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Mei Chang
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Lawrence Berkeley Laboratory
and
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University of California
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ABSTRACT

The reduction kinetics of dense C@F’@ZQg by pure hydrogen were
studied thermogravimetrically in the temperature range of 560°C to
620069 and in the pressure range of 50 torr to 250 torr. Under
these experimental conditions, a porous topochemical metal product
layer formed, with a simple oxide/metal interface. The reduction
reaction was found to be under mixed control. The contribution of
the gas diffusion resistance and of the interface reaction resist-
ance were determined using a mathematical model based on one
derived by Spitzer, Manning and Philbrook. It was found that the
effective gas diffusion coefficient depended weakly on temperature,
while the interface reaction followed Langmuir-Hinshelwood kinetics.

The nature of the rate controlling steps in the interface
reaction could be deduced from the form of the interface reaction
rate expression and from the activation energies of certain reac-
tion rate parameters. Both a surface chemical reaction and an

interface diffusion of excess cations were found to be involved.
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The morphology of the reduced product tayer was examined by
scanning electron microscopy. The pore structure was composed of
macropores (or intergranular pores) and micropores (or intragranu-
lar pores). The pore size depended on the reaction temperature,
but not on the pressure. At lTower temperatures the macropores
were larger and the micropores were small. With increasing tem-
peratures, the scale pore structure became more uniform and tended
towards a larger average pore size. The scale, however, appeared
not to densify; only pore coarsening occurred. The gas diffusion
was mainly through the macropore at 58®@C§ but was increasingly

shaped by the micropores towards 620°C,



NOTATIONS

Experimental constant in the interface reaction rate

equation 3.1

Concentration

Concentration

Concentration

Concentration
Concentration
Gas diffusion
Gas diffusion
Gas diffusion
Effective gas

Effective gas

of species i
of species 1 in the bulk stream
of species 1 at the reaction interface

of species 1 at the specimen surface
of oxygen in @x%de

coefficient

coefficient in macropores
coefficient in micropores

diffusion coefficient

diffusion coefficient of species i

Binary gas diffusion coefficient of species i and j

Knudsen diffusion coefiicient

Knudsen diffusion coefficient in macropores

Knudsen diffusion coefficient in micropores

Interface diffusion coefficient

VYolume diffusion coefficient

Flux of reaction species

Experimental constant defined in equation 3.4

Rate constant

in equation 1.6

Forward reaction rate constant of hydrogen adsorption

Reversed reaction rate constant of hydrogen adsovption
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Forward reaction rate constant of modified surface
reaction

Reversed reaction rate constant of modified surface
reaction

Forward reaction rate constant of surface reaction
Reversed reaction rate constant of surface reaction
Reversed reaction rate constant of water desorption

Forward reaction rate constant of water desorption

Diffusion rate constant of excess cation to metal sink

External

=

ass transfer coefficient

External mass transfer coefficient of species i
Rate constant in Spitzer's model (equation 1.7)
Interface reaction rate constant

Equilibrium constant of hydrogen adsorption
Equilibrium constant of modified surface reaction
Equilibrium constant of surface reaction
Equilibrium constant of water adsorption
Overall equilibrium constant

Characteristic diameter of specimen

Motecular weight of species i

Pressure of species i

Pressure of species 1 in the bulk stream
Reaction rate
Reaction rate of hydrogen adsorption

Reaction rate of surface reaction
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Reaction rate of water desorption
Sotid state diffusion rate
Gas constant

Radius of sphere

Radius of unreacted core

Size of macropore

Size of wicropore

Time

Temperature

Interface advancing rate
Fractional extent of reaction
Porosity

Volume fraction of macropores

Volume fraction of micropores

Fraction of surface sites occupied by species i

Fraction of vacant surface sites

Fraction of excess metal surface sites occupied by species i
Fraction of oxide surface sites occupied by species i

Average source to sink distance for solid state diffusion

Viscosity
Metal Tayer thickness

Density
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1. INTRODUCTION

Gas-solid reactions are frequently encountered in industry,
for example in the reduction of oxides, in the decomposition of
carbonates, and in high temperature corrosion of metals. The

reduction reactions occurs in five distinct steps:

Py

1)} External mass transfer of the reactant gas
(2) Diffusion of the reactant gas through the dense and/or
porous solid products
(3) Chemical reaction at the interface
(4) Diffusion of the product gas through the dense and/or
porous solid products
{5) External mass transfer of the product gas.

The transport of reactant gas from the bulk stream to the
outer surface of specimen is thé'exterﬂa? mass transfer process.
The gas velocity near the specimen surface is slowed down by the
friction between gas and solid. This gives rise to a film, called
the "boundary layer", surrounding the specimen. The partial pres-
sure of the reactant gas at the solid surface may therefore be
Tower than in the bulk stream. For the product gas, the reverse
would be true.

Further, reaction is hindered by the solid @rsé&ct tayer.

IT the product layer is porous, gas can diffuse easily through
the layer to reach the reaction interface. If the product layer
is dense, solid state diffusion will play a very important role.

In the present work on reduction of a mixed oxide spinel-cobalt



ferrite by hydrogen, a porous metal layer was produced. Thus,
only gas phase diffusion was considered.

The interface chemical reaction is not a simple step. It
depends on local parameters such as the interface gas concentra-
tion and the composition of the solid. A lot of substeps may be
involved in the interface chemical reaction, including adsorption,
desorption, surface dissociation and association, short range
solid state diffusion of cations and anions near the reaction inter-
face, phase transformation, and nucleation and growth @heﬁ@ménaa
A probe of the details of the interface reaction is the purpose of

this work.,

1.1. Kinetics
Per unit area, the rate of gas transfer from the bulk stream
b

to the external solid surface is given by
3= kylc? - )" (1.1)

where ky is the external mass transfer coefficient defined by
equation 1.1.

Mass transfer has been studied well. A frequently used
expression for a spherically shaped solid was given by Ranz and

Marshall (1).
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See Notation for the definitions of all the symbols.



where the kyl/D is defined as the Sherwood number, oVL/u as the
Reynolds number, and u/pD as the Schmidt number. If the %@mQE%a@
ture, pressure and specimen size and shape are fixed, the external
mass transfer coefficient is only related to gas velocity, V.

If the gas velocity is very low, it is possible that the
external mass transfer controis the overall reaction and the reac-
tion rate depends on the gas velocity. This "gas starvation”
has been considered recently by Hills (2). At jower bulk stream
velocity, the boundary layer gets thicker, and the reaction rate
becomes slower.,

Gas diffusion can be described by Fick's law. The diffusion
rate is proportional to the concentration gradient. The propor-
tionality constant is called the diffusion coefficient. In a
porous system, the diffusion coefficient depends on the pore struc-
ture, size and connectivity. An effective diffusion coefficient,
Deffg is thus used to describe the gas transport. Degs includes
atl structural effects of the porous scale. For simplicity, an
average concentration gradient will b%vﬁged and the diffusion
equation is

P <cﬁmc'§> (1.3)
eff £

If the overall reaction is controlled by this step, the product

layer growth will obey a parabolic Taw, that is:

Vi
£=kpt



where kp is a rate constant. Here, we assumed that the effective
diffusion coefficient did not dépené on time. In practice, sinter-
ing may change the morphology of the product layer, and then the
effective diffusion coefficient is not a constant for sufficiently
large reaction times.

When the interface process is rate limiting, the reaction
rate will not depend on the product layer thickness, and linear
layer growth kinetics must be observed for a flat, semi-infinite

solid,

1.2, Oxide reduction model

Much modeling work has been done from an engineering viewpoint.
The parametric relationship between the extent of reaction and the
time for different geometries is then determined. McKewan (3)
proposed a simple rate equation for a reduction reaction limited
by the interface process. For a dense spherical or cube-shaped

specimen, he found:

or

where X is extent of reaction defined as X = (wt. loss)/(total
possible wt. loss). McKewan's data fit his equation quite well.
Although it is clear that exclusive interface reaction con-

trol will yield TVinear layer growth kinetics, Spitzer et al. (4)




demonstirated that T%near_iayer growth kinetics may also be observed
when gas diffusion in the product layer plays a significant role

in the overall reaction. In Spitzer et al.'s model, the resistance
of all three of the components were incorporated. The equation

derived for a spherically shaped solid was:

b
k Pr |
(1 - (1 - x)l/g) e 0¥ <p2 - _@> (1.7)

where

r
_ / 2 2\ (1.
w2 (5)) Bl o(5) )4 o

In this equation, ky is the specific rate constant for the interface

reaction. The coefficient o and B are given by

o Nefmakms (1.9)
Kekm8+kmﬂ
and
o . Nelerfn’errp (1.10)
KePerep*Darsa

Spitzer's model is Timited to reactions having a sharp inter-
face between the product Tayer shell and the unreacted core, i.e.
topochemical reactions. This "shrinking core model® can be used
in the reduction of dense oxides.

Turkdogan et al. (5,6,7,8) have done a thorough experimental

investigation of the reduction of dense and porous iron oxide.
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They developed their own model and promoted the idea that mixed
interface and gas diffusion control in the early stage of the
reaction will shift gradually to gas diffusion control.

A general structural model for gas-solid reaction has been
developed by Szekeley et al. (9). In this model, one can easily
calculate the extent of reaction as a function of time if the

characteristic parameters of the system are known,

1.3. Interface reaction

The interface reaction kinetics in most of the modeling work
were assumed to be first order, irreversible or reversible,
Langmuir-Hinshelwood kinetics were also considered by Szekeley
et al. (9), but the overall rate expression can not be formulated
analytically for general geometries; it can only be solved numeri-
cally. McKewan (3) obtained Langmuir-Hinshelwood kinetics for the
hydrogen-iron oxide interface reaction and interpreted it by an
adsorption, surface reaction and desafptioﬂ mechanism. In his
analysis, the influence of gas diffusion was ﬂét considered,
however.,

In order to obtain reliable interface reaction kinetics, the
effects of external mass transfer and gas diffusion through the
product Tayer have to be subtracted. For geometrical simplicity,

a siab of dense oxide was chosen for the present work. We followed
the analysis of Spitzer's as described by Porter and De Jonghe (10).
The general scheme for the reaction is sketched in Fig. 1. The

flux equations for every step then are shown as follows:




(1) external mass transfer of reactant gas

(b . ¢O
mHZ K H2

(2) vreactant gas diffusion in the porous product Tayer

Jo=k

) .

11)

D e
L efrHZ o 5
J = CH - CH
& 2 2 (1.12)
(3) interface reaction
J=k, (é; -Locl c> (1.13)
2 Ke T2
(4) product gas diffusion in porous product layer
DeffH,0 , . .
J = ﬁ=mziﬂ-<bH20 - CH20> (1.14)
(5) external mass transfer of product gas
0 b
3=k © - > (1.15)
mHzO < HZO HZO

Here, we assume that the reactant gas is pure hydrogen and the
product gas s water.

In the guasi steady state, the fluxes in every steps are
equal., Combining the equation 1.11 to 1.15 and eliminating the

intermediate concentration terms, one obtains:
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ey

, }
il o e B ek s R
E} iy S0 efftl, ‘eleffH,0 ) T )
(1.16)
b1 b
= Oy % Gho

2 e 2
If Kg>>1 and if the bulk gas is @Qre hydrogen, équa%i@% 1.16 can
be further simplified to:
A b
H

C

2_ (1 _%1§%_

=t tey— (1.
Tk Tk ..

[

7)

The -plot of the reciprocal flux against the scale thickness, ¢,
will show a straight Tine if the diffusion coefficient, Deffg and
the interface reaction rate COﬁStaﬂfg ky, are independent of the
scale thickness. Then the value of ky can be determined unambigu-
ously. Information about the interface reaction can thus be

deduced from the temperature and pressure dependence of key.

1.4, Cobalt ferrite
Rey (11) has done some work on the reduction of cobalt ferrite

by hydrogen. Below Sﬁoﬁcg a clear boundary attack was observed

and some unveduced oxide was retained in the scale in the vicinity
of the interface. An anocmolous reaction rate drop occurs at about
650°C. This drop was related to the formation of wlstite sublayer,
For the sake of consistency in the analysis, the experimental tem-
peratures were therefore chosen within the range of 500°C to 650°C.

Porter and De Jonghe (10} observed that the linear relationship




between the reciprocal flux and the scale thickness was valid
below 650°C and proposed an interface reaction mechanism involving
solid state diffusion, such as one briefly considered by Wagner
(12). Wagner, h@wevers appeared to rule out solid state diffusion
control on the basis that the interface is near equilibrium. In

this work we cannot adopt this assumption.



2. EXPERIMENTAL
2.1. Apparatus

The rate of reduction of cobalt ferrite by hydrogen were
measured by thermogravimetry. A sketch of the experimental system
is shown in Fig. 2. The system consists of a Cahn RGE thermobalance
and a vertical furnace. The weighing mechanism was enclosed in a
glass chamber and the specimens were suspended in a 19 mm quartz
tube. The hydrogen gas passed from top to the bottom of the tube.
The gas flow rate was controlled and monitored by Matheson 602
flowmeter, and the pressure of the flowing gas was held constant
to within + 0.5 torr between 25 torr and 400 torr by a downstream
pressure regulator. The temperature of furnace was controlled to
within + 19 and was monitored by a K type thermocoupie.

99% dense, crysta%%ine.ﬁsbaﬁt ferrite was supplied by Countis
Industries. It had grain size of about 10 u. The hydrogen gas
was provided and analyzed by Matheson Co. The water content was

controlied at about 100 ppm.

2.2. Experimental procedure

The cobalt ferrite specimens were cut from the bar of raw
material to a dimension of 1 cm x 1 cm x 0.06 cm, and sTightly
polished. The specimens were hung by a 0.127 mm chromel wire
from the balance into the furnace. Then the system was evacuated
to about 0.2 torr and the furnace was turned on. Once the desired
temperature was reached and had stabilized, the flow of hydrogen

was started. The weight of specimens was recorded continuousiy




after evacuation. There was no weight loss in the period of
heating. After the gas flow was started, it took 30 to 60 seconds
to reach the desired, steady gas pressure and the data were lost
in this perfod. When the reaction was completed the weight did
not change any more. The completely reduced specimens then were
cooled in flowing hydrogen to prevent reoxidation. The final
weight was checked by a conventional balance.

The rate of weight Toss will depend on the hydrogen flow
rate at Tow flow rate because of hydrogen starvation or external
mass transfer resistance. The hydrogen flow rate was set at a
sufficiently high rate so that the gas flow rate did not affect
the behavior of reduction. In experiments, the hydrogen flow
rate was set at 25 ml STP per second.

The data generated by thermogravimetric analysis were the
instantaneous weight of the specimens as a function of time. Since
the reaction proceeds in a topochemical fashion, without measure-
able macroscopic shrinkage, the thickness of reacted shell can be
simply calculated from the weight loss data and the instantaneocus
reaction rate can be obtained.

Specimens for microstructural examination were reduced in
the same experimental apparatus and under the same reaction con-
ditions. After a short reaction time, the reactions were stopped
by dropping the specimens out of the hot zone and quenching them.
Polished surfaces and fractured surfaces of partially reduced
specimens were examined by scanning electron microscopy and by

optical microscopy. The preparation of polished specimens was
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done according to the following procedure: First, the specimens
were vacuum mounted in epoxy resin. Then, the mounted specimens
were ground through 320, 400, and 600 grit silicon carbide paper.
After ultrasonic cleaning, they were polished on nylon cloth with
1w alumina dispersed in distilled water. The final polishing

was done with 0.05 u alumina on microcloth Tor 5 minutes.
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3. RESULT
3.1, Thermogravimetric analysis

The rates of metal layer growth on cobalt ferrite were meas-
ured in the temperature range of 560°C to 620°C and in the pressure
range of 50 torr to 250 torr. Figure 3 shows the layer thickness,
£, as a function of time at 200 torr of hydrogen, at the four
selected temperatures: 560%s 580069 SOGGCQ and 620°C., Figure 4
shows the layer thickness, &, as a function of time at 580069 at
five different pressures: 50 torr, 100 torr, 150 torr, 200 torr,
and 250 torr. The data in Fig. 4 show that an increase of tempera-
ture and of pressure increases the rate of metal layer growth,

From the mathematical analysis described in the previous
section, it follows that if the hydrogen concentration at the reac-
tion interface is close to that of bulk gas phase, the reciprocal
of the reaction rate, &1, will be linearly dependent on metal
layer thickness, £&. In the temperature range of 560°C to 620059
it is indeed observed that a linear relationship is followed.
Figure 5, a typical rate plot for reduction at 5800C§ shows that
the Tinear relationship is maintained up to a layer thickness of

0.25 mm., Then, the reaction kinetics can be analyzed in terms of

-1

n * k;z) corresponds to the extrapo-

equation 1.17. The value of [k
lated reciprocal reaction rate at zero layer thickness. The effec-
tive diffusion coeficient, D@§?§ can be calculated from the siope.
The values of (k%i + kFal)el and Def? have been listed in Table 1 and

Table 2.



3.2, External mass transfer

The external mass transfer coefficient, ky, can be calculated
reliably from standard fluid mechanic expressions. The calculation
has been given in Appendix 1. The calculated values of ky at 5G§@69
with pressures of 50 torr and 250 torr are 378 cm/sec and 75 cm/sec
respectively. They do not depend significantly on temperature fin

the range of 560°C to 620°C.

s

At 600°C and 250 torr, the experimental value of {k;
as listed in Table 2, is 4.25 cm/sec. The calculated value of kg,
under the same conditions, is 4.50 cm/sec. The difference between
ky and (k%l + k;z)az is only 5%. At 600°C and 50 torr, the differ-
ence drops to 3%. From this comparison, it is obvious that the
effect of external mass transfer is very small and can be neglecied,
The value of (k;i + k;l)“l is equivalent to that of k;l within the

experimental error,

3.3. Interface reaction
Figure 6 shows that the reciprocal interface reaction rate
constant, ky, is proportional to the hydrogen concentration in the

bulk phase, 6229 Mathematically, this can be written as

-1 _ b ‘o
v “" Ai + AchZ {‘361)

k

For a reversible reaction, the interface reaction equation is thus:
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T .

R = k (ﬁ? - e C > (3.2)
r HZ Ke HZO
1
“, " K CHL0

. (3.3)
b

Al + AZ CHz

If there exists a relationship between the bulk concentration

and the interface concentrations such as

. (3.4)
H, H,0

the rate equation will follow Langmuir-Hinshelwood kinetics.

i1 i
oLl
Hy ™ K CH,0
R = : : (3.5)
Ayt AZCHZ * kAECHZO

The constant k can be represented by the pressure difference
between the reaction interface and the bulk phase. If there is no
pressure gradient in the metal scale, the constant k will be equal

to 1.
When (1/Ke)6;20<6<Cé2§ or for an irreversible reaction, the

rate equation can be simplified:

i
Hy
R = (3.6)

3 i
Ap ¥ AZCHZ * kAzcﬂzo

C
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4. DISCUSSION
4.1, Gas Diffusion

There are three possible mechanisms of gas diffusion in
porous media (13): (a) ordinary molecular diffusion (b) Knudsen
diffusion (c) surface diffusion. Ordinary molecular diffusion
results from partial pressure gradients. For a binary mixture for
example, in the HZ - %26 system, the ordinary molecular diffusion
coefficient, DHZ/H289 is proportional to the 3/2 power of absolute
temperature and to the reciprocal of the total pressure. Knudsen
diffusion will prevail, if the gas density is low, or if the pores
are quite small, or both, so that the molecules collide with the
pore wall much more frequently than with each other. The Knudsen
diffusion coefficient, DKg is proportional to the 1/2 power of tem-
perature and to the pore radius. Transport by surface diffusion
cannot be significant unless appreciable adsorption occurs; yet
if adsorbed molecules are held so strongly as to be essentially
immobile, surface diffusion will again be insignificant. The
value of a surface diffusion coefficient is typically in the range

-9 -12 ﬁmzfsec at ambient temperature for hydrogen on

of 1077 to 10
metal (13). Comparing with the experimental values in Table 1,
the surtace diffusion contribution can be ignored.

Ordinary molecular diffusion occurs when the collision fre-
quency of molecules with the pore wall are unimportant compared to
the molecular collision frequency in the free space of the pore,
Knudsen diffusion occurs when this condition is reversed. In a

given pore there is a range of molecular concentrations in which
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both type of collisions are important. This is the "transition®
regime.

Figure 7 shows the microstructure of the metal scale. The
pore structure consists of an intergranular pore network and an
intragranular pore network. The size of the macropores {inter-
granular pores) decreases with increasing reaction temperature,
but the size of the micropores (intragranular pores) increases with
increasing reaction temperature. The macropore sizes were in the
range of 0.2 u to 2 u. Appendix 2 shows that the diffusion in the
macropores is in the transition region. For a HZ/HZG mixture with
equimolar counterdiffusion in the transition region, the diffusion

coefficient is (14):

-1 -1

-1
+D (4.1)
HZ/HZO

D K

=D
The effective diffusion coefficient, Deffg is related to the
detailed pore structure. Wakao and Smith (15) proposed a "random
pore” model that divides the pores into micropores and macropores
and represents the diffusion flux as being the sum of that through
the macropores, that through the micropores and that through both
in series. The effective diffusion coefficient in this model is

given by




Appendix 3 shows the comparison of calculated value and measured
value, Wakao and Smith's model works guite well.

The first term in eguation 4.2 represents the coniribution
of macropores alone, and the second term represents that of micro-
pores alone., By examining the values in Appendix 3, we can find
that the dominant contribution was from macropores at 56G@§ and from
micropores at 620°C. This shift is the reason why the effective
diffusion coefficient did not show a strong dependence on tempera-

ture and pressure in the experimental conditions.

4,2. Interface reaction

The interface reaction s schematically shown in Fig. 8. The
hydrogen molecules adsorbed on the oxide surface react with oxygen
to form water, produce excess cations on the surface. Then, the
water molecules desorb from the surface. The excess metal cations
will diffuse to the metal sink. At the same time, the oxygen anions
have to diffuse out of the metal oxide interface to permit the
advancing of the interface. Although the interface appears very

complicated, it can be described by the following steps:

(1) adsorption

z{ad) (4.3)
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(2) chemical process (oxygen exchange)

§

k

2 -
HZ(ad) + MXG S —— HZG{ad} + %M+ 2x e’ {(4.4)
k.
(3) desorption
k.3
2
(4) solid state diffusion near or in the interface
.. Ky
M+ 2 el ———=} (4.6)

{sink)

The rate expression of the interface reaction can be derived
from the arguments of the rate determining steps and guasi steady
state assumption. The actual rate determining step then can be
found by comparing the experimentally determined fe?a%i@ﬁships
with the various theoretical ones.

I the solid state diffusion did not control the reaction
as in the case of (a), (b), and (c), the step {2) and the step (4)
can be combined to

H

2 . )
2(ad) * MO TS Hy0(q) + M (4.4a)

The analysis foliows that of Szekely, Evans and Sohn (9).



{a) adsorption control

The rate equation is

R = Ry = kqCy O - k%1@HZ (4.7)

Applying the guasi steady state assumption, the step (2)

and step (3) are in equilibrium.

k 0.0
K, = kz 9;2 (4.8)
'3’2 ﬁg
k f4_0
3 Z
K o = (ée;@} {
3 k3 CHZOQS

If the excess metal jons did not affect the adsorption, that

is the metal ions produced in steps (2) did not occupy an active

surface site, we have

from the overall balance on the sites.
From equation 4.8, 4.9, and 4.10, the expression for 9§ and

eHZ can be obtained

. 1 (4.11)
s 7 T+ (K ¥ K /K, CH?@)
K
B, = §§>CH ofs (4.12)
o Ky THy
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Substituting 639 GHZ into equation 4.7, the rate eguation

becomes
1
kz(%ﬁ “§fﬁﬁgﬁ
R o= - € (4.13)
1+ {KB + KSXKZ) CHZO
and
kb=t ¢ koK) C (4.14)
r 1 1173 372 HEO
where Ke is overall equilibrium constant
_KyKo o kqkok g
Ke * o " %k ok (4.15)
3 -1"-2"3

(b) desorption control
The step (1) and step (3) are assumed in equilibrium. Using
similar procedure as in (a), if the excess metal ion did not occupy

an active surface site, we obtain

1

S = e i
) (1 + (Kl + Kz&i) CHZ) (4.16)
GH 0~ KlKZ CH GS (4.17)
2 2
and
R = RB = ks3GHZG - kBCHZOGS {4.18)



) ¢ e (4.19)
T+ (K F R
. L
S RS WS RS I I \ ,
k' = kg KaT kGRS (K + KoK CHE (4.20)

(c) chemical control

In this case, under the same assumption, the rate equation

becomes
=Ry = Kl ko8 (4.21)
2 2
koXq <§H9 - NM'CH2§>
. c e (4.22)
B Kb, R0
and
. - -1 "
= ()™ KZICHz "k (Ky/Kp)Cy o (4.23)

If the solid state diffusion plays an important role in the
reaction, eguation 4.4a cannot be valid any more, and the step (4)

has to be considered,

(d) solid state diffusion control
A1l step (1) to step (3) are in equilibrium and the excess
metal ions occupy the surface sites. The equilibrium constant of

step (2) becomes




ﬁ eﬁeﬁzo
KZ = (4.24)
Oy
2
Then, the rate of diffusion is
R Ré = kﬁew {4.25)
0
I (4.26)
477 GH 0 cers
2
v C
kX2 T2 (4.27)
SR, € "
3 HZO
and
Lol S (4.28)
r 4 KqKs H,0

(e) both solid state diffusion and chemical process control

If the excess metal ions hinder the further reaction of oxide,
the solid state diffusion can not be negligible any more. Some
modifications have to be made in the derivation of the rate egua-
tion 4.21. The adsorbed hydrogen molecules are effective only on
the surface with excess metal ions. The rate eguation of step (2)
then is

-k .0 (4.29)

Ry = kZGHZIOM -2%,0/M

The equilibrium constants of adsorption and desorption becomes

@HZ/GM
5/0M “H,
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0,
f‘égo/ﬁ

Ky = e (4.31)
3 O “h,0

It the concentration of adsorbates is very low, then

eSfOM = 9y (4.32)

O/ = 9y (4.33)

This assumption is always valid for physical adsorption at a tem-
perature much higher than boiiing point of adsorbate.

Balancing the overall surface sites, we obtain

By + Oy = 1 (4.34)

Under the assumption of steady state, the reaction rate must be the

same for every steps.
{4.35)

Substituting GHZ/@M§ SHZGi% of equation 4.30, 4,31, into
equation 4,29

R = KoKoBaCo = K oKa0

2 = k2%1%nCh, - K23%Cn,0 (4.36)

Combining equation 4.25, 4.34, 4.35, 4.36, we obtain the

expression for SM

1

koK1Ch

6 = 2 (4.37)

M ; s
+ k_KC

ky + kK, C ;
4 21 5 2°3 HZG

H
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The rate expression becomes

qulecﬂz
- (4.39)
kg + kKq Gy k oKaly g
2 2
and
kbl woete vt K (4.40)
p =Ky TR Tk TCy Ky r Cu o °
2 KKy 12

At this moment, the group KzKé/Kg does not represent the overall
equilibrium constant Keg. '

If the adsorption step were controlling, comparison of equa-
tion 4,14 with equation 3.1 would dictate that the water concentra-

tion, CHZO9 would always equal the bulk hydrogen concentration,
b

Ho
no water in the beginning of the reaction.

C This conclusion is in conflict with the fact that there is
If the desorption step were controlling, there should be no
hydrogen concentration drop across the scale. The hydrogen concen-
tration difference between the reaction interface and the bulk
phase can be evaluated from the resistance of gas diffusion through
the porous metal scale, as shown in Appendix 4, the difference
is quite large.

If the chemical process step were controlling, the constants

Al and A2 in equation 3.1 would be:



Ay = k5Kg (4.41)
A, = kG ! (4.42)
2 2 *
and
b i -1A9 y
Co =0, + K, K°C (4.43)
Hy HZ 371 HZO
Then, Agl would be the forward reaction rate constant of step (2)

and (Al/Az)ml would be the adsorption equilibrium constant. Figure 9

1 are 25 Kcal/mole and

shows the activation energies of Azi and Ag
10 Kcal/mole respectively. The heat of adsorption, which is the
activation eﬂe%gy of adsorption equilibrium constant, is 15 Kecal/
mole. However, the adsorption reaction is expected to be exother-
mal and the sign of the heat of adsorption is therefore expected
to be negative. Thus, chemical process control alone cannot
account for the experimental observations.

In the case of both solid state diffusion and chemical
process control, the constant Azl corresponds to szi and Agl
corresponds to kga Their positive activation energies are quite

plausible. The concentration requirement was obtained from the

comparison of equation 3.1 with equation 4.40,

(4.44)

The equilibrium constant group KB/KlKé will not vary in the

experimental conditions. This means that the heat of adsorption of
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water on the surface with excess metal ions eguals the sum of the
heat of adsorption of hydrogen on regular oxide surface sites plus
the heat of reaction step (2), the overall heat of reaction is
near zero.

The solid state diffusion step could involve both surface
(interface) diffusion and volume diffusion. Consider a two dimen-
sional periodic array of metal sinks with spacing A, as shown in
Fig. 8. The interface advancing rate, u, is related to the diffu-
sivity and the spacing, A. This is a problem analogous to that
of cellular growth (16).

for volume diffusion

u o« 2 (4.45)
A
for interface diffusion
Ds
u <« ? {4.46)

The interface reaction rate, R, is proportional to the interface

advancing rate, u, This leads, for volume diffusion, to

k,A = D (4.47)

kgkz « P (4.48)

The SEM micrographs of the reaction interface in Fig. 10 give

some ideas about the variation of spacing of metal precipitates
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formed at 50 torr hydrogen between 460°C and 620°C. There is some
tendency for A to increase, but difference in this temperature
range is not really measurablie. Therefore, the activation energy
of A will not exceed +5 Kcal. The assessment of the importance of
interface diffusion or volume diffusion in the experimental tempera-
ture range can be done by evaluating the activation energy of D¢
or Dy. In the case of the volume diffusion activation energy for
Dy could not exceed 15 Kcal/mole, which is toc low for volume
diffusion. In the case of interface diffusion, the activation
energy for Dg would be about 20 Kcal/mole, which is quite plau-
sible. It is therefore concluded that the interface reaction

is controlled by an irreversible gas-oxide reaction at the pore
base plus an interface diffusion of the generated excess cation

to the metal phase.
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5. SUMMARY

(1} The reduction reaction of cobalt ferrite by pure hydro-
gen in the temperature range of 560°C to 620°C and in the pressure
range of 50 torr to 250 torr was under mixed control of the chemical
reaction at the interface and of the gaseous diffusion through the
metal scale.

(2) The gas diffusion through the metal scale was in the
"transition” region., The effective diffusion coefficient was
governed by the intergranular pore network at 560°C and by the
intragranular pore network at 620°C.

(3) The interface reaction was shown to be controlled by
both solid state diffusion and chemical process. The interface
reaction rate can be expressed by an irreversible form of Langmuir-
Hinshelwood kinetics. Interface diffusion of excess metal ions

was the dominant mechanism in the solid state diffusion step.
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Table 1. Effective Diffusion Coefficient, Sef? (ﬁmzfgec)

Pressure {torr)

Temperature
0 50 100 150 200 250
(°C)
560 0.13 0.12 0.11 0.14 0.13
580 0.15 0.14 0.11 0.11 0.11
600 0.13 0.15 0.13 0.11 0.189
620 0.076 0.073  0.080 0.098 0.087

i - ) =l =1,-1 .

fable 2. The Value of (km +k, V ° (em/sec)

Pressure (torr)

Temperature
(°c) 50 100 150 200 250
560 6.09 4,30 3.66 3.24 2.72
580 7.22 5.80 4,67 3.63 3.23
600 10.4 7.43 5.94 4.83 4,25

620 12.6 11.9 7.36 6.09 4.95




Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6,

Figure 7.

Figure 8.

Figure 9.
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FIGURE CAPTIONS

Schematic diagram of the shrinking core model for a
gas solid reaction. (XBL 805-5237)
Schematic diagram of the thermogravimetric analysis
apparatus. (XBL 794-9305)
Reduction kinetics in 200 torr hydrogen. Calculated
layer thickness versus time. (XBL 805-5232)
Reduction kinetics at 580°C. Calculated layer thick-
ness versus time. (XBL 805-5233)
Reduction kinetics at 580°C. Reciprocal interface
advance rate versus layer thickness. (XBL 805-5234)
The reciprocal interface reaction rate constant as a
function of bulk hydrogen pressure, showing that the
rate follows Langmuir-Hinshelwood kinetics.

(XBL 805-5235)
SEM micrographs of metal scale: (a) at 560°C in 50 torr
hydrogen for 300 seconds. (b) at 560°C in 250 torr
hydrogen for 150 seconds. (c) at 620°C in 250 torr
hydrogen for 120 seconds. (d) (e) at 620°C in 50 torr
hydrogen for 240 seconds, showing the macropore network
and micropore network. (XBB 806-6910; XBB 806-6909)
Schematic diagram of the interface reaction, with the
spacing between the metal = A. {XBL 796-10416)

Arrhenius plot for the rate constant Azi and Agl

1

of the

equation 3.1. The activation energy of AZ is 25 Kcal/

mole and that of Azi is 10 Keal/mole. .  (XBL 805-5236)
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Figure 10. SEM micrographs of reaction interface: (a) at 560°C
in 50 torr hydrogen for 200 seconds. (b) at 620°C in
50 tory hydrogen for 450 seconds, showing the spacing
between the interface metal precipitates.

(XBB 806-6908)
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APPENDIX 1
External Mass Transfer Coefficient, ky

According to the equation of Ranz and Marshall

= 2.0 +0.6 N/2N1/3 (AL.1)

N Re Nse

The external mass transfer coefficient is calculated from a knowi-
edge of Sherwood number which is a function of Reynolds number

and Schmidt number.

k L -~
| e (A1.2)
Sherwood number, New = -3
X . pvL (A1.3)
Reynolds number, %Re y

Schmidt number, NSC =

The binary diffusion coefficient, D, can be estimated from

/.3 1 1
* (% %)
2 2

D =
HZIHZO pGZQ

the Chipman-Enskog eguation:

1.8583 x 10°°

(AL1.5)

and the gas viscosity can he estimated from a similar equation:

W= 2.6603 lmgim (AL.6)
o8
u

The values of Q and o can be found in the book of Bird et al. (17).
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At 600°C and 50 torr, the parameters are

L= 0.6 cm
¥ = 178 cm/sec
D = 82.09 cnt/sec

by =177 x 107 poise
ly

o, = 9.18 x 107 g/en’
2

Substituting these values into equation Al.l, the value of

external mass transfer coefficient can be obtained
km = 378 cm/sec
similarly, at 600°C and 250 torr
kp = 75 cm/sec

The values of ky in the same pressure do not vary much in

the temperature range of 560°C to 620°C.
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APPENDIX 2
Gas Diffusion Coefficient in Porous Media
(1) ordinary molecular diffusion coefficient for binary

system of HZ/HZG

EH /4.0 was estimated from the equation Al.5
2'e
SH JH.0 {szfgec} 50 torr 250 torr
202
560°C 75.7 15.1
620°¢C 85.4 17.1

(2) Knudsen diffusion coefficient
For cylindrical pores with radius r, the Knudsen diffusion

coefficient is

gr T} /2

{
5\ ) (A2.1)

The size of the pores were in the range of 0.2 u to 2.0 u.
Then, the Knudsen diffusion coefficient of hydrogen is
D (cmzfseci 0.2 u 2.0 u
KH?
560°C 3.96 39.6
620°C 4.10 41.0



49

APPENDIX 3
Effective Gas Diffusion Coefficient
(1) estimation of effective gas diffusion coefficient by

equation 4.2

’ 1
26? \§% i
D = e D+ eiD, + 2¢ (1l-¢)
eff a'a i a | el (1E87)2 i
\ 7 ¢ : ;j
where
D = L
a 1+ 1
D D
Ka HZ/HZO
_ 1
Dy = T35 7
‘ .. D ~
Ki HZ/HZO

VYalues of parameters:
Pressure (torr)

Temperature
O
(°C) 50 250
ro= 17w 2
ry = 0.025 u 0.02
e, = 0.1 0.06
e = 0.4 0.44
) 2
560 DHZ/HZO = 76 em~/sec 15
) 2
DKa = 34 cm™/sec 40
DKi = (.50 cmz/sec 0.4
D, = 23.5 et /sec 11
D, = 0.50 cu’/sec 0.39
D .. = 0.31 cn’/sec 0.11
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Pressure (torr)

Temperature
O
(°c) 50 250
ro=0.25u ‘ 0.2
r.o= 0,045 0.04
€5 = 0.04 0.01
e, = 0.46 0.49
620 Dygp/Hn0 = 89 e’ /sec 17
) ?
EK@ = 4,9 cm”™/sec 4.0
D; = 0.89 e’ /sec 0.79
D, = 4.6 emé /sec 3.2
D, = 0.87 el /sec 0.39
. 2,
Deff = (0,18 em“/sec 0.097

(2) comparison of calculated and measured values of

Deff (cmz/sec)

Pressure (torr)

Temperature
0
(°C) 50 | 250
560 Dé§§ cale, = 0.31 0.11
E@f? neas. - 0.13 0.13
620 Deff calc. = 0.18 0.097
D = 0,076 0.087

eff meas.
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APPENDIX 4
Gas Concentration at the Reaction Interface

Considering the scale resistance only, the concentration at

the reaction interface is

¢ o= -5 (A4.1)
2 M2 Derrn,
P P (A4.2)

(1) at 620°C and 250 torr

Cg = 4,50 x 107° gmo'ie/cm3
2

Defeh, ~ 0.09 em?/sec

at £ = 0.2 mm
% w7 “'5 2
J=1.08 x 10 © gmole/sec cm

Then, the hydrogen concentration is obtained

C; = 2.1 x 1070 gmo"!e/cm3
2

assuming

1

D =< P
effHZO 3 eFfHZ
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we obtain
¢l = 7.2 x 1078 gnolesen®
ho =7 ,
{(2) at 620°C and 50 torr
¢,> = 0.90 x 107° gmote/cn’
2

Similarly, we obtain

at £ = 0.15 mm

3.0 x 1077 gma?e/cmg

¢
il
11

i

¢/ 1.8 x 1@”6 gma?e/cmg

(3) at 560°C and 250 torr

b 3
“H,

Z

= 4,72 x 1075 gmote/em

6 3

= 4,7 x 107

<y
e
i

gmoie/cm

4.7 x 1077 gmole/cm®

<
wsbe
i
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(4) at 560°C and 50 torr

= 0.94 x 1070 gm@?e/cmg
'?

at £ = 0,2 mm

¢ . 4.9 x 107 gnole/en®

¢t = 1.4x 1070 gmo?e/cmg






