= Concentration of site covered by hydrogen n1.olecule 
2 

4'.: ··----··'' 

C = Concentration of sites covered by water 
H 0* 

Kd 
+-­

K 
s 

2 
vapours 

p 0 C + I<d PH 0 Cs 
~2 s 2 

{2. 4o a) 
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From {2o 3. a) and (2o 4o a) 

r = a 

2. · When surface reaction is rate controlling 

c 
s 

Substituting into expression for surface reaction 

r = ·K k ( P - PH 
0
/K ) C 

s a s H
2 2 

e s 

L = C (1 + K PH + Kd PH 0 ) 
s a 2 2 

r = 
s 

L K k (PH - PH 0/r.C ) 
a s 

2 2 
e 

3. When desorption is rate controlling 

CH *O = K P C 
2 

a H
2 

s 

CH 0 ... ~=KKPH C 
~.~ a s s 

2 2 

Substituting (2. 1. d), (2~ 2 .. d) jn (2. d) 
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(2. L s) 

(2o 2. s) 

(2 .. 3 .. s) 

(2. 4e s.) 

(2. 1. d) 

(2. 2. d) 



L == C (1 + K PH + K K 
s a 

2 
a s 

Substituting for C 
s 

k K K L (PH - PH 0/K ) 
d s a 2 2 e 

r = 
d 

(1 + K PH + K K PH ) a 
2 

a s 
2 

122 

(2.3.d) 

(2.4.d) 



APPENDIX II 

The rate expressions corresponding to 6. a, 6. s, and 6. d can be written 

as following 

r = k P C - k' C 
a a H

2 
s-s a Ho==:< - HO* 

r = k 
s s 

c - k' c 
HO* - Ho::.:~ s H o~.: - s 

2 

(3.l.a) 

(3.1.s) 

(3.l.d) 

where HO* - HQ>!< are ads orbed hydroxyl groups on dual surface site s- s 

and H Q>!< - s is an ads orbed water molecule next to a vacant site s. 
2 

1. When the adsorption step is slow, the concentration of ads orbed 

hydroxyl groups may be obtained fronJ. the other two steps which 

are assumed at equilibrium ··-··--

From (3. 1. d) 

C =K P C 
H 0* d H 0 s 

2 2 
(3.2.a) 

From (3.1. s) 

= K C 
s HO*- HO==:< 

(3. 3. a) 

The concentratio
1

n of dual sites in terms of single sites is given 
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as follows ( 3 ). 

C = I/2 
HQ:>:~ - HO':' 

CH 0* - s = 1/2 
2 

s 
L 

s 
L 

2 
CHO:..~ 

c 
0

.,] c H ~,, s 
2 

where S =the co-ordination number on the surface. 

(3.4.a) 

(3. 5. a) 

L = total number of sites per unit surface area. 

From (3. 3. a), (3. 4. a) and (3. 5. a) 

c c = K c 2 
H 0:>!, s s HO* 

2 

By replacing CI-I 0 ~, from (3. 2. a) 
2 

(Kd P )i/z c 
CHO>!' :: K H 0 s 

s 2 
(3. 6. a) 
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Substituting for CHO* _ riO* in ter1ns of CHo::::~ in { 3. 1. a) and 

replacing CHO* from {3. 6. a) 

r · = k 
a a 

where 

K 
K = 

e 

s 
2-L 

K 
a 

Kd 

s 
= 

Fro_m (3. 2. a) and (3. 6. a) 

PH 0 
( 2 

p 
_Hz 

eq. 



Substituting for C from (3. 8. a) in (3. 7. a} the following 
s 

express ion is obtained. 

r = 
a 

2. When the surface reaction is rate controlling. 

From (3.1. a) and (3.1. d) 

C ~=K P C H o~., d H 0 s 
2 2 

125 

(3. 2. s) 

(3.3.s} 

2 
From (3 0 1. s t, (3 0 4. a), ( 3. 5. a) and substituting for CH~:~o 

and CH O* from (3. 2. s) and (3. 3. s) the following relationship 
2 

is obtained 

k K s PH 0 
s a 

(P - 2 ) cz (3. 4. s) r ::: 
s 2L Hz K s 

e 

L = C + CHO''· + CH 0''~ s ~,, ... , 
2 

From the equilibt·ium relationships of (3.2. s) and (3. 3. s) 

1 + (K 
.a 

(3.5.s) 
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Substituting for C from {3. 5. s) in (3. 4. s) 
' s 

k K S L (PH - PH 0 ) 
s a 2 2 

''-=-K""" 
e 

r = s 

3. Similarly when desorption is rate con trolling. 

From the equilibrium relationships of (3.l.a) and (3.1. s) 

2 
CHO''' = K PH ,,, a 

2 

C C =K 
H 0* s s 

2 

From (3. 2. d) and (3. 3. d) 

2· c 
Ho:.:~ 

c 
s 

Substituting (3. 4. d) for CH Q:::!< in (3.1. d); then 

2 p 
_H

2
0 

r = k K K (P - K ) C
8 d d s a H

2 
e 

L=C +C +C s HO* · H Q::::~ . 2 

From (3. 2. d) and (3.4. d) 

L = C [ 1 + (K P )l/Z + (K K. ) P 1 
s a . H

2 
a s H 

) . . . 2 

Substituting (3. 6. d) for C in (3. 5. d) 
. s 

(3.2.d) 

(3. 3. d) 

(3.4.d) 

(3. 5. d) 

(3.6.d) 
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k K 1{ L (P -
d a s H

2 
) 

rd = 



APPENDIX III 

The rate expressions corresponding to steps 8. a, 8. s and 8. d may be 

described as following: 

r = k P C 
a a H

2 
s-s 

k 1 c 
a HO>:~- HO* 

(8.1..a) 

r - k P C - ks' CH 0"':: s - s Hz HOt..: - HO* 
2 

;-; - Hz 0* 

where CHO"'.~ _ , C- , and C ·are -the concentrations of · · H 0>!<: H 0 ::.:~ - H 0 >,, s - s 
2 2 

adsorbed hydroxyl groups, water molecules on dual surface site s -s and 

the surface concentration of dual sites respectively. 

1. When adsorption is rate controlling, surface reaction and desorption 

of water molecules are maint~ined at equilibriurn so that the 

following relationships maybe obtained from (8. 1. d) and {8e 1. s) 

CH 0* = K d pH 0 C s 
2 2 

(8.2.a) 

and 

(8. 3. a) 

The concentration of dual sites C. . in ter1ns of single sites 
1-1 

C., is given by the following relationship(
3

) 
1 

s 
L 
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L = total number of sites per unit surface area, 

S .:: co-ordination number on the surface. 
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The subscript i 1nay be s, Ho~:~ or H
2

0*. Hence (8. 3. a) may 

be written in the following form. 

Substituting (8. 2. a) for CH O* in (8. 5. a) 
2 

c = 
Ho~:~ 

From (8.1. a), (8. 4. a) and (8. 6. a) 

s 
r = 1/2 k a (PH a . L 

2 

p2 
H 0 

2 

K
2

P 
e H

2 

(8. 5. a) 

(8. 6. a) 

c2 
s 

(8.7.a) 

where the equilibrium constant for the gas-solid reaction is 

defined as follows: 

K K 
p 

H
2

0 
Kz = -~ = <p )2 

e K2 
H2 

eq 
d 

It is assumed that 

L :: C + CHo~·-- + CH o~•, s .. ,... .., .... 
2 

F r <?ill ( 8 . 2. a) and ( 8. 6. a) 



'L = C 
.s 

[ 1 + 

Fron1. (8. 7. a) and {8. 8. a) 

plr 0 

r = 
a 

k a S L (pH - K2 ~ ) 
2 e H

2 

z[l+ 

(8.8.a} 

2. When the surface reaction is rate controlling, the 

equilibrium relationships from (8.1. a} and (8.1. d) are 

1/2 
CHO''' = (K PH ) .-,~ a 

2 

Fr oin ( 8. 1. s ) 

r = k 
s s 

s 
2.L · 

c 
s 

c 
s 

K 

(8.2.s} 

(8.3.s) 

s 

Substituting (8. 2. s} and (8. 3. s)· for CHO':~ and CH o~:~ in the 
. 2 

above equationc 

r = 
s 

k K 
s a 

s 
2L 

L = C + CHO'''" + CH 0''' s .... ,... .., ... 
2 

p2 
H 0 

2 ) 
K 2 

e 

(8.4.s} 
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F r o1n ( 8 . 2 . s ) and ( 8 . 3 . s ) 

From ( 8. 4. s) and ( 8. 5. s) 

r = 
s 

k K S L (P~ 
s a 

2 

131 

(8.5.s) 

K 2 
e 

3.. When desorption is rate controlling, the equilibrium relationships 

from ( 8. L a) and ( 8. 1. s) are 

CHO''~ = (K •p a 

Fron1 (8~ 1. d) 

L = C + C , + CH O' s Ho ... ~ ... ~ 
. . 2 

From {8e 2. d) and (8. 3. d) 
) 

c 
s 

L ·= C [ 1 t ( l{ P. ) l/ 2 t ( K K ) l/ 2 PH ) 
s a H

2 
a s 

2 

(8.2.,d) 

(8. 4., d) 

(8., 5 .. d) 
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From(8.4ad) and (8.5.d) 

PH 0 

k ( K K ) 1/2 L r· p - K 2 ] 
d s a . H 

2 e 
r = 

d 

[ 1 + ( K p . ) 1/2 + ( K K //2 p ]: 
a H

2 
s a . H

2
. 
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APPENDIX IV 

Table X 

Values of the measured specific reaction rates at various compositions 

at one atmosphere total pressure are listed below. The variations 

in the values of specific reaction rates under the same experimental 

conditions are within+ 7 pet at 800 °C and 750 °C and + 10 pet at 650°C 
0 

and 700 C. The starred points in this table are extrapolated values, 

as complete coverage of the surface was not obtained with these low 

partial pressures_ of hydrogen. 

X.J. 

Experimental data 650°C 

Binary Mixtures 
... ----~-··-~~ 

PH atms. PH /PH 0 Rate (n1g/ ern 
2 

min.) -
2 2 2 

o. 04 7>:< o:·o5o 0.0036 
0.069* 0.075 0.0072 
0. 09>:< 0. 10 0. 0113 
0. 110 0. 125 0.016 
0. 130 0. 150 0.0215 
o. 166 0.200 0. 033 

.0.200 0.250 0.045 
0.230 0.30 0.057 
0.259 0.35 0.071 
0.285 o. 40 0.084 
0.310 0.45 0.097 
0.333 0.50 0. 110 
0.354 Q.55 0. 123 
0.375 0.60 o. 136 

) 
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X. 2 

Experilnenta1 Data at 700°C 
Binary Mixtures 

0. 047~:~ 
. o. 09 0 

0. 130 
o. 166 
0.200 
0.231 
0.259 
o. 285 
0.333 
0.383 

Ternary Mixtures 

(PH /PH O::: 0.2) +N 
2 2 2 

PH /PH 0 
2 2 

0.05 
0. 10 
o. 15 
0.20 
0.25 
0.30 
o .. 35 
0.4 
o. 5 
0.6 

PH (atms.) 
2 

PH 0 (atrns) 
2 

OQ028 
0.055 
0.082 
0. Ill 
o. 138 
0. 166 

o.·o3 
0.057 
0.077 
o. 085 
0. 115 
o. 135 
0. 153 
0. 169 
0.201 

. '· 

0. 14' 
0.275 
0. :41 
0.555 
0.694 
0.834 

0. 1 .· 

0. 19 
0.256 
0.283 
. o. 385 
o. 4'so 
0. 512 
0.565 
d.673 

134 

. 2 
Rate (mg/cm - min.) 

0.0093 
0.028 
0.053 
0.081 
0. 109 
0. 140 
0. 170 
0.200 
0.260 
0.327 

. - .. ---· . 2 
PN (atms) Rate (1ng/cm m.in.) 

2 

0.832 ' . 0.009 
0.67 .· 023 
0 .. 508 0.038 
0.334 0.053 
o. 168 0.066 
·o. o 0.080 

0.87 0.011 
0.753 0.027 
0.667 0.039 
0.632 o:o45 
·0. 500 . 0.065 
0.415 0.076 
0.335 0.090 
0.266 0. 102 
0. 126 0. 121 



Table X. 2 (Cont'd~) 

PI-I (atms) 
2 

0.03 
0. 047 
OG079 
0. 110 
0. 142 
0. 176 
0.,206 
0.238 
0.259 

P 
0 

(atms) 
I:I2 . 

0 .. 075 
o. 119 

. o. 198 
0.277 
0.357. 
0.434 
0.515 
0.595 
0.647 

PN (atms) 
2 

0.905 
0.834 
0 .. 723 
0.613 
0.50 
0.390 
0.279 
0. 167 
0.094 

135 

Rate (mg/cn1
2 

- min.) 

0.012 
0.022 
0.044 
0.068 
0.092 
0. 119 
0. 141 
0. 163 

. o. 180 



X. 3. 

. 0 
Experimental Data at 750 C 
Binary Mixtures 

PH atms. 
2 

0. 02>!.: 
0.04 
0.069 
0.080 
0.090 
o. 110 
0. 130 
o. 150 
o. 166 
0.200 
0.230 
0 .. 259 

Ternary Mixtures 

(PH /PH O = 0. 1) + N 
2 2 

2 

0.02 
0.05 
Oe075 
0.085 
0.10 
0. 125 
a". 150 
0. 175 
0.200 
0.25 
0.30 
0 .. 35 

PH atms PH 0 (atms) 
2 2 

0. 03 o. 3 
0.038 0.378 
0.045 0.45 
o. 053 0. 53. 
0.06 Oo60 
0.068 0.68 
0.075 0.758 
0.090 0.90 

(PH /PH O :::: 0 .. 2) + :t'f 
2 2 

2 

0.03 0. 150 
0.053 0.214 
0.06 0.300 
0. 082 -' 0 .. 410 
0.090 0.450 
0. 110 0.550 
o. 120 0.600 
o. 138 0.690 
o. 166 0.834 

136 

Rate (mg/ cm
2 

- min) 

0.0032 
0.0113 
0.030 
0.039 
0.049 
0.069 
0.093 
o. 119 
0. 14-3 
0. 198 
0.252 
0.310 

PN (atms) Rate (mg/crn 
2 

- min.) 
2 

0.67 0.014 
0.584 0~018 

0.505 0.023 
0.417 0.028 
0.34 0.032 
0.252 0.036 
0. 167 0.041 
0.01 0.049 

0.82 Oe016 
. 0. 743 0.04 
0.640 0.045 
0.510 0.068 
0.460 0.073 
0.340 0.093 
0~280 0. 100 

0. 172 o. 118 
0.0 0. 149 
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Table X. 3 (Cant' d. ) 

PH (atms) 
. 2 

PH 0 (atn'ls) PN (atms) Ra~e {mg/ c1n - min.) 
2 2 2 

0.03 0. 1 0.87 0.018 
0.051 0. 170 0.777 0.039 
0.076 0.256 o.· 666 0.068 
0.09 0.300 0.610 0.085 
o. 115 0.385 0.500 0. 113 
o. 134 0.45 0.416 0. 138 
o. 153 0.490 0.333 0. 165 
0.·192 0.630 0~ 197 0.209 
0.211 0.705 0.083 0~230 

0.224 0.776 o. 0 0~240 



X.4 

Experitnental Data at 800°C 
Binary Mixtures 

PH (atms} 
2 

0.047 
0.069 
0.090 
0. 111 
o. 130 
o. 145 
0.166 
Oo20 
0.214 

I 0. 231 
0.259 

Ternary Mi},._"iures 

(PH /PH O = 0.1} + N2 
2 2 

0. 05 
0.075 
o. 10 
0. 125 
0. 150 
0. 175 
0.20 
0.25 
0.275 
0.30 
0.35 

PH 0 {atms} 
2 

0.015 
0.030 
0.045 
0.060 
0.075 
0.090 

0.02 
o:ozs 
0.051 
0.074 
0. 097 
0. 120 
0. 143 
0. 166 

._ 

0. 15 -
0.303 
0.454 
0.606 
0.757 
0.909 
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Rate (mg/ crn
2 

- min. } 

P {atms} 
N2 

0.835 
0.667 
0.505 
Oo34 
0. 175 
0.01 

0.0267 
0.054 
0.088 
0. 128 
o. 172 
0.209 
0.268 
0.378 
o. 428 
0.493 
0.610 

2 -
Rate (mg/ctn - min.} 

0.008 
Oo024 
0.041 
0.057 
0.073 
0~088 



Table X. 4 (Cant' d .. ·) 

(PH /P O = 0. 3) + N 
2 H2 2 

I 

PH (atms) PH 0(atms) 
2 2 

0.02 0.066 
0.031 0. 108 
0.061 0.203 
0.090 0.30 
0. 118 0.,393 
0. 147 0.491 
0. 176 0.587 

i--.,: 
r 

0.202 0.673 
' 0. 230 0.760 

.-...~""'-

) 
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P N (atn'lS) Rate (mg/ c1n 
2 

- min.) 
2 

0.914 0.016 
0.861 0.033 
0.736 0.093 
0.61 o. 158 
0.489 0.230 
0.362 0.297 
0.236 0.367 
o. 125 0.427 
0 .. 0 0.493 




