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ABSTRACT 

The reduction ki ics dense CoFe2o4 by pure hydrogen were 

studied thermogravimetrically in t temperature ran 560°C to 

620°C, and in the pressure range of 50 torr to 250 torr. Under 

these experimental conditions, a porous topochemical metal product 

reaction was found to be under mixed control. The contri ion 

gas diffusion resi ance and of i ion resis 

ance were determined using a mathematical model on one 

derived by i , Manning Phi"l It was found 

tive gas di sion icient ly on 

ne interface ion fo"llowed in ics. 

The nature the controlling s in 

reaction could be deduced from the form of e i ion 

rate expression and t activ ion ies ain reac-

tion rate parameters. Both a surface chemical re ion and an 

interface diffusion of excess cations were found to be invol 
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corrosion of 

ion ions occurs in five di s 

(1) mass 

(3) Chemical i 

(4) ion product through 

(5) al mass 

The transport 

outer surface of imen is the mass 

is sl 

is gives rise 

The gas veloci near the 

ion solid. 

ing 

sure of 

lower in the bulk s 

would true. 

Further, ion is hi 

If is porous, 

the ion i 

is solid di ion win 

In the work on reduction of a 

imen. 

solid 

di 

pl a 

oxi 

in i 

i 

s. 

down 

se 

s. 

the 

a film, c 

p i 

1 

reverse 

1 

role. 

t 
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' a metal us~ 

only ion was consi 

The i c ion a s e s It 

depends on 1oc as i 

tion and . A 1 

involved in ic ion? incl ion, 

ion~ di ssoc·l on associ ion~ 

solid diffusion ions and anions near i 

nucl ion 

A ils i ion is 

this work. 

1.1. Kinetics 

unit the from the bulk 

to the al solid is given 

km( 
•k 

(L 1) J "" ) 

where km is mass ici i 

ion 1.1. 

Mass well. A ly 

sion for a ic s d was ven 

Marshall (1). 

1 

"' 2.0 + 0.6 ( )- ( ( 1. 2) 

* See Notation initions of 1 the syrnbols. 
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as as 

as 

imen size 

mass oci 

If t oc is 1 it is 1e 

tion oci 

cons Hills (2). 

veloci the boundary ic ion r 

slower. 

di sion can i ck' s 1 aw. di ion 

is ion a l 

tionali is ici 

s di on 

~ size and connectivi sion ici 

is incl 

an s 1 i an 

ion will di ion 

equation is 

J "' ( ) .3) 

If over ion is ~ 

I 

wi "11 a ic is: 

~ "" ( L4) 
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kp is a ~ we a.s 

di sion on t 

i 1 

ion ici is a 

ion times. 

i s is iti 

ic 

layer ki ics a f1 

solid. 

1.2. Oxi ion model 

Much ling has from an 

The parametric rel 

time for di 

proposed a simple 

by the i 

imen ~ found: 

or 

where X is extent of 

possible wt. loss). 

ionship the 

ies is then 

ion a ·ion 

s. a ical 

1 - (1 - X) k' t 

~ "" kg t 

ion i as X "' (wt. 

IS d a fit his 

exclusive i Although it is clear 

trol will yield linear 1 growth kinetics~ 

ive 

ice, 

i 

·ion 

linear 

~i ni 

vi 

ion 

McKewan (3) 

ion 1 

or 

(L5) 

(1.6) 

loss)/( 

ion i 1. 

ion con-

aL (4) 
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demonstrated that linear layer growth ki ics may also 

when diffusion in the product layer plays a si ific e 

in the overall ion. In Spi al. s model~ the resi ance 

of an of components were incorporated. The 

derived for a spherically shaped solid was: 

where 

k = 1/ ov 
r I r ) 

2
) ro ( r +- + 1- + ~6 > 1 +--

r 0 \ro 8 r 0 

ion 

(L 7) 

( L 8) 

In this equation~ kr is the specific rate con ant for the interface 

reaction. The coefficient a and B are given by 

and 

Spitzer 1 
<:: mode 1 ·is 

face between the product 

topochemical reactions. 

KekmAkmB 

KekmB+kmA 

1 imited to 

1 ayer she 11 and 

This 11 shrinki 

in the reduction of dense oxides. 

ions having 

the 

core model 11 

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

( 1.9) 

(LlO) 

a arp in 

core, i.e. 

can us 

experi al 

investigation of the reduction of dense and porous iron oxide. 



ir own 

di 

A 

calcul 

i ic 

1. 3. I ion 

The ·i 

were assumed to 

Langmuir-Hinshelwood ki 

r 
0 

in eat~ly 

di ion 

1 fot 1 i d 

( 9) • In 

ion as a ion 

tem are 

ion ki ics in 

i 

~ 

that mi 

L 

ion has 

one 

t 

can easi 

if 

, . 
'1 

, irreversible or reversible. 

ics were also cons1 

work 

et al. (9)~ but over a 11 expression can 

analytic 1y for geometries; it can only numeri-

ca lly. McKewan (3) obt gmuir-Hinshelwood ki ics for the 

hydrogen-iron oxi ion and i it an 

sorption~ ion ism. In his 

anal is' i luence di ion was consi 

however. 

In order to a in iable i ion k'i ics~ 

effects of external mass di ion 

product layer have to geometri simp "lici 

a s ., dense oxi was ., 

the anal is Spi 's ibed Jonghe (10). 

The al scheme for in Fig. 1. 

flux equations for s are shown as 11 ows: 
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(1) external mass transfer of reactant 

(1.11) 

(2) reactant di sion in the porous product l 

0
effH2 ( ) 

J ~ c;, c~2 - c~2 
(1. 12) 

(3) interface reaction 

(1.13) 

(4) produ gas diffusion in porous product layer 

(1.14) 

(5) external mass transfer of product gas 

(1.15) 

Here we assume that reactant gas is pure hydrogen 

product gas is water. 

In quasi steady state~ the fluxes in every are 

equal. Combining the equation 1.11 to 1.15 and eliminating 

intermediate concentration terms, one obtains: 
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J 

( Ll6) 

1 1k gas is on 1.16 can 

s l if<i 

\ 

I 1 (L17) "" \ + t; 

reci al flux sc e <:': ~~ .~ ~ 

wi 11 show a line if di ion ci and 

the interface con kr9 are ~ 

' 

e thickness. ue of can 

ous ... i us l 

L4. alt 

( 11) has some on ion t 

by ow 9 a clear 

and some was in 

of i ion occurs 

was 

For al 

re to 

(10) linear rel ionship 
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3.L ic an 

13 

is 

on lt i were meas-

ured in the and 

ran 50 3 the ·1 

~' as a hydrogen, 

sel 0 , 580 C, 

the 1 s, ;, as a function time 

five different 50 torr, torr, 1 torr, 

250 in g. 4 show that an increase 

and increases the of 1 

From the mathematic analysis described in ous 

section, it llows that if hydrogen concentration 

tion interface is close that bulk gas phase, the reci 

of the reaction 1, will be linearly dependent on metal 

layer thi ness, ~. In the temperature range 

it is indeed observed at a linear 

Fi 5, a typic 

linear rel 

pl for 

is mai ined 

i 

0.25 mm. ion kinetics can be an 

equ ion 1.17. value of (km + ) 

lated reciprocal ion zero 1 

tive di ion coeficient, Deff' can s1 

sure 

4 

a-

reac-

1 

The values of (k-l + k -l)-l and 0 have m r eff 1 i in Table 1 

Table 2. 



At imental v ue + 

as 1 i in cul 

the same itions, is 4.50 

(k-l + k-l)-1 is only 5%. At 
m r 

ence drops to is comparison9 it is ious 

effect of external mass is very can 
' 1) 1 The v ue of (k- 1 + is uiv of wi in m 

imental error. 

3.3. I ion 

Fi 6 reci i ion 

con ~ is ion in 

bulk b 
CH2" ic 1 \'iri as 

k-1 "' + (3.1) r 

For a reversible reaction, i reaction ion is us: 
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R :::: kr (c~2 - c~2o) K e 
(3.2) 

ci 1 i 
~· ~ c 

H2 Ke H20 
:::: 

(3.3) 

Al + A2 

If there exists a rel ionship between the bulk ion 

and the interface concentrations such as 

(3.4) 

the rate equation will follow Langmuir-Hinshelwood kinetics. 

(3.5) 

The constant k can be represented by the pressure di 

between the reaction interface and the bulk phase. If is no 

pressure gradient in the metal scale, the k wi 11 

to 1. 

When (l/Ke)C~20 <<C~2 , or for an irrevers·lble reaction, 

rate equation can be simplified: 

(3.6) 
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4,1. ion 

are sibl 

ia ( 13): (a) 

di ion (c) di 

resul 

le~ 

ici 

temperature r1~ci 

diffusion n ail, if 

are qui sma119 or 

wall much more 

di ion ici 

perature 

cannot be s ·J unless 

if sorbed molecules are 

immobile, di ion 

va1ue of a ion 

10-

met ) ' Compari 

the di s on 

i molecular di 

quency of molecules 

the molecular collision 

Knudsen di sion occurs 

given a 

ld 

isms di ion ·1 n 

molecular di ion (b) sen 

molecular di on 

a 

molecular di ion 

ol 

sure. 

i is or if 

les 1 i 

other. 

to 1 

di ion 

ion occurs; 

so ly as es i ly 

n insi 

ici is c ly in 

on 

in 1e 1, 

ion can i 

ion occurs collision 

1 are 

is it ion In a 

molecular ions in whi 
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collisions are i is is iti 

ime. 

7 e. 

an i an 

i The size 

granular wi increasi 

size ( i ) increases 

increasi ion sizes were in 

0.2 ~ to 2 l-l· ix 2 di ion in 

macropores is in transition a 

imolar ion in it ion on~ di ion 

ici is ) : 

(4.1) 

The effective diffusion coefficient, Deff' is the 

detailed pore structure. Wakao and Smi 

pore" model divi 

and di 

macropores, th 

in series. 

given by 

the mi 

ive di ion 

+ 2£ {1-a 

ci in is 

(4.2) 





(2) c s { 

) + + {4.4) 

k 

(4 5) 

(4) solid di ion near or in i 

M + 2 e' --- M(sink) (4.6) 

The rate expression of the 

from arguments of the determining s quasi 

state assumption. The ni can 

found by compari imental i 

th the various ic ones. 

·'- so·! s di ion did not !, ion 

as in the case of (a)~ {b)~ and (c), {2) (4) 

can combi 

(ad) + MxO (4. ) 
k 

The analysis follows that of Szekely~ Evans and Sohn (9). 



(a) ion rol 

equ ion is 

(3) are in ui i ium. 

- k 

as 

eH 
2 

( 4. 7) 

ion, (2) 

(4.8) 

(4.9) 

If excess a·l ions did not ion, 

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

si , we have 

+ + 1 (4. 

from overall b ance on 

From 4. ion 

obtai 

(4.11) 

( 4. 



ion 

(4.13) 

1 :;;: + ( 4. 

where Ke is overall equilibrium con 

(4.15) 

(b) desorption control 

The step (1) and step (3) are assumed in equilibrium. ing 

similar procedure as in (a)~ if the excess metal ion did not 

an i ve surface s i ~ we a in 

(4.16) 

(4.17) 

and 

(4.18) 
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(4.19) 

(4. 

(c) chemical 

In this case same assumption~ ion 

(4. 

and 

-1 (k )-1 -1 
kr ;;;; + k2 + ~(K3/Kl)CH 0 

2 
(4. 

If the solid d·i sion pl an i role in 

reaction~ equ ion 4. c v id more9 (4) 

has to be consi 

(d) solid di ion 

All step (1) ( 3) are ·in il ibr·ium the excess 

metal ions occupy su ace si s. i 1 i iurn 

step ( 2) becomes 



6
M

6
H o 

Ko 
"" 

2 
2 eH 

2 

9 the di ion is 

R "" ~ k e - 4 M 

"" 

and 

(e) both solid diffusion and chemic 

If excess metal ions hinder 

the solid s diffusion can not be ligib1e 

modifi ions have to be in the iv ion 

tion 4. molecules are 

wi excess met ions. ion 

then is 
0 0 

R2 "" k2 6H
2

/0M - k 6H
2

0/M 

The uilibrium of adsorption and desorption 

eH
2

/0M 
6S/OM CH

2 

(4. 

(4. 

(4. 

( 4. 

ion oxi 

a-

ive only on 

(2) 

(4.30) 



(4. 

ion is 1 

(4. 

ining a in 

(4.37) 
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The rate expression becomes 

(4. 

(4.39) 

and 

(4.40) 

At this moment, the group K1K2!K 3 does not represent the overall 

equilibrium constant Ke. 

If the adsorption step were controlling, comparison of equa-

tion 4.14 with P.quation 3.1 would dictate that the water concentra-

tion, cH
20

, would always equal the bulk hydrogen concentration, 

This conclusion is in confli with the fact that there is 

no water in the beginning of the reaction. 

If the desorption step were controlling, shou"ld be no 

hydrogen concentration drop across the scale. The 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 

A1 and A2 in equation 3.1 would be: 



A 1 -1 
~ k2 Kl 1 (4.41) 

' -1 
"' K2 

and 
b ci Kl 

·j 
CH = + c 

'2 Hz H20 (4. 

Then 9 

1 wou 1 d ion con ( 2) 

and (A1;A2)-l waul sorption ili ·ium con anL F·lgure 9 

ies of A- 1 and -1 /mole 1 f.\2 are shows the i v ion 

10 Kcal/mole ively. of sorption, which is 

ivation energy of ion ilibrium , is 15 a·l/ 

mole. However 9 the ad ion reaction is 

mal and the sign he of adsorption is 

to be negative. Thus, chemical process control one 

account for the imental observations. 

In the case both solid diffusion and 

process control, Ai1 corresponds and 1 

corresponds to k~. Their 
r 

itive iv ion are i 

plausible. The ·ion requi was obtai 

comparison of equ ion 3.1 wi ion 4.40. 

( 4. 

equilibrium con in 

experimental conditions. This means at ion of 



water on with excess metal ions ls sum 

hydrogen on regular oxi si s plus 

ion s (2)~ ion is 

near zero. 

The solid di ion step could involve both 

(interface) di ion volume d ion. a dimen-

sional peri ic array metal sinks with spacing A~ as in 

Fig. 8. The i ing 9 u, is rel di 

sivity ' A. This is a problem analogous to th 

cellular growth (16). 

for volume diffusion 

u 0:: (4. 

for interface diffusion 

(4.46) 

The interface ion R, is proportion e i 

advancing r 9 u. is s, volume di 

(4 47) 

and for interface diffusion to 

(4.48) 

The SEM micrographs of the ion interface in Fig. give 

some ideas about the variation of spacing of metal precipitates 
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intragranular pore network 620°C. 

to 11 

sure 

(3) The i 

both solid state di 

ion was 

ion and chemica 1 s. interface 

reaction rate can be expressed by an irreversible form of Langmuir­

Hinshelwood kinetics. Interface diffusion of excess met ions 

was the dominant mechanism in solid state diffusion 
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GURE CAPTIONS 

gure 1. ic diagram nkfng core 
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2. Schematic diagram of the thermogravimetric is 

3. Reduction ki ics in 200 

layer s versus time. ) 

Figure 4. Reduction ki ics at 580°C. cu1 

ness versus time. 

Figure 5. Reduction kinetics at 580°C. Reciproc i 

advance rate versus l thickness. (XBL 

gure 6. The reciprocal interface reaction rate as a 

function of bulk hydrogen pressure, showing that the 

rate follows Langmuir-Hinshelwood kinetics. 

(XBL 

gure 7. SEM micrographs metal scale: (a) in 

hydrogen for 300 seconds. (b) in torr 

hydrogen for 150 (c) 

hydrogen for 1 seconds. (d) (e) 

hydrogen for 240 seconds, 

and micropore network. (XBB 

Figure 8. Schematic diagram of the i 

spaci between the metal "" A. • ( 

gure 9. Arrhenius plot for the 

equation 3.1. The ivation energy 

mole and that of A-l is 10 Kcal/mole. 2 
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XBB 806-6909 

Figure 7 (continued) 
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S06-6908 
Figure 10 



APPENDIX 1 

E ici 

ing to i 1 

NSh "' 2.0 + 0.6 ( . ) 

mass i cu1 a 

of Sherwood number which is a ion ds 

and Schmi number. 

Sherwood number~ NSh "' 
kmL .2) 

.~ \ 

Reynolds number, "' 
.j; 

ll 

hmidt number, Nsc "' 
ll ,4) 

pD 

The bin diffusion ici , D, can esti from 

Chipman-Enskog ion: 

1. 

,~) .;:, 

and the gas viscosity can imated from a similar ion: 

ll "' 2. 
,6) 

The values of n and o can be found in the Bird . (17). 
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At 50 torr, the parameters are 

L '"' 0.6 em 

v '"' 1 em/sec 

!) '"' .09 

lJ 
H2 

'"'1.77 X ise 

PH '"' 9.18 X 10-7 g/cm3 

2 

Substituting these values into equation Al.l~ 

external mass transfer coefficient can be obtained 

similarly~ at 600°C and 250 torr 

k = em/sec m 

The values km in the same 

temperature to 620°C. 

value 

vary much in 



Di on 

(1) molecular di 

coefficient is 

The size of 

Then, sen 

IX 2 

in 

) 

ici 

0. 2 11 

ia 

ci 

ion .5 

15.1 

17.1 

di ion 

.1) 

0.2 11 to 2.0 11. 

is 

2.0 11 

3. .6 

4.10 41.0 



(1) ion 

equation 4.2 

+ 

where 
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APPENDIX 3 

ive Gas Diffusion 

ive 

+ 2E (1- ) a 

1 
D "" a 1 + 1 

DKa 0H2tH20 

ici 

ion 

Values of parameters: 

Temperature 
(OC) 

560 

Pressure (torr) 

50 

ra=l.7JJ 

ro ""0. ]J 
1 

ea = 0.1 

E:o :<;: 0.4 
l 

DH2/H20 = 76 cm2/sec 

DKa = 34 cm2/sec 

DKi = 0.50 cm2tsec 

Da ~ 23.5 cm2/sec 

D; "" 0.50 cm2/sec 
2 

Deff "" 0.31 em /sec 

ici 

250 

2 

0.02 

0. 

0.44 

15 

0.4 

0. 

0.11 



"' 0. ]l 0.2 

ri "' 0. ]l 0. 

"' 0. 0.01 

"' 0. 0. 

"' 17 

"' 4.9 4.0 

i "' 0. 0. 

3.2 

o, "' 0. cm2 0.39 

"' 0.18 cm2/sec o. 

(2) comparison c cul ues 

(cm2/sec) 

Temperature 
(OC) 

560 c c. "' 0. 0.11 

meas. "' 0.13 o. 

c c. "' 0.18 0. 

meas. "' 0.076 0.087 



APPENDIX 4 

Concentration at the Reaction Interface 

Consi ing the scale resistance only, the concentration 

the reaction interface is 

J 

(1) 620°C and 250 torr 

C~ = 4.50 X 10~ 6 gmo1e/cm3 
2 

at t; = 0.2 mm 

J = 1.08 x 10-5 gmole/sec cm2 

Then. the hydrogen concentration is obtained 

i -6 3 C = 2.1 x 10 gmole/cm 
H2 

assuming 

(A4.1) 

(A4.2) 



n . 

~ 7.2 X 

(2) 

b "' 0. 

Simil we a in 

at t;, "' 0.15 mm 

"' 3.0 X 

i 
"'1.8 X 

"' 4. X 1 

I; 0.2 mm 

4.7 X 

"' 4.7 X 



(4) 50 

"' 0. X 

£; ~ 0.2 mm 

i 
"" 

4.9 X 

i "" 1.4 X 




