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CHAPTER 1-

INTRODUCTION

The reduction of e-hematite to iron proceedsin general via

magnetite and wustite. The following steps are usually proposed to

constituate the overall reduction process.

(1)

(2)

(3)

(5)

Transport of reactant and product gases across the gas

boundary layer.
Transport of reactant and product gases across the iron layer.

(7, 90)

Gas-solid reaction at the gas/iron/wustite interface.

3o 0
Fel + H‘2 wmete  F'e I—I2

2-
Transport of ferrous ions (Fe ]_) and electrons across the

wustite layer proceeds via vacancy diffusion.

Solid state transformation of magnetite to wustite by the
following reaction,

Fe 0, —~ 4Fe0 + Fe'lg +2 @

where Fei'jand @ are ferrous ions and electron vacancies in
the wustite phase respectively.
Transport of ferrous (Fe2+) and ferritrzﬁ(Fe3+) ions and electrons
across the magnetite layer takes place through vacancy diffusion.
Solid state transformation of hematite to magnetite

12F62‘03""‘"="’" 9Fe304 + Fe'l':l,.r-l- ZFe?i"j-i— 8 &)

where FCE], Fe" and () represent respectively ferrovs and

C



ferric ions and electron vacancies in magnetite. Alternatively
hematite may transform to magnetite due to its oxygen

deficiency by the following reaction.

0. + O 20 —r2Fe 0
3Fe23 D+ e — 304

where OE_J and (5 represent an oxygen ion vacancy and an
electron in hematite.

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), where all the weight loss occurs due to oxygen
remqval. The internal reduction at the wusti’ce/1nagnetite interface
(step 4) and magnetite/hematite inte;‘face (step 5)takes place without
"any change in weight. There is no juéti.fication for discarding the
contribution particularly from step (2), and there is no evidence that
gas-solid reactions do not take placé at the other two interfaces,

Any overall reduction model which includes the contribution from

step (1) and step (2) and also takeé 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 values of effective diffusivities through the iron,
wustite, and magnetite phases, and values of reaction rate constants

at the iron/wustite, wustite/magnetite and magnetite/hematite interfaces.
Also for reasons of complexity it would be necessary to assume some
simple reaction mechanisms. It is certainly very difficult to evaluate

all these parameters reliably from simple direct reduction by hydrogen.
Therefore, it is a much better approach to study the reduction process .
in separate steps con’s}isting.of one reaction at a tir‘ne, and then use

these steps in the study of the overall system. This study 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
reaction conditions. Experimental limitations required the measurements
to be performed after some reasonable thickness of the product layer
has been formed. This essentially brings &iffusion and interfacial
chemical reaction jointly into consideration fdr the interpretation of |
the experimental results. This part of the study is described under the
title, "The Mixed Control Kinetics”. Even in the single reaction system
the dffusional effects necessitate an assumption that interfacial chemical
reaction 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 new 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, "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 specimens 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”.



CHAPTER II

LITERATURE REVIEW

The reduction of iron oxide has been under extensive investigation.
The complete reduction from e-hematite to iron proceeds through the

following sequence of reactions above 570°C:

0 — 0
3Fe,0, +H, === 2Fe,0, +H,0

Fe304 +H2 —— 3 Fe0 +H2

] 1 0
Fe0 + H2 : Fe + I—I2
Below 570°C wustite (¥Fe0) is not stable and the reaction proceeds directly

from magnetite (Fe ) to iron. The complexity of this reaction combined

304

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. Most 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 comparatively narrow range of experirnental

conditions, and is of little use for basic scientific considerations.

As all the above redtictionrsteps are similar it could be that the resulis

from the experiments involving total reduction, may be applicable to

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

reduction has been qualitative in nature, and it is only comparatively recent

4



that a definite quantitative model for the reduction of hematite has been
proposed. This development has been largely due te work by McKewan(l-Al»).
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(é).
Excellent work on the basic principles of iron oxide reduction has been

publishéd by Edstrom(7). |

2.1 Equilibrium Diagrams

The equilibriumn diagram for the Fe-0 system has been compiled

(8)

by Darken and Gurry' ‘. The oxide phases in equilibrium with different
gas mixtures of CO—CO? and H_-H_C are given by W'iberg(g). These

2 2
equilibrium diagrams show how the CO/CO_ and HZ/HZO ratios should be

2
chosen in order to obtain a desired final product. Thermodynamical

properties of iron and its compounds 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 molecules of the reducing gas must reach reaction sites on the surface
of unreduced core. This will require the counter-current 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 reactarts or outward diffusion of the gaseous product formed,
may be a slow process and hence can limit the reaction rate. Alternatively,
chemical reaction at the solid surface may be a slow process and can be

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



of equal magnitude and neither is so predominant ‘that the other could
be neglected.

It has long been known that reduction of e-hematite at higher
temperatures proceeds by way of the phases magnetite to wustite to
metallic iron, and penetrates toward f_he 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(u'B).

Under different experimental conditions the expected sequence
of reaction may change. This is shown by an experiment by Richardsonv |

(14)

and Dancy'~ . These workers oxidized the surface layer of iron to wustite and
studied the reduction of wustite in hydrogen at temperatures ranging

from 570°C to 900°C. No massive formation of iron was found on the
wustite surface, but the reduced iron from the surface migrated through

the wustite 1ayeer‘and was deposited on the massive iron underneath it.

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

fact that iron oxide in _eqﬁilibrium with Fe contains about 5% of vacant

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

surface is less than 5%,a concentration gradient is set up across the

wustite layer and provides the driving force for the migration of iron

ions. Gellner and Richa.rdson(l5) found that, at 906°C with hydrogen

as the reducing agent, wustite prepar.ed by oxidation of pure iron is,

after the formation of a thin surface.film of metal, ;'educed from inside
towards the surface, where the metal meets the 6xide 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 reduction.
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Wagner( ) also studied the reduction of wustite. He proposed

the following mechanism: (1) Removal of 0_ by H2 from the outer

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

(2) Nucleation of this excess iron, causing athin 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 H2 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 oxicié 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 of the specimen 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 liyer
is by diffusion of iron ions. Opinions differ onthe transport across
the magnetite and hematite layers, but according 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 expected from the vacancies present.

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

(7)

oxidation mechanism, were advanced by Edstrom’ ’ and they form the

basis of the kinetic model used by McKewan(1-4), Quets, Wadsworth
(17) (5)

and Lewis ;» Themelis and Gauvin' ', Following are the salient
features of this model(lg).
1) The reduction is a topochemical reaction taking place through

- 0 .
the series Fe203/]§‘e3 4/I:"eO/]:-"e,



2) the gas-solid type of reaction takes place only at the Fe0/Fe
interface, and the internal reduction Fe203-F§304-Fe0 proceeds
by solid state diffusion;

3) iron layer formed is quite porous and offers negligible resistance
to gaseous diffusion;

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

occurring at the Fe/Fe0 interface.

The experimental considerations which led these workers to postulate
that iron oxide reduction is an interface controlled prbcess, were due to
its reasonable adherence td a rate law which indicates a linear advance
of the reactant product interface. This concept was advanced by

19) 4

Topley and Hume uring their study of the decomposition of calcium

carbonate hexahydrate. Since then large numbers of decomposition
reactions have been found to obey the linear advance law(zo).
McKewan(Zl) assumed that the rate of reaction is proportional

to the interfacial area bgtxﬁveen reduced and unreduced phases of iron and

wustite,
dw '
- = KA. | )
: . 2
for spherical geometry A = 47 r
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 function of temperature, pressure and gas composition,

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

3
r

1-R = r—'3'
o

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

obtained the following rate expression:



r(; d_ [ 1 - (1-R)1/3] = Kt. (2)

where d0 is density, T is radius and W is the weight of the

starting specimen. 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 do

[1 - (1-R)1/3]

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

against time should result in a straight line. The slope

his results by assuming 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 was the dependence
of the reaction rate on the partial pressure of the reducing gas.
McKewan'sBJata for magnetite reduction indicated a heat of adsorption
of -3.3 Kcal per mole, a magnitude which suggests physical adsorption.
Physical adsorption, however, does not occur to any appreciable extent
above the critical temperature of the adsorbate (33 K® for HZ) and
is not limited to the monolayer, which is a necessary assumption
in McKewan's derivation.

The calculated values of the enfhalpy of adsorption or activation
processes will depend upon the mechanism assumed and the derived
rate expression which corresponds to this mechanism. In iron oxide
reduction it has been assumed that molecular hydrogen takes part
in the chemical reaction, however, the formation of OH groups
by splitting Hz molecules into atomic h}(rcg_z;)gen, has- been p]foved by
spectroscopic analysis for many oxides .

Also, it is appropriate to separate the contribution of the various
steps, otherwise the activation energy may correspond to the overall
rate controlling step(zz). 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 reaction, 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 rater has become a useful tool in

the interpretation of chemical kinetics and applies equally well to homogeneous
as well as heterogeneous rea‘ctio‘n's. It was probably this type of consideration

that led Langmuiriz‘l)

to postulate that hetercgeneous reactions can occur
only if a nucleus of the fproduct phase is present to initiate reactions.
(micro nuclei of the product phase). More will be elaborated on this
sul‘oject in the second 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-catalytic process. The curves are reported
by Pease and 'I‘a‘ylur(zs) for hydrogen reduction of copper oxides., Moreau
et 31(26) studied the kinetics of wustite reduction by H2 and found induction
periods at the beginning of the reaction, It has been usually stressed that
the induction periods are observed only below 400°C. At high temperature
the reaction speeds up much faster and a uniform rate is attained m a
very short time.

As stated in the p.fevious 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 MacKewan's experiments for low and high hydrogen partial
pressure is due toa tranéition in control from Knudsen diffusion in the

shell layer at low pressures, to normal diffusion at high pressures. The
dffusioral 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 tfpical approach of the‘e.xponents of absolute diffusion control during

reduction.

2.3 Diffusion through Porous Bodies .
(28)

(z29) (18)

Bogdandy and Janke , Kawasaki et al , Warner /,

(30, 3D

Olsson and McKewan 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
(29)

et al studied this problein under conditions which ensure the absence

of boundary layer. They both derived reduction egnations from applications

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

2 Er Dv o [(HZO)e; (HZO)g]

drR_
1/3 ] 1]

dt

(3)

B 2

(1-E) C _r_ [ (1-Rr)

where R = fraction of original oxygen removed
t = time in seconds

Er’ E = porosity of reduced and unreduced layers respectively

i

2
D diffusion coefficient in cm /sec.

v

n labyrinth factor

1]

3
(HZO)e = equilibrium concentration in mole‘sfcm

(HZO)g = concentration in main gas stream. moles/cm
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3
Co = gram-moles of oxygen per cm of oxide

r, = particle radius in cm.

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
(29)

solid. Kawasaki et al found the labyrinth factors for reduction of
a particular hematite by CO and HZ to be 0.7 and 1.0 respectively. This
result is consistent with the differences of the molecular diameters of
CO and Hzg which are approximately 3.2 and 2.4.X resvpectivelly.

These equations are not very us eful due to their complicated
mathematical form, therefore it is more common to write simple diffusion

equations of the form:

(e)
RT= [ (PH

te = - (P 4
rate R Hz)e} | (4)
(e)

2

medium. z is the gffectivé length of the diffusion path between the bulk

where D' Is the effective molecular diffusivity of Hz - H,0 in porous

gas phase and the reaction interface. Because the value of z changes as
feaction proceeds, the above equation only refers to the instantaneous

rate at a specified value of z. (PI_I )e refers to the hydrogen partial pressure
at the reaction interface for transport control when the ratio of the partial
pressures of water vapour and hydrogen at the interface will be given by

the equilibrium constant Ke. Ke corresponds to the bulk gas phase ratio
of PH O/PH at which the rate of iron formation becomes zero. Above

560°C2, whenzthe wustite is stable, thé value cdrresponds to Fe/FeO equilibrium -
as shown By McKewan(zn. Below 560°C McKewan has shown thé,t the
appropriate value of Ke for magnetite reduction is that for the metastab}e
co-existance of FeO/Fe304. 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 same values of Ke have been used to represent conditions of zero rate
of iron formation. For reduction in pure hydrogen the total pressure,

P,, and PH are the same and equation(éi)becomes‘

T 2
plelp K > o
te = L (5)
e RTz K_+1 »
(e)

The product D P, is a function of temperature only. Hence, if the

T
reduction process was controlled exclusively by molecular diffusion, the
rate should be independent of pressure.

29) (18)

Kawasake( and Warner have found that the reduction rate

was independent of the total pressure of H2° The effective diffusivity
D( e)’ defined per unit area of the total surface across which diffusion
occurs and in terms of gradient normal to that surface, is less than the

normal gas phase diffusion co-efficient because transport can only occur

‘in the voids of the porous layer, and must follow a tortuous path. Thus

(e) _ (p) _E_
D. = D 7

(p)

where D,  "is the diffusion coefficient in a single pore, € is the void
fraction in the porous layer, and ¥ isa tortudsity factor depending

32)

on the structure of the reduced iron layer. - Wheeler( suggests
the theoretical value of 7 = 2. McKewan's tortuosity factor is seecn to be
a function of the reductioh temperature increasing from 2. 3 at 1000°C to
5.2 at 400°C. Wheeler suggests the follpwing formula to calculate the
relative contributions of Kundsen and normal diffusion to the pore
diffusivity ‘ o

IR R b [ 1 exp (000

O |
where ng’) is the diffusivity of species.j in gas phase.
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The Kundsen diffusion co-efficient is given by

™ sg7x10®F [I .
j : M,
J

Pore diffusion occurs by the Kuudsen diffusion mechanism when the pore dia- -
meter r is small compared with the mean free path, \, between intermolecular
gas phase collisions. Kundsen diffusion of a molecular species, j, is
independent of the total pressure and is a function only of the partial
vpressure gradient of species j. Because of molecular weight dependence,

(k) > (k)

0 Therefore

!

(1) b) (b)
* H,0 > P +PH20

(1)

An excess total pressure will exist at the interface. McKeWaI('.l3I]i)as found

that the average pressure differential for diffusion with 100 Pct H2 as the

bulk gas was found to be a f'unction of oxide sample material and the reduction
temperature. The average values for iron formed from dense hematite

were 12, ‘15-, 30, 1.8, and 0.4 Cfn.of HZO at 1000°C, 90000, ,SOOOC,_ 500°C

and 400°C, respectively. This study further shows the reduction of hema-
tite with hydrogen at one atmosphere is to a greater extent limited by

gaseous diffusion between the bulk gas phase and the iron-wustite interface.
The structure of the porous iron is primarily a function of the reduction
temperature 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,

(33)

in particular, in the combustion of coal, Wicke 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 thi'ough
the pores to the reaction interface. At still higher temperatures, he
suggested that the controlling mechanism shifted to diffusion through the
boundary layer surrounding the particles. Since then some workers(ls’ 34)
here stressed that the resistance offered by the gas boundary layer is
small but not a negligible part of the total diffusional resistance.

(5)

Themelis and Gauvin' ' have presented a critical analysis of the
boundary layer phenomena.

A boundary layer is formed around a particle in a stream of gas.
It is composed of those gas molecules whose motion is retarded by the
friction forces developed by the ﬁre‘sence 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 gaé and
the reaction products must diffuse across this boundary layer, in an
inward and outward direction, respectively. If it is assumed that diffusion
through the boundary layer is the slowest step in reduction, it follows that
' 0 molecules as fast as the

2
diffusion process cah remove them. The resistance through the solid

a chemical reaction should replenish H

product phase formed should also be negligible. Therefore the
concentration of HZO at the surface of the particle should approach, or be
equal to, the equilibrium value corresponding to the temperature of the
particle. VAlso, by definition, the concentration of HZO at the outer region
of the boundary layer should be equal to that of the free stream, Cg.
Assuming that neither the thickness of the boundary layer, which df—:pends
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,

N.. . = A(Ef-;@—) (c_-cC,) | (6)

HZO o g
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where
N = gram-mole H_O0 transferred per second.
H20 2 :
A = boundary transfer area in cm
DAB = diffusion co-efficient in Cn;z/seco
60 = boundary layer thicknesé in Cm.

The difficulty of estimating the value of the 'boundé.ry layer thickness

(60) has led to the replacement of the ratio (DAB/60) by the equivalent mass
transfer co-efficient k . _Value{:s of kg have been determined and correlated
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 Reyndids number below 200, the following cofrelation

has been developed( 33)

k (2r) E 2r o 1/3 .
_,.gI_).._._?., =2.0+ 0.60 (—;9 G",a)l/z (PD ) (7)
AB AB
where k= mass transfer co-efficient cm per sec.
r, = radius of the sperical specimen cm.
DAB = binary gas diffusivity, sq. cm. per sec, .
AL = gas phase viscosity poise

gas phase density, g per cm

N
i

]

Goo = flow rate of gas moles per sec. sq. cm.

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

reactions, 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 turbulent intensity of

the system. If "éo the boundary layer thickness, is large, then NI-I 0

will be small, i.e., the diffusion rate across the boundary layer will

he slow. A similar situation will hold for diffusion inward of HZ'

Higher flow rates will reduce the 60 and thus increase N This

0
suggests that diffusion of the reaction species across the bHoundary layer
may co;1tr01 the overall reaction rate only at low flow rates. Some
experiments have been performed primarily to estimate the critical
velocify beyond which diffusion through this layer had little effect on the

reaction rate( 36, 37). o /

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 resull is that most of the data can frequently be made to
fit almost any postulated model. Such an appar‘eht.agreement cannot
automatically eliminate the other possibilities, 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 interface and magnetite—

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

(

Warner 37) 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 réduction
FeZO?;-—-—- Fe304 still proceeds by solid state diffusion. Spitzer et a1(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 concept underlying this approach is that the reduction,
process must proceed through a sequence of transport and chemical
reaction steps acting in series. Under typical expei'imental conditions

none of the individual transport and reaction resistances may be neglected

(39)

in the development of 2 model. ILu 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 expressions derived by

(92) (29) (40)

and Kawasaki et al
and Manning and Philbroo‘k(o)

Spitzer et al( 34)

McKewan as its special cases. Seth and Ross

e.x‘te‘nded it to reversible interfacial reaction.
and Wérner(ls) included the contribution from the gas
boundary layer resistance and developed a generalized single particle
model consistent with a mixed-control mechanism involving an interaction
of gaseous-diffusion effects with a first order 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.

v

2.7 Mixed Control Multiple Step Model>S)

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—sélid reduction is permitted at
each of the advancing interfaces and is controlled by a complex series
parallel sequeﬁce of chemical and transport steps. This model predicts
that despite the fact thattransport resistances are significant to the
advance of each imterface, little deviation from linear advance is
predicted for the first 98 pct 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 previously, for McKewan's
measurements of interface movements in dense polycrystalline hematite

reduced in hydrogen-water vapour mixtures,

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(ls).
Rate expressioms are only applicable if they r'_epres ent the true mechanism
of the reaction. More will be elaborated on this topic in the third part

of this study.

2.8 Factors Influencing the Reactivity of Iron Oxide

2.8.1 Porosity

Porosityﬂ?)

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 chemica'.l composition influences
its reducibility considerably. Joseph(41) found that, with all other

factors constant, the time for compl'ete reduction of a specimen was
inversely proportional to the porositonf the unreacted sample. The
porosity and the cracks formed during the reduction are also important.

An ore with high original porésity 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. Olssonm and McKewan ., Bogdandy et al , Warner ,

(5),1)

Themelis and Gauvin'™ ‘all observe that the mean pore radius 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

42
with the results of Chufarov and Lochvichkaya("')

who have reported
that at temperatures above 600°C, the microporosity of iron was
reduced considerably, and they have suggested that the effect was due
to sintering and crystallization at high temperatures. Spitzer et a1(34)
have derived a correlation for an approximate value of the pore radius

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

3240
- o
T(K )

T - - 1. 3
log,, (r)
where T is the pore radius. The values of T obtained are of such
dimension that the Kundsen diffusion can be expected to influence
transport through the shell layer. Because of the temperature-sensitive
nature of the pore structure, Kundsen diffusion will be more significant

at lower reduction temperatures.



21

2.8.2 Chemical Composition

The chemical composition of the iron ore has great influence
on its reduction. In blast furnace practise an oxidized magnetite

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

(44)

the sinter is increased with degree of oxidation' ~'. Even a small
change in the degree of oxidation influences the reducibility considerably, -
and experiments therefore require great care in the choice of material.

(7_) in the reducibility of Fe203

and Fe304. This has led certain workers to question whether Fe?’O4

is formed as an intermediate stage in the reduction of Fe_0

23

HZ. Other workers are of the opinion that Fe304 as an intermediate

stage would have a certain porosity, and the reduction of this magnetite

There is considerable difference

with pure

with greater surface pér unit volume should therefore proceed faster than

that of a dense magnetite.

(45)

Hockings was not able to find wustite or magnetite during

HZ reduction of hematite at 550°C. This was in contradiction to'Edstrom‘s(.?)
investigation who had closely shown the formation of magnetite at 450°cC,

He then suggested the f.ollowing explanation. If the three phases, hematite,
magnetite, and iron are present during reduction at temperatures below
about 6OOOC, the overé.ll phase boundary reaction at the magnetite-hematite
boundary can be written thus.

Fe + 4Fe, 0, —~ 3Fe,0, (8)

where the iron has arrived at the phase boundary by diffusion through
the magnetite phase. The H-z- reduction reactions must compete with the

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

" Fe_ 0, +4H

304 — 3Fe + 4H20 (9)

2
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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 hydrogen.

: Presence of silica (SiOZ), lime (Ca0), and(;rg?gnesia {Mg0) could

change the reduction behavior drastically. Ruecki measured the

CO reduction ratesr of a number of élag systems and reviewed the
appropriate literature. The major4 conclusions from his work are listed
below. ' T |
1. The iron-bearing silicat»es, fayaiite (2Fe0. SiOZ), and iron
monticellite (Ca0. Fe0. SiOZ),' are not reduced by CO at
temperatures less than 50°C below their liquidus temperature,
(m. p. IIOOOC). These slags are undesirable in most processes

because of their stability and low melting points. -

2. The binary calcium ferrites (x Cal yFe203) are quite easily
reduced. The kinetics of their reduction are similar to
hematite. The reduction of the ores containing carbonates and
hydrates is retarded at temperatures below the decomposition
temperature of the compounds. The slow generation of CO2
or H_O prevents the supply of fresh gas at the oxide/metal

2

reaction interface, and high pressures of COZ and HZO are

therefore obtained at this surface. Such ores should be roasted

or burned before reduction.

Wiberg(g) has pointed out that the reduction of Fe203 to ZE‘e?’O‘4

is exothermic, while the reduction of Fe304 to wustite is endothermic.

If the ore is well oxidized to .‘F‘eZO3 the initial reduction will therefore

hasten 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(sg). When small
concentrations of promoter materials in the order of 0. 69 at. pct. were
added to the reducible charge the rate of reduction to iron was increased.
Promotion phenomena predictions were made in the light of s;‘urface
reduction mechanisms with the aid of Vol' kenshtein's effec(tyi')egarding
the propagation of crystal lattice distrubancesby small amounts of
relatively larger interstitial 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 depends 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 Pressure Effects
(29)

Kawasakiet al , Dalla 1.ana and Amundsen

(48) (18)

and Warner

(3)

have reported no effect of pressure on reaction rates, McKewan

(17) (48)

Quets et al s Hockings(45) and Lloyd have reported that the

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

50}

Hansen et al( 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 a2 mixture of 50:50 hydrogen with nitrogen and helium.

For pure Hz or CO reduction, if the reaction is chemicall}f
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 the oxide 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 reaction control at
low pressures to transport control at high pressures.

The diversity of the opinimsmay simply reflect the number of

factors which control the reaction rate.

2.8.4 Température Effect

(6, 7, 26, 43, 49, 51)

A number of investigators have reported the

slowing dqwn of reaction rate abf)ve 6060C 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 -HZO composition on the
Fe0/Fe_0

34

on the F6304 interface. Since the reaction dépends upon the driving force

created by the equilibrium concentration, the Fe0 cannot be reduced

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

above 600°C until the concentration of H_0 vapour decrease from 35% to

(17) 2

23%. McKewan(ZI) and Quets et al 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 coefficient"
is more appropriate than the usual "activation energy". The following

values of temperature coefficient are taken from their compilation.

Activation Energy, cal/ mole Name of the Reference
' Worker
23, 000 Lloyd 49
28, 000 Royter et al 58
15, 000-20, 000 Chufarov and co-workers
42
15, 000 Warner 18
13, 000 - McKewan 21

4, 200 Themelis etal 52
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De'ﬂh( ) has reported that a change in temperature coefficient from
11000 cal/gm-mole to 45000 cal/gm-mole can be obtained by small
modification in ZE‘eZO3 briquette composition and in sintering temperature.

2.9 Volume Expansion During Reduction of Hematite

(7.9, 54, 55) in apparent volume and porosity are

Large increases
observed during hematite reduction by H2 or CO.

These dimensional changes are a function of the original oxide,
the reducing medium and reduction steps involved. Following volume

changes during Fe 0_ and Fe_ 0 reduction in CO and CO-CO,, at 1000°C
2737 "3 / 2

are reported by Edstrom’ . )

Original Oxide Fe O

A 23
Product Phase Fe304 Fe0 Fe
Apparent volume 100 ———m 125 ~ 132 127
100 - 148
Original Oxide Fe304
Apparent Volume 100 @ ——m87 — = 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 thg Fe203——* Fe304 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 wustite is transformed to iron there is shrinkagc:a, but occasionally
a large increase in volume is observed in this stage by CO reduction(57)
(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 Ey decomposition of CO by the following reaction
2 CO — CO, +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 ﬁp, a bursting

action takes place with volume expansion. Fe304 reduction to Fe0 involves
no crystallographic transformation, and the reduction reaction probably
proceeds by anion diffusion at the surface. Therefore, no porosity

(57)

increase or volume expansion is observed. Ponghis et al 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

(55)

eliminate swelling completely The present author believes that small
contents of Ca stabilize the v-hematite structure, which has the same type
of structure as magnetite; No nucleation will be required for this
transformation. Hence no volume expansion or porosity increase of the

product phase will occur.



CHAPTER III

THE MIXED CONTROL KINETICS

3.1 Introduction

The present investigation is conce rned with the reduction kinetics,

of natural hematite to magnetite by HZ—H 0 mixtures in the temperature

range 1084°K - 1284°K at atmospheric prissure. This reaction is the first
step in the series of topo-chemical reactions in the process of reducing
hematite to iron. 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-
making. It also has direct industrial significance because magnetic
roasting is one of the most important methods in benefication of lean or e(él).
Although many technical papers have been published on the process of
magnetic roastiﬁg and iron oxide reduction, very little in.for_rnation is
available in the literature c.oncerning‘ the fundamental nature of hematite

(50)

reduction to magnetite by reducing gases. Hansen et. al. reduced the
dense synthetic pellets' of high purity oxide‘ in C,O-CO2 mixtures and

determined the reaction rate by the weight loss method. They were able
to interpret most of their results by applying the interfacial area control

(1-4) (62)

‘theory developed by McKewan In contrast, Wilhelm and St. Pierre
who studied reduction of hematite to ma gnetite in HZ—HZO mixtures by the
weight loss method, stressed that the resistance of the porous magnetite
layer to 'the diffusion of gases cannot be neglected in consideration of the
overall reaction rate. In the present study the contr ibuﬁons of interfacial

chemical reaction, diffusion of gases through the magnetite phase and the

gaseous boundary layer to the overall rcaction rate will be considered.

27
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3.2 Apparatus and Procedure

Hematite Specimens Preparation .

Natural hematite ore from Vermillon range of Northern Minnesota
was selected for the present investigation because of its high purity and
thermal stability. Chemical analysis of five samples gave the following
average values. 67. 52 pct Total Iron (96. 62 pct Fe203, 0. 28 pct Fe0,
0.03 pcthetallic Iron), 2.53 pct’SiOz, 0.07 pct Mg0, .03 pct Cal,

0. 05 pct combined mixture, 0. 07 pct 1oss on ignition, and 0. 34 pct others.
Cylindrical specimens of 0.93 cm in diameter, and 2.7 cm in length were
drilled lfrom slabs of ore with a water cooled diamond core drill., These
specimens were heated to IOOOOC vand fu;:nace cooled. Specimens with
silica pockets dewveloped large cr:;cks. The uncracked specimens were
heated a second time, and their surfaces were carefully examined with a

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

rejected.

Preparation of HZ—HZO Mixtures

HZ-HZO mixtures were prepared by the conﬁbustion of HZ—OZFmi:‘d:ures
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 HZO absorption bulb,

with copper turnirgsat the top. The cover of this bulb was not made pressure
tight so that any pressure 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 combustion flame.

Oxygen flow rates were measured with a bubble flow meter after

purification with + 1% accuracy. Hydrogen flow rates were measured by
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Schematic Diagram of Apparatus
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"precisibn wet test meter” and the amount 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
as shown in Figure 1. Oxygen was prevented from diffusing into the
hydrogen line by threading platinum wire through pores at the combustion
end of the gas inlet tube. The glass bulb was heated with a Kanthal
heating wire pasted in asbestos paper. The surface temperaturec of the
bulb was measured with a thermocouple and adjusted to remain at
approximately 350°C. The gaseous reaction chamber also served
as a preheater for gases to avoid thermal segregation. The following
sequence of operation was adopted. |
1. Nitrogen was passed through the outer concentric tube to purge
‘the catalyst bulb of oxygen.
2. Hydrogen was introduced through the inner tube until a steady
flow was obtained.
3. Oxygen was then introduced into the nitr ogen stream passing
through the outer tube.
4, When combustion had commenced and a flame was visible over

the platinum wire, the NZ‘ was turned off,’

Reduction Furnace Operation

The Kanthal furnace was 27" x 1" with a constant temperature zone
of approximately 10", |

The temperature was controlled to + 5°C of the operation
temperature. The specimen was suspended from the top of the furnace
with a Kanthal wire along the vertical axis.

Nitrogen was passed through the furnace tube as the specimen was
heated to reduction tempéra’cur@ When the reduction' gas. mixture was

properly adjusted, nitrogen was switched off and the HZ—HZO mixture
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introduced. After the desired period of reduction, the reducing gas §vas
turned off and specimen cooled in a nitrogen atmosphere. When the
furnace temperature dropped below 500°C, the specimen was pulled up
to the top of the furnace fube, and nitrogen was also introduced from

the top for faster cooling. The specimen 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 transverse section of partially reduced
cylindrical specimens is shown 11'; Figure 2. The thickness of the
magnetite léyer and the radius of the unreduced core were ineasured
by placing a rectile marked with 0.1 mm divisions on the specimen under
a travelling microscope at a magnification of 10 x. Only portions of the
interface that were not obviously 2ffected by crack formation were
measured. The error in thickness measurement was estimated to be
+ 2% and the uncertainty in HZ/HZO ratios was estimated to be + 2%. A

further source of error could be the inhomogeni’cy' 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 reduction. 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 mass transfer of the reducing gas through the boundary layer.
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(a) (b)

Fig. 2. Representative photogragh of partially reduced specimens.
(a) temperature = 1084K , p.. /p = 0,2, time = 0.5 hr,
H H.O
2 2
/p
0
HZ

(b) temperature = 1184Ko, =042, time = 2.0 he.
Py

7z
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3.4 Experimental Results

Interfacial movements data are summarized 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 (ro) and the percentage
increase in volume of magnetite over hematite are listed. The magnetite
layer thickness and the radius of unreduée'd core as functions of time are
shown in Figure 4 and Figure 5 respectively at different HZ/HZO ratios
and temperatures. ' J

The change in amount of oxygen combined with iron in going
from hematite to magnetite was calculated to be 0. 0103 gm-atom/ml. The
increase in volume of the magnetite 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 hydrogén-water vapour mixtures at three different
temperatures for 1.5 hours of reduction. Figure.é also shows that the rate
of interfacial movement seems to increase linearly with the partial pressure
of hydrogen in the main 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 measured 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 H2 from the 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 diffusion of water vapour through the magnetite layer.
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Fig. 4. Magnetite layer thickness (Ar) versus time
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Tenqx'=]084oK,TPH /Py o= 0.38
2 2
/Time, Hours ro, mm r, mm Ar, mm % Increase
_ 7 in Volume
0.25 . 4.7 4.37 0.33 11. 8
0.5 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 11,7
3.0 5.0 2.2 2.8 12. 0
Temp. = 1185°K, Py /P o= 01
2 2
Time; Hours ro, mim v T, Mm Ar, mm %Ipcrease
in Volume
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 R 1.6 12.3
3.0 . 4.96 3.16 1.8 12.4

4.0 ' 4.99 2. 14 2.25 : 12.3
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Tablel, 3

O
Temp. = 1184 K, Py /PH o= 0.2

Time, Hours x s mm r, mm Ar, mm % Increase
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 b 13.4
3.0 5.09 . 2.2 2.89 12. 6
Tablel.4

Temp. = 1284°K, P /PH = 0.05 -

2 20

Time, Hours r _,mm r, mm Ar, mm % Increase
in Volume

0.25 4,75 4,45 0.3 15.0

0.5 ) 4,8 4,25 0.55 14,0

1.0 4.9 3.9 1.0 13.6

1.5 S.Q 3.72 1.28 14,5

2.0 5.05 3.5 =~ 1.55 . 14,5

2.5 5. 05. 3.3 1,75 13.5

3.0 5.1 3.02 1.98 14.5
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Tablel.5
Temp. = 1284°K, P /Py o= 01
2 2
Time, Hours ro, mir r, mm Ar, mm % Increase
in Volume
0.125 4.72 4.52 0.2 15.4
0.25 4.78 4,38 o 0.4 15.0
0.5 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




. Thickness of Magnetite Layer Formed.

Temp. = 1084°K,

Table II. 1

Time = 1. 5 hour
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P (atm.) /P Thickness of Magnetite Layer
Hp HZ H (mm)
0. 024 0.025 0.1
0.070 0.075 0.4
0.130 0.15 0.8
0.20 0.25 1.1
0. 26 0.35 1.5
0.31 0.45 1.6
0.34 0.5 2.3

Thickness of Magnetite Lay-er Formed.

Temp. = 1184°K,

Table II.2

Time = 1.5 hour

PH (atm.) PH /P Thickness of Magneite Layer
2 2 {ram)
0. 005 0. 005 0.2
0. 02 0. 02 0.55
0. 058 0. 05 0.80
0. 07 _ 0.07 0.75
0. 098 0.10 1.1
0.11 0. 123 1.2
0.125 0.143 1.55
0; 17 0.20 1.7
0.175 0.212 2,05
0.20 0.25 2.1
0. 26 0.35 3.1
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Tablell 3

Thickness of Magnetite Layer Formed.

Temp. = 1284°K,  Time = 1.5 hour
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PHZ(atm.) PHZ/PHZO Thickness c(;fnlzi[le;gnetite Layer
0. 005 0.005 0.18

0. 01 0.01 0.7

0.03 0.0134 0.75

0. 05 0. 05 1.35

0. 06 0.067 1.0

0. 077 0.083 2.0

0. 092 0.1 2.1

Table 11T

Densities of Hematite and Magnetite -

Hematite Ore

Magnetite Phase

T rue 5.15 gm/c. c. 4.99 gm/c.c.
Density

Bulk '
Density 5.10 gm/c. c. 4,044 gm/c. c.
Total

Porosity L. 1%

19. 0%
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5. Transport of water vapour from the outer surface of the
specimen to the gas stream.
The first and last step in the above sequence can be described
by the following fwo equations, when considering a unit length of a long

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

2 «r ‘
(b) (o)
Ny =k (H) —pz—— (P - Py (1)
H, ‘g 2  RT H, "H,
2T r :
_ o (o) _ (b)
"Ny o =R (H0 =g (P o - Py o) (2)

2 2 2
The positive direction of mass fluxes is chosen from the gas phase toward
the centre of the specirﬁen. It is assumed that steps (2) and (4) can be

expressed in terms of Fick's First Law in the following form.

(e)
Py
___am 2 (0) (i)
+ JHz " In r/ro RT (PI—IZ ) PHZ) (3)
ple)
21 Hzo (i) (o)
) JHzo - Inr/r_ RT (PHZO ) prz)) (4)

Step (3) is the interfacial chemical reaction which is taken from the infor-

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

kr (i)
—No =2 rTF-R—E" (PHZ -

The movement of the interface can be related through a material

(i) '
PH O/Ke) (5)

balance to the rate of oxygen removal at the interface which takes the
following form.,
dv dr

:NO = A p o at " - A PO 2%r it (6)

A generalized rate equ.af1011 may be formulated with all the above mentioned

steps, provided the following assumptions are made:
(a) Isothermal and Isobaric conditions apply in the system.

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

quasi-steady state conditions, this is likely to be true in the present case

(3¢
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- = (7)
H H H O 0
o 5 ) H

Using the set of algebraic equations in (7), the four unknown quantities,

namely P;), Pﬁ) 0’ P(O) P}({O)O are eliminated. With the additional
2 . 2 . ]
assumptions thm%{g(ll‘z) = Kg (HZO) = kg and Dgz) = DSZ)O = DC the rate

of reduction can be related to the gas composition in the main gas stream.

(b)
P
: In 1/r0 . 1 ) H,0
e gt el fmes Y s
2Tr «a 271 21 rk o’ RT H K
o 5 2 e
kK K (8)
cre a==F—% 2 k as K 10
where « Ke Tl , as e >
De Ke
= ———— = D
P Kc + 1 e

Substituting (6) into (8) it becomes

- In r/r
dr_ [ p®)  pb) . S o 1 .
el S [(PHZ 11 o/A P RT ] / [ F ! (9)

e o' g e
K

e

After integration with the initial condition r = r

be rearranged as follows.
9%

P
H_O

(b) 2 |&
il el

H K _

. 2 e X% r 2
2. — 4 .y + : [ 2 In r/r +

RT A FO (ro_r) 2 10 l\g kr v De 2 (1o T) o

1/4 (r  + r)] ‘(10)
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Using the calculated values of kg, equation (10) can be solved graphically
from which the values of kr and De may be evaluated.

Very little experimental data on the mass transfer coefficients
are available for a cylindrical specimen with flow parallel to its length.

64
(64) shows that a flat plate model may be

Some experimental work
applicable in the present study without introducing significant errors.
The accepted correlation for stream line flow over a flat plate is as

{65)

follows .

k L

£ - Nu=0.66 (Re)

4 /2 (SC)1/3

Viscosity and density values have been calculated from the inlet gas
composition and diffusivities were calculated by the accepted method

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

shown in Table 4.

TablelV

Calculated Values of Mass Transfer Co-efficient.

Temperature °K 1084 1184 1284
AL poise 3.335 x 107 3,826 x 10 4.338 x 1077
p gm/c.c. 1,517 x 107 1562 x107" .55 x107"
D cmz/sec, 8.70 9.71 11. 64

kg Cm/sec. 5.49 6.14 7.02

A plot of % = I(-—l— + ]-—51——9"“
I e

is shown in Figure 8 where

7
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p(b)
H.0
(b) 2

{pHZ g K )]t r +r
% = £ - _ (11)

(ro-—r) APO RT -2 r kg

and
| —rz' - B

@ = [ '-Z—G-c-):—-r"i—'—— In ro/r + 1/4 (ro + r)l (12).

The values of kr and De are the reciprocal of intercept and slope
respectively in Figure 8. These values obtained from the least square
analysis, are shown in Table 5. The value of Z in Eq. (11) is dominated
by the 1eading term so that a small variation in the value of ké will not
significantly affect the values listed in Table 5. kr and~De therefore will
nof? be greatly affected if a theoretical value of kg_is used for simplif:ity

in place of an experimentally determined value.

Table V
e

Values of Effective Diffusivity and Chemical Reaction Rate Constant

Temperature, °x De, sz/séc k , Cm/sec
. L
1084 N 0. 028 ~ 0.138
1184 0. 04  r0.281
1284 0.087 0.88

The partial pressure of hydrogen at the reaction interface, calculated on
the basis of Egs. (5) and (8) and Tables (4) and (5), is shown graphically
in Figure 9. The existence of a minima in Figure 9 is expected from

(i) should make the
2

a consideration of Eq. (7), i.e.; the value of P
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instantaneous rates of supply and consumption of hydrogen at the interface
equal. '
Figure 10 shows how the instantaneous values of various
resistances, defined by the terms in the denominator 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 con:t rolling the overall reaction rate when the
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 volume expansion when the magnetite phase is formed, the
radius of the cylindrical specimen isl larger after reduction. Two sets of
calculations have been carried out, one with r_as the fadius of the specimen.
before reduction and the other with ro as-the radius after reduction. It
was found that the resulting difference ip the values of kr and~De obtained
are within the experimental error of this study. All the results reported
here are calculated with r _ as the original radius of the specimen before
reduction. It may be noted that Figure 8 not only gives the numerical
values of kr and De, but al'so shows that they are independent of the
composition of the gas. This may be considered as a confirmation that
the proposed riqodel is reasonable. .
. Although this study was only carried out at three temperatures, it
is felt that some valuable information has been obtained. Temperature
dependence of the chemical reaction rate constant may be expressed as

follows:

k =4.02x 10 exp (-22, 000/RT)

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

reported by Hansen et. al. (50), with synthetic pellets reduced 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 De is probably due to
the larger pores and greater porosity in magnetite formed at the higher

temperature.



CHAPTER IV

THE CHEMICAL REACTIVITY OF ¢-HEMATITE

4,1 Introduction

The aim of this investigation is to study the relationship between
chemical reactivity of hematite and its physical properties. The reac-
tivity of different specimens is compared by the amount 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 number of
defects in the solids(67-71? Defects may determine the possibilities of
formation of the initial reaction centres and the relative probability of
their appearance at diffei'ent points on the solid surface(70.) After the
nuclei have formed their growth rate and epitaxial relationship with
the parent phase will determine the cour sc of reaction. When the
migration 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

(71)

of initial reaction centres" " 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

(7, 72)h

to difficulty in the nucleation. a-hemnatite as h.c.p. oxygen lattice

. KR .
with Fe in an octahedral position filling two-thirds of such positions

between successive oxygen layers. Magnetite has c. c. p. oxygen with
4+ N = =
) - (Fe8 Fe_ ) O__. Their lattice

inverse spinel structure (Fe
8 Ttet 8 ‘oct 32

54
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constants are 5.42 K'and 8.38 j?; 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 magnetité. These data suggest that a
complete collapse of the parent crystal would occur, and the magnetite’
should grow by reconstructive transformation from 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 be one of the important steps.

Once the chemical reaction has started,a break down at the inter-
face would generate more and more defects. These freshly created
surfaces may develop _stron“g double layer charges giving autocatalytic 1
(73)

effects to the reduction process

(74-76)

Like many simple inorganic oxides ; a-hematite is 2 non-
stoichiometric compound with anion vacanc:es( ). Under certain condi-
tions it is an unstable compound and can be transformed to magnetite

(77)

at low temperatures and at low pressures or by simple heating in

air at 1380°C or higher temperatures (8) .

At a particular siﬁtering temperature the concentration of anion
vacancies increases with sintering time to some final equilibriurn'value(752
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 oi' altern_atiﬁely another
process may take place. Segregation of oxygen vacancies into suitably
spaced arrays and their co-operative r'earrangement along planes of shear
where _the oxygen vacancies are eliminated( 78). Impurities could block
the formation of complete arrays and could help in the formation of
random clusters('?s? The formation of shear planes is being more and

more accepted as a stable structure for transition metal 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}qla11es and
bringing the metal oxygen octahedra at these borders into closer union.
Shearing of octahedral edges rather than corners and faces rather than
edges, increasés the structural stability, but accompanying this there is
an increase in latlice energy, and reflects a chemical bonding system
"more covalent than ionic. Hence making them more reactive than the
perfect 1attice(81) . A large number of these shear planes may lead to

the formation of surface steps known as thermal etching which is expected
to increase with time and temperature of sintering.

The microdomains could be a more defective hematite region
within a less defective hematite phase and may impose a dight change in
symmetry, giviﬁg rise to irregular surface strains, usually observed
after sintering processes. This more defective ¢-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

responsible for the nucleation of the new phase.

4,2 Specimen Preparation

The basic considerations in the p.reparation of specimens are to
make them 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 hematite is
the subject of the present study. — -

High purity hematite powder* of less thahn 300 micron in size was
soaked with distilled water and hand rolled into spheres with approximately -
20% moisture content. 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. Then their surfaces were

* The material was supplied b.y Atomergic Chemicals CQ, New York with
the following analysis: 99.76% F_‘e203, 0. 013% Mn, 0.002% Cu, 0.004% Zn,
0.07% substances not ppted by NH4OI-I, 0.1% sulphate, 0.01% phosphate, and
0. 002% nitrate. ’
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- cleaned with a soft cloth until they were within 25 mg of the desired

weight. The resulting nearly spherical specimens with I 1. 0% 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 raised to 1000°C for one hour.

These were once again rolled 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 were made by rubbing the spherical surfaces after

750°C treatment. The specimens were given the same treatment as described
above, except the plane surfaces were smoothed by polishing with FeZO‘3

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

the plane surface was the same as the spherical surface.

Sintering of the Specimens.’

The specimens wer.e then placed in high purity alumina boats
‘smoothed with Fe'ZO3 powder and sintered in tubular furlnaces
with 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 the
desired temperature. After sintering for the requiréd length of time, the
f.urnaceAwas slowly cooled, at the rate of 80°c per hour down to 850°C,
then the poévgr was turned off. The heat treatment was‘ the same for all

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

Density Measurements.

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
specimeﬁ surface was removed by immersing the specimen in water and

evacuating.



58

4.3 Apparatus and Experimental Procedures

A simplified schematic diagram of the equipment is shown in
Figure 1l. It consists of arrangan ents for preparation of HZ-HZO
reducing gas mixiures, reaction furnace and microbalance.

Preparation of Reducing Gas Mixtures

The method for the preparation of HZ-H O mixtures by partial

2
combustion of H_ with 0_ is an improved form of the procedure described

2 2

in section 3. 2.

The flow rates were controlled by microprecision valves and were
indicated by long incline U i:{lbe monometers,

The gases were passed through two-way outlet valves, one outlet
of which was conmmected 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 taker
as saturated with water 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 vépour condenser and flowmeter
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 nitrogén
was required for terné.ry 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



Figure 11.

Schematic diagram of the apparatus.
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11)
12)
13)
14)
15)
16)
17)
18)
19)

20)

21)
22)
23)
24)
25)
26)

Microflow control valves at the hydrogen-oxygen-nitrogen cylinders

Absorption and purification system

Bubblers

" Long inclined U tube monometers

Absorption tubes

Absorption and flame arresting unit on hydrogen line

Single inlet double exit valves

Bubble flow meter

Okygen—hydrogen combustion unit

Low temperature furnace

Stop valves

Stop valves

Iron constant thermocouple

High temperaiure heating tapes

Nitrogen from purification and measurement unit
Nitrogen inlet valve

Specimen temperature measurement thermocouple
Quartz beads packing

Specimen

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

platform

Detachable hook

Specimen inlet hole

Aluminum joint with O-rings

Nitrogen from purification and measurement unit

Micro-balance

‘Micro-balance control and recording



27)
28)
29)
30)
31)
. 32)
33)

Liow temperature heating tapes

- Three way valve

Gas exit

Cooling water

HZO vapor condensor
Condensate outlet

Unburnt Hz temperature measurement
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through ocutlet 32. When the gaseous mixture was adjusted accurately
it was introduced into the reaction tube by opening valve 12 and closing
valve 11. The monometer levels usually changed because the flow resis-
tance changed with flow length, but these were quickly readjusted by the

microvalves.

Reduction Furnace

The reactant gasés and the specimen were heated to reaction
temperature in a non-inductively wound kanthal furnace. There were
three independently controlled heating elements, the load oﬁ which could
be adjusted to obtain a longer uniform temperature profile. The total
length of the heating elements were 27 inches with a two-inch inside
diameter., There was about 13 inches uniformly heat zone, and the specimen

was approximately in the centre of the zone.

Sample Hang Down Tube

A quartz tube of 1. 8 cm inside diameter and 75 cm long was used
to obtain a‘ desirable flow pattern within a reasonable flow rate range and
to give minimum peak to peak noise ratio. This reaction tube was joined
to the balance hang down tube of 6 cm 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 small capillary tube
for the measuring thermocouple. The lower portion of the reaction tube,
about 10 cm, was packed with quartz beads which cut down the deat}i space
and ensured proper heating of the inlet reaction gases. The specimen was
about 1. 5 cm above this packing. The hang down tube i’lad a side inlet
hole with a cap about 5 cm above the heating furnace. The specimen could
be introduced or removed through this opening. Two cm above the side

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

The specimen was huhg from the left arm of the microtalance
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
couid be suspended or removed %y placing the hook in the ring of
the upper chain by means of a long tweezer. 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 megligible contact area and minimum hindrance to the
flow of gases. The specimen 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/minute

. were adequate enough to f:revent any H_O-vapor going into the balance

2
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 hang 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 H20-Vapor.

Blank Runs ,
Blank runs with inert specimens were performed for each set of
experimental conditions. This was to compensate for loss in weight
from buoyancy and aerodynamic forces, effects of top blown gases,
absorption or desorption of gases on the specifnen 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 gaé atmosphere to another was observed to be less

than 30 seconds, by heat conduction measurement.
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R eduction Procedures

The experimental conditions in the present investigation
were kept the same, so that any variations in the reaction rate are
due to solid specimens 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
tempefature of the whole system was fairly stabilized, the flushing gas
was turned off and the reducing gases were introduced. Upon the comple-
fion of the experiment, the specimen was again cooled in a nitrogen

atmosphere to room temperature for surface examination.

Experimental Errors

The uncertainty in the adjustment of the reducing gas ratio may
be up to + 2 per cent. This may be due to assuming the gases saturated
with water vapours at the ambicnt temperature and errors in the
measurement of flow rates. The major cause of variation in the results
may be the surface area and nature of the specimen surface, the precise
reproducibility of which is difficult..wBy careful surface preparation the
difference in the reaction fime for initial 4 pct reduction from hematite
to magnetite may vary within + 10% for speciniens of very close density

values.

4.4 Resulls

" A large increase in density was observed for sintering temperature
increase from 1150 to IZOOOC. At 135600 there was no appreciable increase
in density as sintering time was increased from two to five hours. It .
was observed by cleaviﬁ!g the specimen that the outell portion of the

specimen was pore free, but small isolated pores existed near the centre
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of the specilnen, Small microcavities were also observed inside the
single grain for specimens sintered at 1350°C as shown in Figure 2,
These pores were usually difficult to remove. Specimens used in this
study had approximately 1. 5% porosity (theoretical dehsity 5.25
gm/c.c. )(.67).[‘hebdensity 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.
Figurel2 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 13shows the kinetic data on the reduction of hematite to
magnetite for different specimens unqe-r standard conditions. These
specimens were prepared by procedures as outlined previously except
that the final sintering temperature differed. The measur‘ed densities
of these specimens are included in Figure 13. The results from a 90
minute reduction period a.re also iricluded in Figure 14, The experimental
findings reported in Figure ]3and Figure 14 should be felated to the
surface properties of these specimens. Micrographs of these surfaces
are shown in Figure 15, Micrographs taken as optical micrbgraphs
are labelled as (OM) while those of the scanning electron microscope
as (SEM). The kinetic 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 from the same sintering temperature are shown in Figure 18.
It should be noticed, in general the denser specimens are more reactive.’
Such phenomena indicates that the donﬁnatiﬁg physical property responsible

for the observed results is different from thcA)bse implied in Figure 12and 13.
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1100°C (750X, 0M)
(2)

1250°C (1250X, SEM) 1350°C (1200X, SEM)
(c) (d)

Fig.15. Showing grain growth on surfaces polished with FeZO3 powder,
sintering time 5 hours.
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Fig.17. Showing grain growth at 1350°C for different sintering times (500X, OM).



) T T ) k] ] | i
1.4 - | ]
!350"08 | i 350°C | 1200°C /7 1200°C
: 500°C/h. j 80°C/hr. 500°C/hr. / 300°C/hr.
.2 + 5.22 j X 5.1776qg./¢cc.. - O 38;3?‘ 0 5.182 g./¢.c. | T
—~ g./cC. | | 8.7/8-S7 N ’ o
o @ o . | / 1200°C
S Lo : . . ;  80°C/hr.
g ;( S /A : ' ' -, 5.18 §.75.C.
E . X B s | S / .
S 08 F " , | / : -
- : .
o T /
: / /
2 06+ 3 | i
= i /@
04 - j@ X R -
@ | —
) 1 J ' i : )
60 120 180 240 300 360 = 420 480

TIME, (minutes)

€l

FiG.I8 EFFECT OF COOLING RATE ON SURFACE REACTIVITY.



(b) (c)
o
Fig.19. Thermal etching of hematite grains (a) 1350°C (b) 1400°C
(c) partially reduced surface,dark phase is magnetite. (750X, OM)



(a) (750X, SEM)

75

(b) (750X, OM) (c) (750X, OM)
Fig.20. The growth pattern of magnetite over hematite.



(b) (2800X, SEM) (c) (2800X, SEM)

Fig. 41. Some specific growth of magnetite within ¢-hematite grains.
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(a) (7000X, SEM) : (b) (6900X, SEM)

Fig.22. Some details of magnetite growth over hematite.
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Hematite / \ Magnetite

(650X, SkiM)

(b) 13500C/10 hrs. sintered (670X, SEM) (c) 13500C/10 hrs. sintered
(1350X, SEM)

Fig. 23. Inward growth of magnetite on a-hematite (a) 12000C/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 20% 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 2ll the grains were thermally etched.

The specimen developed excessive cracks inside the grains ;.s well as the
grain bou.nda.rieé, 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 be thq preferred sites for the start of

the chemical reaction as is shown in Figure 19.c,.

Figﬁre 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 grains are almost completely reacted while
the others are unattacked, Some preferred growth directions are shown
in Figures 2l.a to ¢. This vein-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 accompanied with some mushroom-
like structure in s;cattered regions. Figure 23.a. to b. show the magnetite-
hematite interface. These photegraphs were taken at the surface of the
cleavage. Micrograph a. was for specimens sintered at 1200°C for five
hours. The micrograph b. and c. are specimens sintered at 1350°C for
ten hours. Micrograph b. shows that the interface between tv_vo phases
for high temperature sintered material is moré irregular than that
for the low temperature sintered material, Micrograph c. shows how the
magnetite phase has also formed inside the hematite crystal on some specific

plane.
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X-ray powder diffraction photographs of the material sintered
at 1400°C showed a 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 evaluéte 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 obéerved under the scanning electron microscope

at a magnification of 5000X.

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 periods and reactivities are obtained under the
same experimental conditions in carrying out the reduction process.

Variation in reactivity for rough and smooth surfaces as in
cﬁrves 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 breakdown of
the smooth surface for the formation and growth of a new phase should
be difficult to take place. Very slow reaction rates for smooth surfaces
and large rates for rough surfaces under the same flow rates indicate
that the slow reaction was not limited 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 times, density and grain size
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increase with corresporiding 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 Figuresl3 andM¥4 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 pqint and line defects, microdomains, and shear structures.
) Nucleati;n starts more often within the grains, which may be a cluster
of point defeds arintersection of dislocations with the surface as shown

in Figure20. Directional growth is not only visible on the surface

as in Figure20.b and Figure 2l.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 inside the grain, it creates more
surface by intergranular cracking effects, with corresponding higher
reaction rates as shown in Figurelb for longer time sintered material

at 1350°C. Quenching from higher temperatures 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 growthkof the product phase in Figure22.b cannot
be determined.

“ A large pumber of shearing actimis may lead to the formation of
surface stéps shown in Figurel9.a and b. Their appearance at more

or less uniform intervals was expected from the regular nature of the
shear planes(75’ 78! As the number of shear planes formed is expected

to increase 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 of the high temperature proc.ess and are retained during
cooling. Once formed their reoxidation to the original structure may be

a difficult pJ.-oc&ﬁ};s(?S)o As has beenAmentioned earlier in the results

that by very slow cooling of a high temperature, longer time sinter ed
material showed enly a small decrease in reactivity, This may be due

to elimination of point defects by reoxidation at a lower temperature.

The reactivity however, remains large as compared to lower temperatﬁre
lesser time sin%:ered material. This higher reactivity may be due

to the permanent ﬁature of defect structures formed during high temperature
sintering. Thus the presence and distljibution»ofrdefects, which cannot

be directly identified has a i‘haj or effect on the reactivity of e-hematite; - — -

which may be adwantageous for some commercial application.

4.5 Conclusions

By reduecing e-hematite to magnetite under fixed sxperimental
conditions, it was observed that the reactivity varies largely with the
surface structure and internal defects in the 'specimen. Point defects
may be formed by dissociation of e-hematite, which 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.

The former could vary by a factor of 30 depending upon porosity of the
specimens and roughness of the surface, while the latier may vary by a

factor of 4.



CHAPTER V

THE KINETICS OF THE REDUCTICN OF ¢-HEMATITE TO MAGNETITE
0 AND Hz-_}_-IZO—N MIXTURES

NH_-H
INH,-H

2 2

INTR ODUC TION

In gas solid reactions where solid and gaseous product phases
are formed, camplication arises from the variation with time of the '
interfacial area, between the intial and product phases, where the reaction
is localized. The phenornenoloéical representétion is further complicated
bir resistance cf the solid product layer formed and gas boundary layer
around the pari‘cﬁcle‘ surface to the diffusion of the gaseous reactants and
products. ‘

When the diffusion resistance from the solid product phase and
gas film is takem into consideration, it becomes necessary to write the
(34)

interfacial chemical reaction in a linear form of the type

rate = k (pg)z - pglo/xe)

where k and K are forward reaction rate constant and thermodynamic

equilibrium comstant; Pg)z and PIEIiZ)O are the partial pres sures of
hydrogen and water vapour at the interface. Otherwise the mathematical
expression for the overall process becomes too complex for pr‘acticﬂ
interpretation of the experimental results. To establish a rate' expression
descfibing 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 farther 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 that this flow réte was
far beyond the rangé where convective mass transfer steps have any
noticeable effect on the obéerved rate.

The measurements of initial ratés involve some further
difficulties, mainly because of thé lack‘ of accurate knowledge of the
interfacial area. As reported previously c-hematite to magnetite
transformation procéeds 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 pefiod, the specific reaction rate can not ‘
be calculated @ue to difficulty in determining the true interfacial area.
As these gvz"owing magnetite islands are joihed together, the formation of
new nuclei is practically stopped because of the absence of free hematite
surface. vThe reaction rate at this stage becomes approximately constant.
The duration of this constant rate period from here onward will depend
on the strucfure of the product layer formed and the changes in the
interfacial area. This is the appropriate period iﬁ 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
depen& upon the composition of the reducing gases and the experimental
temperatures.

Iﬁlconverting the weight loss data to specific reaction rates, a
knowledge of the size of the interfacial area is essential. The starting
specimen is very 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 reaction interfaée irregular. There is no alternative except
to assume that the in’cerfacé 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 resistance becomes significant. 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 thé
linear region. It 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 féw nuclei will
grow laterally on the surfac; of the hématij:e as well as inward towards
the ce'ntreA of the specimen. The weight loss can be measured but not
the specific rate, because not all the surface is completely covered
even after an appreciable degree of reduction (2.5%). This imposes
the lower limit on temperature and partial pressures of hydrogen used
in this study. At higher partial pressures of hydrogen i.e. near the
magnetite-wustite equilibrium ratios, diffusion resistance is observed
much earlier, hkence. the 1inear rate periods are much reduced which
in turn affects the accuracy of the slobpe measurements. ‘With larger

value of P_. the reaction starts from a large number of nuclei and all

the surfaclc;l%s covered instantaneously resulting in a uniform layer of
magnetite with fine pores. This effect is predominant at lower temper-
atures (65 OOC) but was not observed at high temperatures (750°C) even

up to 30% of reduction. Diffuéivitjr 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 dependent. Higher reduction temperatures facilitate sintering

of the magnetite phase and results in larger pores and more open

structure which may offer negligible diffusion resistance. »



86

It has been shown in the accompanying study thai: the rate
constants of interfacial 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/cc.
The apparatus and procedure for the reduction experiment
are identical with those given in Section 4. 3.
| 7 /

5.1 Experimental Results

Reduction experiments were performed in binary (HZ-HZO)
and ternary (HZ-HZO-NZ) gaseous mixtures at temperatures from.

65 OOC to SOOOC with an interval of 500C, and one atmosphereA total A
pressure. ‘

Figure #shows a representative photograph of the recorder
chart of the weight 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 terms of weight loss
per unit area per unit time is the value of dw/dt divided by the area
of the interface A, betweeﬁ hematite and magnetite at that particular

moment.

where Ao andﬁW0 are respectively the initial surface area and the possible

weight loss for the reduction of hematite to magnetite for a particular



86

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 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 thé specimens used in
this study was 5.135 + 0.005 gm/cc. |

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 (HZ—HZO)
and ternary (HZ—HZO--NZ) gaseous mixtures at temperatures from

650°C to 800°C with an interval of 5OOC, and one atmosphere total
pressure. .

Figure Zshows a representative photograph of the recorder
chart of the weight loss with time., The veftical 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 terms 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 mé;gnetite at that particular

moment.

o ] 2/3

A=A [ - aw
"o

where Ao andAWO are r"‘espectively the initial surface area and the possible

weight loss for the reduction of hematite to magnetite for a particular
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specimen, A is a function of time througﬁ the dependence on AW,
which is the weight loss up to that time under consideration. These
weight losses 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 two plots, (Figures 24 and 25).
because A is decreasing with the increase of time. From an examination
of the recorder. charts, it is obvious that the variétion 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
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 which is shovm in the
following figures and analyzed mathematically in a later section. of this
study. |

Figure 26shows the reaction rate versus partial pfes sure of
hydrogen for binary gas mixtures at four different temperatures.
Figures 2%-29show the reaction rates, in ternary gas mixtures, versus
partial pressure of hydrogen for three different temperatures. The
hydrogen water vapour ratios were fixed, but their partial pressures
were varied by the intrcduction 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 same partial pressure
of hydrogen.

Diffusiomal retardation effects whic_h would cause the value of
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dw/dt, after the induction permd to decrease with the mcrease of time and
will cause the plots such as =hown in Flgure 25to deviate from the
linearity in the 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 discussed already. The diffusional effects were not
observed at 750°C and 800°C until about 30 to 40% reduction had occurred
which is beyond the scope of this investigation. At 650 and 700°C the
effect appears at about 6 - 15% of reduction depending updn the compdéi-
tion of the reducing gases.

/

5.2 Reaction Mechanisms and Rate Expressions

Gas-solid reactions taking place on a solid surface may in _
general proceed through the following sequence of reversible stleps(zs’ %1).
A gas molecule approaching the solid surface may 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 remain adsorbed as a
product molecule. Furthermore,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 thefe are two kinetic parameters
to be determined experimentally. ( 2,8 i)s feasible to derive the rate
expressions including all the three steps but they would involve six
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, andthe other two are

intrinsically capable of going much 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 stép. * By comparing thg
rate exﬁres sions obtained this way with the experimental data, the
identification of the single controlling step would be possible. It is also
possible to have more than one mechanism, sugges‘ting 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 hydrbgen mt;lecule. The difference between
these two mechanisms is that tﬁe adsorbed species are hydrogen
and water molecules in oﬁe and hydrogen molecules and oxygen atoms
in the other. In the other two mechanisms, hydroxyl group and water
molecules are the adsorbed species. The different;e 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 gi‘oups,
" 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

. * ‘
H,(g) +0 = H, 0_ (1.2)
Surface reaction v
H 0= HO * | ' 5
2 s 2 (1. %)

Desorption of water

ES
H,0 == H,0(g) +¢ (1. 4)



96

where OS is the oxygen which is part of the solid, the symbol * indicates
the adsorbed state and s stands for a site for adsorption. 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: .

i = = k! C .
Rate of adsorption r ka PH Cs ka H %0 (2.2)
2 2 s
- i = C -k' C .
Rate of surface reaction T kS %0 ks H_ 0% (2.s8)
: 2 s 2
' ; - -k P d
Rate of desorption T4 kd CHZO* d HZO Cs (2.4d)

where v , rs, rd are the reaction rates in terms of nuimber of molecular
a

species taking part in chemical reaction per unit surface area per unit
.time. k, k' are rate constants for forward and backward reaction rates.
CS is the surface concentration of bare sites which are not covered

by any adsorbed species. The overall rate expression under the

conditions that only one of the three steps is controlling may be obtained

(86)

in the usual way as given in Appendix 1.
Overall rate is controlled by the adsorption step.

ka L (PHZ h PHZO/Ke) ) ) .
r = ' (3.2a)
(14K, /K PHZO T Kq PHZO)

Overall rate is controlled by the surface reaction.

k K L (PH2 - PHZO/Ke)

H d H_O

(1+K P._. +K.P_ )
) ) 2
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Overall rate is controlled by desorption step.

, kd K,s Kd L (PH - PH- O/Ke)
2 2
ro= . (3.4d)
{1+ Ka PHZ + Ks Kd 'Hz)

where L is the total number of sites per unit surface area, Ka' Ks

and K q 2re the adsorption, surface reaction and desorption equilibrium

constants, respectively. Ke is gas solid thermodynamic equilibrium

constant, which is defined as 7
K, K P H26
K = { ) = )
e Kd PH eq
2
= 1 = et = Ic!
Ka—ka/ka, K ks/ks Ky kd/kd

Mechanism 2. Hydrogen molecules and oxygen atoms as adsorbed species.

The overall reaction consists of the following steps:

*
Adsorption Hz(g) + Os_,.__ H2 0s A (4.2)
*
H,)O(g) +s——=—0 + Hz(g) (4.B)
% %
Surface reaction H. . 0=—" HO
2 s 2

{ %k
With McKewan(S’ 21)'t:he desorption of HZO is assumed to be very fast

£
(3,21) HZ

so that its surface concentration is negligible in comparison with C

%k
C0 and Cs. This is the mechanism suggested by McKewan

for magnetite reduction to iron in H"-HZO 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.

kg L (PHZ ) 'PHZO/Ke)
roo= (4)
1+K P +K P__ /P )
0
a H, p H,0TH,

where Ka and KP are equilibrium constants for reaction (4.a) and
(4.b) respectively. According to McKewan at atmospheric pressure
CH * is very small and the term Ka PH in the denominator of equation

(4)%’:1ay be neglected. Eq. (4) becomes

k - L(Py -Py 0/1\6)
2 2
ro = (5)
1+ KP PHZO/PHZ) .

T has essentially the same functional dependence on PH 0 and PH as
in Eq. (5) with ks replaced by ka and omitting the term c?&ntaining

Ke. Mathematically, r and Eqg. (5) are indistinguishable.

Mechanism 3. Two adsorbed (OH) groups forming a water molecule.
When one molecule of hydrogen splits into two atoms, and

is chemisorbed as two (OH) groups, two vacant anion sites are required

for dissociation reaction. The following simplified scheme of reaction

is assumed to take place.

: — 0 ——~ HO% - HO% .
H,(g) + 0 0 === HO (6. 2)
HO% - HO¥ === H 0% - s . (6. s)
H_0% — 0 .d

2 a— Hz (g) + s | (€.4)
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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 - Py 0/Ke)
2 2
ra: K / " (7.8.)
d P 1/2 P 2
—= 0 0
z[1+(KS F_Iz ) t K, "H, ]
LS k'K (PH2 - PHZO/Ke)
rs = (7.s)
1/2 2
2[1+(KaPH) +KdPH0]
2 2
L k, K K (P, -Py 0/Ke)
2 2
Ty © (7.4)

: 1/2
1+ (K PT)/+KKP
a 1-12 s a HZ

Mechanism 4. Adsorbed (OH) group and hydrogen molecule form water:
molecule(84’ 85, €0)

A hydrogen molecule may dissociate into two hydrogen atoms
during adsorption or after adsorption on a lattice site, with the formation’
of two hydroxyl ions. Another hydrogen 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 chemical reaction

H +0 - O =——= HO% - HO* (8. )
2 s s



100

ko b — k- £ 8.

HO* - HO* + H, m=== H, 0% - H.0 (8.s)
% == H_O ‘ 8.d

H,0% === H,O +s (8.4)

The following rate expressions corresponding to one of each rate

controlling step of the above sequence are obtained. (Appendix III}

2 2
k S - P._ K
a 5L (PH PH 0/ H e)
2 2 2 .
ra = K / (,.a)
d 1/2 2
z{1+——- P /P +K, P }
0 d H_0
(Ks)l/z H,0" " H, )
K k SL(P> -P> /K%
a s H2 HZO e
ro = (9.8)
1/2 2
2[}+(Ka PHz) 1Ky PHZQ ]

| 1/2 |
kd (Ks Ka) L (PH - PH 0 / Ke)
- 2 2
d ‘ -
/2 1/z
[1 + (Ka PHZ) (K KS) PH2]

Mathematically equation 7.d, and 9,d are identical, therefore only

(9. 4d)

r

" 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 prew}ious section were changéd
into a linear form as shown in Table VI. The terms involving the reverse
reaction were neglected because of the large \}alue of the equilibrium
constant, Under the experimental conditions in this study K has the
valvue of the order of 104. ©

All the equations in the righ’c hand column of Table VI are linear

in terms of unknown constants A, B, and C. These constants were

RAARMAACTED INIVEDRCITY | IBDADY



Table VI

Rate Expressions and the Corresponding Linear Forms.*

P K,
. = ] + P =
3.2 (1/x, L)+(1/kaL)(K K) Py R=A+BP,
a 8 2 2
PH2 |
3.5 (1/1< K L) 1/kL ) Py +(Kd/kSKaL) Py R=A+BP, +CP,
s 2 2 2 2
P
5 1 1
- - + K =
3.d " = ¢ +K K P, R=A+BP,
d 2 : 2
K=k K K, L
PH2 ) K K_p PI—IZO PHZO
4 = : =
. x L T kL Py TR L P R=A+B P, +C3
s 5 5 2 s H 2 H
2 2
P
PHZ . KP H_0 PI-IZO
Lo
5 - = b T > R=A+B 3
s s s H H
2 2
Py K K
2 1/2 1 a Yz _1/2 d 1/2 '
7.a ( ) = + (= ) P + = P R=A+BP +CP
r 1 0
. 1/2 KK H,0 K /2 HZO Hz‘ HZO
K=k SL/2
=
H 1/2 I
7.8 (—'—2'—-") / R +(E_) 1z 1/2 l{d P R=A 1/
r, Kl/Z K 1/2 Hzo R =A+B PHZ +C PHZO
K:l/Z(SLk K )
5 "7
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Table VI Cont'd.

P 2
5 1 (Ka)l/ 1/2 X /2
7.4 ( ) = + P + P__. R=A+BP +CP
r K K H, K H, H, H,
K=Lk. K K
d a s
1/2
PHZ 1 Kd PH 0 Kd PI—IZO
%2.a + : + P R=A+B + CP
1/2 Kl/z (K K)1/,z P 1/2 K1/2 P1/2. H
a s H H
2 2
K=k 8 L/2
P i .
H K- K
_ 2 1 a 1/2 1/2 d 1/2
9.5 + (=) P + ——5— P R=A+BP/'“+CP
~ 1/2
rsl/z K1/2 K H, K/ H_0 H, H.0
K=k K LS8/2
S a
% In table VLR in column 3 is defined by the expression on the L.H.S. of the corresponding

equation in column 2.

201
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evaluated by the method of least squareés())with rﬁatriceé inversion

solution of the simultaneous equations on a CDC 6400 computer,

The following criteria should be fulfilled.

1. The constants A, B, C, as defined in Table 1 should be positive,
because rate constants and equiliBrium consiants caunot have

negative values.

2. The values obtained from experiments using binary gas mixtures
should net be much different from values obtained from experi-
ments using ternary gas mixtures prdvidéd nitrogen is essentially

a diluents, /

'None of the mechanisms 3a, 3s, ?;d, 4, 7a, 7s, 7d and 9a satisfy criterion
one given above, and hence will not be considered aﬁy further. 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 Hz- HZO or HZ -H 0-N

2 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 Table VII. These values have been calculated from the data

obtained with bimary reducing gas mixtures.,



104

Table VII

Summary of the Constants (Mechanism 9. s)

T

800°C | 750°C 700°C 650°C
A 0.103 0.126 0.148 0.19
B 0. 241 0. 415 0. 621 ‘ 0.92
C 0.142 0.172 0.220 0.42
D 0. 008 0. 011 0. 012

To evaluate the absorption equilibrium constant, KN for nitrogen, a

term of the form KN PN must be included within the brackets in

the denominator of equation 9.s, where P'N
: 2

of nitrogen., This will lead to the solution of a 4 x 4 matrix. Such

is the partial pressure

solutions were obtained, but were not reliable. The alternative rnethod
of calculating the nitrogen contribution is as below. From the modified

9. s,

1/2
—(A‘+BPH +CPy )= DP

ter. 2 > 2

where Rter’ as defined in Table VI is with ternary gas mixtures. By

using the experimental values of Rter and values of the conslants A, B

and C franTable VII,plots of the left hand side of the above expression against
PN 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, Fs’ Ka’ Kd, and KN where

The ternperature dependence of these rate constants can be

expressed by the following relationships:
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P, (atims.)

Fig., 30. Calculation for the absorption equilibrium constant for nitrogen.
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© -AH

(—— +AS*/R)
RT s
F =K =22 Lo
s o 2 h

where Ko contains the factor to covert rates, in numbers of gram-atoms

of oxygen per sq. cm. per sec, to mg. of oxygen per sq. cm. per min,

-AH As_
In Ka = *“—*‘-"'——RT + —‘—'—R
. -AH ) as,
59T RT R

- A
In K. = - + °N
"BNT ORT R

Table VIII

Values of the Rate and Equilibrium Constants,

e s _ (B2 - L A ¥
Temperature Fs—(B) Ka-—( A) Kd_( A—) I\Nu( [:)
o
K - » L
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

¥
A plot of log (-;i‘i) against —l,i; is shown in Figure 31. The value of the enthalpy

of activation may be calculated from the slope of this plot and intercept gives

the combined factor,

K LS « Ast
log 7T W)t R '

' 15 -2 o
By assuming suitable values for L =1.29 x 107" ¢cm , S = 6 {co-ordination
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number for a close packed plane) and Ko =6X 104 " m/N where m is

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.

Similarly, from the‘plots of log Ka versus 1/T and log Kd versus 1/T

(¥ig.32) the values of the changes in enthalpies and entropies for adsorption
of hydrogen and absorption of water vapour are shown in Table IX. A
standard state of one atmosphere has been taken in these calculations.

In Fig. 32a plot of log K__versus 1/T shows approximately zero enthalpy

N

change of absorption for nitrogen. ,

"/

‘
Table IX

Calculated Values of Changes of Enthalpies, Entropies and Free Energibes

for Mechanism 9.s.

Adsorption of H2 Surface Reaction Absorption of HZO
AI—Ia = -22.0 kcal/mole AH: = 33 kcal/mole AHd = -65 kcal/mole
AS = -16.5 e.u. ' AS? = -15 e.u. ‘ AS. = -5.4e.u.
a s d
AF_ = -4.8 keal/mole aF? = 50 keal/mole | aF 4 =-0. 7keal/mole
(1073°K) (1073°) (1073°K)
5.5 Discussion

The various values of the enthalpy and entropy changes rep orted
in Table IX agree well wifh the proposed mechanism. The enthalpy change
of 'adsorption for hy&rogen is within the range usually given for chemi-
sorption(s'?), 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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by the use of the Sackur-Tedtrode equation(sg). This calculated value of
~17.0 e.u. at 1006°K agrees well with the experimental value given above,

The values of the free energy and enthalpy of activation for
surface reaction @re found to be reasonable. As given in equation (8. s)
involving the disappearance of a hydrogen molecule, the entropy change
of this step should not be very different from that of step 8.a. Itis true,

~as shown in Table IX. However, when calculating the entropy change in
step 8.5, a reaéonable estimate of the number of sites L and the number
of pairs of adjacent sites S has been made.

The small values of the changes of enthalpy, entropy and free
energy for the adssrption of'wate; vapo;u suggest physical adsorption.
Approximate temperature independence of the absorption equilibrium
constant for nitrogen suggests a specular reflection of nitrogen molecules,
with a near zero accommodation co-efficient. This is consistent with
the inert nature of the diluent nitrogen.

Thus the rate expression for e-hematite to magnetite reduction

' may be represented as follows:

| 2 2 2
ks KaLS(PH - P 0/Ke)

2 2
]‘.'s = /
: 1/2 2
2[1 -}(Ka 'PH ) +Kd PH 0]
2 2
where _
. _ 22000 16. 5
LK "Rt ~ "R
-33800 15 kT
k. =gy "R ' 7n
K = &500 _ 5.4

d RT R

' 1
where kT/h is the frequency factor, 2.08'x 103

0
at 1000 K,
The surface reaction rate constant ks increases with rise in temperature,
whereas the adsorption 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 small, Thus there could be

an optimum temperature for maximum reduction rate.

5.6 Summary
Spherical specimens of high purity e-hematite were prepared by.
sintering at 1200°C for five hours. These were reduced in bindry gaseous
- mixtures of HZ—HZO and ternary mixtures of HZ—HZO—NZ in the temperature ‘
range of 650°C to 8000C, at one atmosphere pressure. The reaction rate
was followed by an automatic microbalance in the initial stages cof reduction,
Rate expressions were derived based upon different mechanisms.
The interpretation of the experimental data, with the use of these expressions,

showed that the following expression is the best approximation in terms

of single step assumptions: .

- 2 2 2
ks Ka L S'(PH,, B PH O/Ke)
rs = /L 2
‘~ 1/2 ~ 2
2k P ) kP ]
a HZ d HZ(_)J

Nitrogen acts mainly as a diluent and does not participate in the mechanism
of the reduction process. The values of these kinetic parameters and their
temperature dependence are given below:

_ 22000 165

InK = 7R7 R
-33000 15.0 kT
k = - In —
In . RT = TPh
K 6500 5.4
897 RT T R



CHAPTER VI

SUGGESTIONS FOR FUTURE WORK

The next step in this research programme couid 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 the continuous pr’ocesé after
Ifeducing the magnetite to wustite, the specimeﬁ should be completely
equilibrated in the reducing gas mixtures and then, by changing the
hydrogen potential, the second reduction could be performea. If there
are large changes inthe specimens due to crack formation and porosity,
during reduction to \x}ustite, the second reduction should be performed
with a new specimen. 4

The ma gnetite spe.cimens may be prepared by sinte'ring hematite
or magnetite in various gas compositions of H24H20 or CO~COZ. The
internal defect concentration depends upon the composition of the sintering
atmosphere and other factors described previously in this study. Magnetite
. may be better represented by the following formulae depending upon its
anion concentration.

Fe (oxidized spinels)—=Fe_0 ——Fe Z04 (reduced spinel)

3~z 04 34 3+

where z is a small fractional number.

The oxidized spinel could be closer to gamma hematite (y Fe203) and
the reduced spinel may have a wustite structure. These widely different
defect structur'es‘ should result in different mobilities of the ions, and
hence the spinels should'have different reactivities. By preparing
specimens with differeni; concentrations, the effeéf of the defect structure

on reactivity may be studied. Specimens with fixed defect properties

112
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can then be prepared and kinetics of the gas-solid reaction 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 specifhens.

There are more challenéing aspects of theée reactions. For gas-
solid reactions the mobility of the ions, especially in diffusion controlled
reactions, should be ccnsidered. By electrical conductivity measurements,
under various ambient conditions a concentration mobility product may
be obtained, from which mobility may be determined if the concentration
of the defects is known. To study the defect concentration the specimen
may be equilibrated with. some known partial pressure of oxygen and
weight changes studied at different temperatures. Using X-ray diffraction
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 understanding of the defect clustering and
rearrangements taking place during the sintering process may also be

obtained.
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APPENDIX 1

1. From the rate expressions of 2, a, 2.s, and 2.d, when adsorbtion

is the controlling and surface reaction and desorption is fast

- we have
= K o °
“Hox T4 PHZO s (2.1.2)
Kd
CI‘P"Z‘O - Ks PH,O cs (Z,Z.a)

P
. HZO
r = ka ( PH - TR ) Cs - (2.3.2)
2 e .
Where K K PH 0
K - —5 2 = 2
e Kd PHZ eq

- c c
L=C o+ Chy ¥ 1, 0%

2
where L, = total no of sites per unit surface area
CS = Concentration of unadsorbed sites
CH 4= Concentration of site covered by hydrogen molecule
2
CH 0% = Concentration of sites covered by water
2 vapours
K i (2.4. 2)
L=C P.,.C +K P c (e d
TEYTR T T T T e T s |
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From (2,”3° a) and (2.4.a)

ka L (PH - PH 0/Ke)

_ 2 2
Ya T Kd
(1+‘-'—“‘K PH0+KdPH 0)
s 2 2
2. - When surface reaction is rate controlling
CH %0 " Ka PH Cs (2.1. 8)
2 2
C o | C | . (2.2.s)
HZO" = Kd PH o S
2
Substituting into expression for surface reaction
r = 'Ka ks (PH2 - Py 0/Ke) C_ (g, 3.s)
L= -Cs (1 + Ka,,PH + Kd PH 0) o (2.4.5s)
2 2
L Ka ks (PH ) PH O/I\e)
.- 2 2
s . N
(L+K P, +K, P )
2 2
3. When desorption is rate controlling
CH e = Ka PH CS (2.1. d)
2 2
CHZO* =‘Ka Ks PH2 CS (2.2.4)

4

Substituting (2.1.d), (2.2.4d) in (2.4d)



rq=k K K (PHz

=C (1 P
L=C_(L+XK_ -

Substituting for Cs

k K K L (P,

+K X P
a s

2

B PH O/Ke) Cs

2

1)
B2

- PHz O/Ke)

Ir =

d

(1+K P +K K P
a a s

%

)
o
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(2.3, 4)

(2.4.d)



APPENDIX II

The rate expressions corresponding to 6.a, 6.s, and 6.d can be written

as following

» = - 1!
Ta ” ka PH2 Cs—s ka CH0>:< - HO* (3.1.a)
= - ]
I‘S - kS CH * - HO*® ks CHZO* - s (3.1. S)
- Lt ‘
Ta~ kg CH20>:< kd PHZO CS . . (3.1.d)

where HO* - HO* are adsorbed hydroxyl groups on dual surface site s-s

and HZO* - 8 is an adsorbed water molecule next to a vacant site s.

1. When the adsorption step is slow, the concentration of adsorbed
hydroxyl groups may be obtained from the other two steps which

are assumed at equilibrium
From (3.1.d)

CHzO* =K PHZO C, (3.2.2)

From (3.1.s)

CH20>}: - s = KS CHO* - HO% (3- 3.3..)

. 1 - 3 -4 o - - -
The concentration of dual sites in terms of single sites is given
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(3),

as follows

Cho% - HO* = 1/2 T~ Shox (3.4.2)
c -1/2 —= ¢ c (3.5.2)
HZO* -5 L HZO* s -7

where S = the co—ordination number on the surface.
L, = total number of sites per unit surface area.

From (3.3.2a), (3.4.a) and (3.5.a)

CHZO* Cs =Ky Chox

By replacing C from (3.2.a)

H._0*
2
K :
d 1/2
CHOﬂ = (Ks PH 0) Cs (3.6.a)
Substituting for CHO* - HO* in terms of CHO* in (3.1.2a) and

replacing C from (3. 6.2a)

HO*
s "o
T Pt k)% (3.7.2)
2 e
where
K K PH 0
K = a_ 8 = 2 3
e Kd PH eq.
N ) » z
L=C_+CuoytCy o

From (3.2.a) and (3. 6.2a)
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K
: d 1/2 -
/L—Cs [1+(KS PHZO) +KdPH20]

(3.8.a)

Substituting for Cs from (3.8.2) in (3.7.2) the following
expression is obtained.
X, S‘L(PHZ -Py g )
Ko

€

I =
a K | 2
—d /2
2[1+,(K P o) Ky Py 0]
5 2 | 2

When the surface reaction is rate controlling.

From (3.1.a) and (3.1.d)
c2 =x Pp_ c? (3.2.5)

CHZO* = K PHZO C, (3.3.5)

From (3.1.s), (3.4.2), (3.5.2) and substituting for CEI*O

and CH 0% from (3.2.s8) and (3. 3. s) the following relationship
2
is obtained
k K S P o
r =22 (p . 2, 2 (3.4.5)
s 2L H K 5 ©T
2 e
L=C_+Cy,+ CHzO*

From the equilibrium relationships of (3.2.s) and (3. 3. s)

L , /2 .
=C ‘
L=C_ [U (K PHZ) K, PHZOJ (3.,»5.5)»
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Substituting for Cs from (3.5.5) in (3.4. s)

k i}
s KaSL(PH PH 0)
2 2
‘Ke
rs = /
- 1/2 2
2[1+(Ka PHz) + K, PHZO]

Similarly when desorption is rate controlling.

From the equilibriurri relationships of (3.1.2a) and (3.1. s)

2 2 ,
Chox =X, Py C, (3.2.4)
2
C c -K cZ ' (3.3.4)
H 0% ~s s ~HO* ' 2
From (3.2.d) and (3. 3.4d)
Cy o = (B K ) Py C_ (3.4.4)
2 : 2
Substituting (3.4.d) for G (. in (3.1.d); then
2 p
, H,0
- - . oy
Tq T kg Ky K, (Py g ) Y (3.5.4)
2 e
L=C_+C .+ CH 0%
2
From (3.2.d) and (3.4.d)
L = C 1+(K P )1/2+(K K)P S (3.6.4)
s a _H2 a s H2

Substituting (3. 6. d) for C_ in (3.5.4)
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- 1/2 <
[1 (K, PHZ) T (K K) PHzJ



APPENDIX III

The rate expressions corresponding to steps 8.a, 8.s and 8.d may be

described as following:

r =k P C_ _-k'C (8.1.a)

a a H2 8-5 a HO* - HO*
s = X P CHO% _mox " X5 Cu_ox - H_ox | (8.1.5)
2 2 2
ry =k, CHZO',,-kL} PH o C. (8.1.d)
where CHO« _ HO®’ CH 0% - H_o% and C s are the concentrations of

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 maintained at equilibrium so that the

following relafionships maf"be obtained from (8.1.d) and (8.1.s)

CH O*:KdPH 0 CS . (8.2.2a)
2 2

and | CHZO* _ HZO* 4

CHox -mox~ K P ' (8.3.2)

s H
2
The concentration of dual sites C, i in terms of single sites
C1' is given by the following relatlonshlp( )
A s 2 | o '
C =1/2 — C 4. @
Gy =V2 i (8.4.2)
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L = total number of sites per unit surface area,
S = co-ordination number on the surface.
The subscript i may be s, HO* or HZO*. Hence (8. 3.2) may

be written in the following form.

2 2
Chos = S ox / K P (8.5.a)
2 i 2
Substituting (8. 2.a) for CH 0% in (8.5.a)
2
K
d PHZO Cs- ) :
C w = (8. 6. a)
HO# (K P, )1/2
From (8.1.2a), (8.4.2) and (8. 6.2a)
2
k S PHZO 2
r =1/2 Ty =— (P - —=—) C (8.7.2)
a | L H 2 s
2 K P
e H

2
where the equilibrium constant for the gas-solid reaction is

defined as follows:

K .
2 s Ka. HZO 2
K = = ( )
e KZ PH eq
d. 2
It is assumed that
= +
L CS + CHO* CHZO*

From (8.2.2) and (8. 6. a)



1/2 d "HOO
(Ks PHz) : 2

'L:cs[1+-——~—§~ +K. P ] "~ (8.8.a)

From (8.7.2a) and (8. 8. a) .
) P2 0

H2 )
kaSL(PH "KZp
2 e H2

a KdPHZO | ,
2[1+ +K_. P ]
1/2 H.O
(K P )/ d 2
s H2 )

When the surface reaction is rate controlling, the

equilibrium relationships from (8.1.a) and (8.1.d) are

B 1/2
Crox = K, Py ) s
2
CI-I *:(Kd PH-O) CS (8.3.5s)
2 2
From (8.1.s)
2
C 1.
s 2 H, 0%
r =k (co - ——=%t—)
s s 2L HO* Ks
tituting 2. .3.8)1 A i
Substituting (8. 2.s) and (8. 3.s) for CH,O* and CHZO* in the
above equation.
2
P
‘ S 2 H0 2
rS = ks Ka, EE* (PH2 - ;{—E—-—) Cs (8.4.5s)

€

L=C_+Cyo,+ CHZO*

(8.2.s)
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From (8. 2.s) and (8. 3. s)

1/2 ;
L = cs[ 1+ (K, Py )R Py 0} (8.5.5)
2 2
From (8.4.s) and (8. 5. s)
2
;P
k K SL(P; - > )
5 2 K

€

1/2 2
)UKy Py 0]
2 2

' P
2(1+(Ka .

3. When desorption is rate controlling, the equilibrium relationships

from (8.1.a) and (8.1.8) are

1/2 ,
CHO::: = (Ka PHZ) C, (8.2.4)
1/2 B /2 |
CH O3k (KS PH ) CHO* - (KS Ka) PH CS (8‘, 3. d)
2 - 2 2 .
From (8.1.4d) i
rqa= kg Oy o " Ky Py o C)
‘ 2 2
P
= k KKl/z[P ‘Hzo]c 8.4.d
- d( s a) H K (8.4.4d)
. 2 e
L=C_ +»CH L+ C

From (8.2.d) and (8. 3.d)

5 /2 1/2
L= C_ [1+(1«.a PHZ) (K K) PHZ] (8. 5.4d)
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From (8.4.d) and (8. 5.d)

P
H_O
1/2 ' 2
kd(Ks Ka)» L [PH "R ]
_ 2 e
rd,— / 1/2
. : 1/2
[1+(KaPH) -l-(Ks Ka) .PH ]



APPENDIX IV

Table X

Values of the measured specific reaction rates at various Vc’ompositions
at one atmosphere total pres sure 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
and 700 °C. The starred points in this table are extrapolated values,
as éomplete coverage of the surface Waé nct obtained with these low
‘partial préssui‘es_ of hydrogen.

X, 1

Experimental data 65_00C

Binary Mixtures

.PH atms. ‘ . PH /PH 0 Rate (rng/crnz - min.)
2 2 2

0. 047% 0.050 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
0. 166 0. 200 0. 033
10.200 . 0.250 0. 045
0.230 : ' ' 0. 30 0.057
0.259 0.35 0.071
0. 285 ~0.40 0. 084
0.310 0.45 0.097
0.333 0. 50 0.110
0. 354 " 0.55 0.123
0.375 0. 60 0.136
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X.2

Experimental Data at 700°C
Binary Mixtures '

. 2 .
PH PH /P Rate {(mg/cm” - min.)

2 2

0. 04 7% . T 0.05 0. 0093
~0.090 0.10 : 0.028
0.130 0.15 0. 053
0. 166 ©0.20 0.081
0. 200 ' 0.25 0.109
0.231 0.30 0. 140
0. 259 0. 35 0.170
0. 285 0.4 : : 0. 200
0.333 0.5 . : 0. 260
' 0.6 ‘ 0.327

0. 383

Ternary Mixtures

ﬂ}{/PH 0 = 0-2) + N,

2 2
P (atms.) . . P (atms) P__ (atms) Rate (rng/crn2 min. )

H "H_O N

2 2 2
0. 028 0.14 " 0.832 - 0. 009
0.055 . 0.275 0.67 .023
0. 082 0.41 - 0.508 0.038
0.111 : 0. 555 0.334 0.053
0.138 0. 694 0.168 0. 066
0.166 .. 0.834 0.0 - 0. 080
(P, /PH 0 =0 3)+N2

2 2
0.03 ' 0.1 - ' 0.87 0.011
0. 057 T 0.19 0.753 0.027
0.077 0.256 0.667 : 0.039
0. 085 - 0.283 0.632 0.045
0.115 .0. 385 0. 500 0. 065
0.135 0.450 ©0.415 0.076
0.153 0. 512 0.335 . 0.090
0.169 0.565 0.266 - 0.102

0.201 - 0.673 0.126 0.121




Table X.2 (Cont'd.)

(Pp, /PHZO =0.4) + N

2 2

P__ (atms) P (atms) P __(atms) Rate (mg/cn12 - min. )
H S H.O N

2 . 2. 2
0.03 0.075 0.905 0.012
0. 047 ' 0.11¢ 0.834 0.022
0.079 ‘ - 0,198 0.723 0. 044
0.110 , i 0.277 0.613 0. 068
0. 142 : 0.357. 0.50 0.092
0.176 0.434 0.390 - 0.119
0. 206 0.515 0.279 0.141
0.238 0. 595 0.167 0.163

0. 259 | 0.647 0. 094 0. 180




X. 3.

Experimental Data at 750°C

Binary Mixtures

136

PH atms. PH /PH 0 Rate (mg/cm - min)

2 2
0. 02% 0.02 0.0032
0.04 0.05 0.0113
0. 069 0.075 0.030
0. 080 0. 085 0.039
0. 090 0.10 0. 049
0.110 0.125 0.069
0. 130 0.150 0.093
0. 150 0.175 0.119
0.166 0. 200 0. 143
0.200 0.25 0.198
0. 230 0. 30 0.252
0.259 0. 35 0.310
Ternary Mixtures
(P /PH 0= 01 +N,

2 2
P__ atms P (atms) P (atms) Rate (mg/crnd - min. )

H H_0 N

2 2 2
0.03 0.3 0.67 0.014
0.038 0.378 0. 584 0.018
0. 045 0.45 0.505 0.023
0. 053 0.53 0.417 0.028
0.06 0. 60 0. 34 0. 032
0. 068 0.68 0.252 0. 036
0. 075 0. 758 0.167 0.041
0. 090 0.90 0.01 0. 049
(PH/PH 0:0.@»+N2

2 2
0.03 0. 150 0.82 0.016
0. 053 0.214 0. 743 0. 04
0. 06 0.300 0. 640 0. 045
0. 082 + 0,410 0.510 0. 068
0. 090 0.450 0.460 0.073
0.110 0.550 0. 340 0.093
0.120 0. 600 0.280 0.100
0.138 0.690 0.172 0,118
0. 166 0.834 0. 149

0.0
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Table X. 3 (Cont'd. )

(P /PH o= 0-3) + N,

2 2

PH (atms) P (atms) P __ (atms) Rate (mg/élnz— min. )
H_O N :

2 2 2
0.03 0.1 0.87 0.018
10.051 0.170 0.7717 0.039
0.076 0. 256 : 0. 666 0. 068
0. 09 0.300 0.610 0.085
0.115 0. 385 0.500 0.1153
0.134 0.45 0.416 0.138
0.153 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 0.0 0.240
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X.4

Experimental Data at 800°C
Bmary Mixtures

PH (atms) ‘ PH /PH 0 Rate (mag/crn2 - min. )
2 2 2

0. 047 0. 05 0.0267
0. 069 0.075 0.054
0. 090 0.10 0.088
0.111 0.125 0.128
0.130 ] 0.150 0.172
0. 145 0.175 0.209
0. 166 0.20 0.268
0. 20 . 0.25 0.378
0.214 0.275 0.428
0. 231 0.30 : 0.493
0.259 - 0.35 _ 0. 610

Ternary Mixtures

(PHZ/PHZO 01)+-N2
P._ (atms.) P (atms) P__ (atms) Rate (mmg/mn2 - min. )
H H_O N

2 2 2
0.015 0.15 0.835 0.008
0. 030 - 0.303 0. 667 : 0.024
0. 045 0.454 0.505 0.041
0. 060 0. 606 o 0. 34 0. 057
0.075 0.757 - 0.175 0.073
0.090 - 0.909 0.01 0.088
(P /Py o= 0.2) + N,

2 2
0. 02 0.1 0.88 0.014
0.028 0.138 0. 834 0.026
0. 051 0.254 0. 695 0. 064
0.074 0.370 0. 556 0.106
0. 097 0. 486 0.417 . 0. 148
0.120 ~0.601 0.279 0.291
0.143 . - 0.718. 0. 139 0.231

0. 166 0.834 0.0 0.268
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Table X.4 (Cont'd.)

(P /PH 0 =03 +N

2 2 2
P__ (atms) P (atms) P _ (atms) Rate (mcr/cnrlz - min.)
H H_O N ©
2 2 2
0.02 0. 066 0.914 0,016
0.031 : 0.108 0.861 0.033
0.061 0.203 0.736 0.093
0. 090 0. 30 0.61 0,158
0.118 0.393 0.489 0.230
0.147 0.491 0.362 0.297
0.176 0.587 _ 0.236 0.367
0.202 0.673 0.125 0.427

0,230 0. 760 0.0 0.493






