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NOMENCLATURE

lattice parameter of cobalt ferrite
PCoo
Pco

ratio of

surface area of the catalyst

tetrahedral site in the spinel structure
octahedral site in the spinel structure
constants

Ct2 ion on the tetrahedral site

Cg3 ion oﬂ the tetrahedral site

the ion pair, the proposed active center on the catalyst
surface

free electron
activation energy
Gibbs free energy

+2 .
Fe ion on the tetrahedral site
Fe+3 ion on the tetrahedral site

free hole

forward rate constant of the exchange reaction de-
fined by equation (16)

backward rate constant of the exchange reaction de-
fined by equation (16)

adsorption rate constant defined by equation (40)
desorption rate constant defined by equation (49)
pre-exponential factor defined by equation (28)
rate constant defined by equation (30)

equilibrium constant
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K.ds overall rate constant of adsorption defined in equa-
tion (39)

m a constant defined in equation (25)

n n-type semiconductor

nthO gm-mole of lMCO

n, gm-mole of oxygen in the adsorption reservoir

Ny gm-mole of oxygen in the desorption reservoir

N Avogadro's number

P partial pressure

R gas constant

t time

T temperature

v volume of reactor or reservoir

X a parameter which defines the composition of
CO3_X Fey Oy

Z concentration of cot3 |B| in cobalt ferrite

o a constant defined in equation (25)

B number of the active center cote [Bl - Fe+3 IB]
per unit surface area

y a constant defined by equation (L47)

£ a constant defined by equation (54)

Subscripts and Superscripts

a refer to adsorption

b refer to the bare site

d refer to desorption

f denote the final condition
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denote the initial condition
refer to the occupied site
indicate the reference state of adsorption

refer to total






ABSTRACT

Semiconductors are commonly used catalysts. Cobalt ferrite,
CO3_XFeX04, was very suitable to be chosen for studying catalysis. It
can be made a n-type or p-type semiconductor by changing slightly the
ratio of iron and cobalt. Therefore it gives an opportunity to study
the effect of composition on the catalytic activity without introducing
impurities into the catalyst.

The exchange reaction between carbon dioxide and carbon monox-
ide was investigated on cobalt ferrite catalysts, CO3_XFeXOA, with four
different compositions x ranging from 1.903 to 2.099. The reaction oc-
curred in a constant volume reactor. The reaction rate was measured at

14

temperatures ranging from 250° to 410°C with carbon™" dioxide as the
tracer. One feature of the catalyzed exchange reaction is that the re-
action rate is studied under equilibrium condition. There is no net in-
crease nor decrease of carbon dioxide and carbon monoxide in the gas
phase. The thermodynamic activity of the catalytic intermediate on the
surface remains constant during the reaction.

The adsorption and desorption of oxygen was investigated on
five different cobalt ferrite catalysts with the same range of x as the
exchange reaction. The adsorption occurred in a constant volume reactor
with initial pressure of oxygen near 0.1 mm of mercury. The desorption
of oxygen was under high vacuum with pressure less than 1 x 1072 mm of

mercury. The rate was measured by the pressure change of the system with

the ionization gauge at temperatures ranging from 100° to 500°C.

Xi






The experimental results show that the rate constant of the
exchange reaction and the initial rate of oxygen adsorption are at
their maximum when x is near two. This can not be explained by the
conventional electronic defect mechanism which is based on the elec-
tronic defect, electron donor for the n-type semiconductor or electron
acceptor for the p-type semiconductor, as the active center of the re-
actions, But the result can be explained by the proposed mechanism of
cyclic electron-hole transfer of the cation pair which can supply an
electron and anelectron hole to the catalytic intermediate and act as
the active center of the reactions.

This study has not only furnished basic data for the exchange
reaction of carbon dioxide and carbon monoxide and for the oxygen adsorp-
tion - desorption on cobalt ferrite, but also has proposed a new concept

for studying the mechanism of heterogeneous catalysis.

xii






I. INTRODUCTION

Catalysis plays an important role in many chemical processing
industries. Let us imagine that a solid - the catalyst - is introduced
into a mixture of reacting gases. The rate of reaction increase by
hundreds or thousands of times. In the absence of a catalyst the reac-
tion either hardly occurs or proceeds very slowly. Catalysis provides a
new path of stepwise reactions which are associated with the interaction
between reactants and catalyst. The catalyst participates in the for-
mation of an catalytic intermediate on its surface and returns to its
original state after the completion of the chemical reaction. The in-
crease in the reaction rate, caused by the fact that the reaction follows
the path of intermediate steps with the catalyst, has been made
possible by the decrease in activation energy due to a more favorable
form of the bonds between the reactants.

Semiconductors, like metals, are commonly used catalysts. The
catalytic action of semiconductors was discovered and used in the chemi-
cal processing industry long before the concept of a semiconductor itself
appeared. It is now obvious that the catalytic activity of semiconductors
is very closely connected with the electronic properties inside and on
the surface of semiconductors. TFor examples, the influence of impurities
of a semiconductor on its catalytic activity has been investigated; the
correlation between the electrical conductivity or thermolelectric power
of a semiconductor and its catalytic activity has been discovered. In
order to investigate the mechanism of the catalytic reaction, it is

necessary to understand the solid state reactions of the semiconductor.






The object of this research was to study the catalytic activity
of cobalt ferrite as a function of its composition. The first part of the
research was the study of catalytic exchange reaction of carbon monoxide
and carbon dioxide by using carbon-1L4 as the tracer. The second phase of
the research was the study of the chemisorption and desorption of oxygen
on cobalt ferrite.

Cobalt ferrite, Co3_XFeX04, was chosen as the catalyst for
the following six reasons. (l) It can be made a n~type or p-type semi-~
conductor by changing slightly the ratio of iron and cobalt. Therefore it
gives an opportunity to study the effect of composition on the catalytic
activity without introducing impurities into the catlyst. (2) The crystal
structure and electronic properties of cobalt ferrite has been investigated
extensively. (3) It is chemically stable up to 1100°C in the atmosphere
due to its close-packed, face-centered cubic arrangement of the spinel
structure. With composition ranging from 1.8% < x < 2.34, +the spinel
is found stable in one phase. (4) It does not contain an appreciable
number of lattice vacancies - Schottky type defect, or of interstitial
ions - Frenkel type defect; the ratio of cations to anions can be
regarded as a constant of 3:4. The characteristic defects of cobalt
ferrite are Fe+2, which replaces Co+2 in case of x> 2, and Co+5
which replaces Fe+5 in case of x < 2. (5) The thickness of the
space charge layer is smaller than the interatomic distance between
lattice ions. The small thickness gives the advantage of permitting
the electronic boundary phenomena to be neglected and appropriate
equilibrium assumptions to be used in later derivations., With experimental

results, we can compare the theoretical explanation on the mechanism






of the catalytic reaction by the electronic defect and by the cyclic
electron transfer of the cation pairs.

The exchange‘reaction between carbon dioxide and carbon
monoxide was investigated on cobalt ferrite catalysts, COB-XFGXOM’
with four different compositions x ranging from 1.954 to 2.099.

The reaction occurred in a constant volume reactor. The reaction

rate was measured at temperatures ranging from 250° to 410°C with
carbon-14 dioxide as the tracer. One feature of the catalyzed exchange
reaction is that the reaction rate is studied under equilibrium condition.
There is no net increase nor decrease of carbon dioxide and carbon
monoxide in the gas phase. The thermodynamic activity of the catalytic
intermediate on the surface remains constant during the reaction.

The adsopption and desorption of oxygen was investigated on
five different cobalt ferrite catalysts with the same range of x as
the exchange reaction. The adsorption occurred in a constant volume
reactor with initial pressure of oxygen near 0.1 mm of mercury.

The desorption of oxygen was under high vacuum with pressure less than
1 x 10 jS mm of mercury. The rate was measured by the pressure
change in the system with the iocmization gauge at temperatures ranging

from 100° to 500°C.






IT. THEORY

A, Properties of Cobalt Ferrite

(a) Structure

Cobalt ferrite @o XFeXOh is one of many composite oxides

5
having the gereral formula AB204 which crystallize with the crystal

structure called spinel [73]. The spinel structure is characterized
. . -2 +2 +3
by face-centered cubic close packing of O- ions and A"~ and B
metallic ions in certain interstices [9] [55]. A unit cell of spinel
crystal contains eight molecules of ABQOM and, therefore, thirty-two

-2

0 ions. The close packed unit cell contains sixty-four interstices

surrounded by four 0-° ions (coordination number 4, tetrahedral) and

-2

thirty-two interstices surrounded by six O ions (coordination number

6, octahedral). In the spinel unit cell, eight of these tetrahedral
sites, denoted -as lAl, and sixteen of the octahedral sites, denoted
as ]B!, are occupied by these metallic ions.

The metallic ions A+2

and B+5 are distributed among
the cation sites in different ways [%#]. In "normal" spinel, all
sixteen B+5 ions occupy the sixteen octahedral sites and all eight

+2

A ions occupy the tetrahedral sites. In "inverse" spinel, the

*2 and half by BY.

sixteen octahedral sites are occupied half by A
This has been determined by x-ray diffraction.
Cobalt ferrite exists in a structure [48] which is very

close to the structure of the "inverse" spinel, Fe+5|A|[Co+2IB|Fe+5|B|]

0), (see Appendix III).

-l






(b) Composition
Stoichiometric cobalt ferrite, CoFe,0y, hardly exists. The
non-stoichiometric cobalt ferrite, CoB_XFeXOu, has been imvestigated
[47] with x ranging from 1.84% to 2.34%. When x is larger than
2.34, a new phase of Fe205 will co-exist with the spinel phase. Also
when x is less than 1.84, a new phase of wustite will co-exist with
the spinel phase. When x 1is in the vicinity of 2, if x < 2, indica-

5

ting an excess of cobalt, Fe+ on the octahedral sites is essentially
replaced by Co+5 ion. IT, on the other hand, x > 2, indicating an
excess of iromn, Co*? on the octahedral sites is essentially replaced by
Fe™ ions.

Using this disorder model and appropriate assumptions, 1t is
possible to obtain the concentration of each cation on different sites
as a function of the composition x [%#8]. There are eight possibilities
of cations which may occupy the lattice sited |A| and IBI. These are

Y2 al, w2 |B|, Fe*? |B|, co*3|B

retd ||, Fe*? |A|, co*d |A]|, Co
and Co™® |B|.

(i) Fe and Co balance:

[Fe*2|a]] + [Fe*2|a]] + [Fe|B|] + [Fe™®|B|] = x (1)
[Cot3|A|] + [Co*2|a|] + [Co*D|B|] + [Co™|B|] = 3-x (2)
(ii) tetrahedral and octahedral sites balance:

[Fe*3|a|] + [Fe*2|a]] + [Co*3[a|] + [Co*®|a]] =1 (3)
[Fe*3|B|] + [Fe™2|B|] + [Co*3|B|] + [Co™2|B|] =2 (1)

(iii) charge ratio balance:
[Fe™2|A|] + [Fet3|B|] + [Co™|A|] + [Co*P|B]]

= 2 {[Fe*?}a] + [Fe*2}B|] + [Co™|A|] + [co™@|B|)} (5)






5 in the

[Fe+5]Al], denoted as concentration of Fe™
tetrahedral sites, is assumed to be unity and independent of x, if

we designate the concentration [Co+5]Bi] by z.

Solving equations (1) to (5), yields

[Co+2’B|] = 3-x-2 (6)
[Fe+2|Bl] = x-2+7 (7)
(Fe?|B|] = 1-z (8)

(¢) Electronic Property

The semiconducting properties of Co5_XFeXOu have been investigated

with x ranging from 1.9 to 2.1[35]. Electrons or electron holes can
be introdaced into cobalt ferrite to obtain n-type or p-type semiconductivity:
by varying x values. When x > 2, the excess Fe 1is added to CoFe204
to replace Co, 1t enters the crystal structure as Fe+2[B|, which acts
as an electron donor and causes the ferrite to become a n-type semiconductor.
In a similar way, when x < 2, the Co is added to CoFeQO4 to replace
Fe, 1t enteres the crystal structure as Co+5|Bl, which asts as an
electron acceptor, causing the ferrite to become a p-type semiconductor.
Therefore it gives an opportunity to study the catalytic activity of an
oxide catalyst having a single substrate with either electrons (n-type
catalyst) or electon holes (p-type catalyst) in excess without adding
foreign impurities to the ferrite. Also the validity of the electronic
defect explanation to catalysis can be investigated.

Since catalytic reaction may involve the electron transfer from
the catalyst surface to the catalytic intermediate, so it is necessary
to look into the defect reaction of cobalt ferrite from its characteristic

defects.






Let us first define the characteristic defect of cobalt
ferrite. The characteristic defect of cobalt ferrite is defined as
Fe+2]B| or Co+5|B| in the lattice structure. In the range of
1.9<x< 2.1, Jonker [35] has shown that the characteristic
defects Fe+2]B| and Co+5|B| are completely ionized. This means
that the activition energy of ionization is very close to zero.
Therefore, we may write the predominate solid phase reactions from
the characteristic defects as following:

For n-type, Fe+2|B| - Fe+5]B|i+e’ (9)

For p-type, Co+5|B| - Co+2|B|i+h+ (10)
where Fe+5‘B|i is the ionized donor in n-type cobalt ferrite.

It is important to note that the electron can also be generated by
the normal cations Co+5|B| and Fe™> on the solid surface,
Co™?|B| - CotIB| e (11)

also Fe™d|B| - Fe*?|B|;nt (12)
if the solid is in contact with gas molecules with high electron or hole
affinity. Jonker has found that the activation energies for equations
(11) and (12) are 10.9% to 11.75 Kecal. and 4.4 to L.73 Kecal.
respectively [35]. The next sections are the analysis of the catalyzed
exchange reaction of 002 and CO and of the adsorption and desorption
of oxygen on cobalt ferrites based on the :Solid-state. reaction

of the solid phase.

B. CO, CO Exchange Reaction

(a) Description of Model

The kinetics of the catalyzed exchange reaction on cobalt

ferrite between carbon dioxide and carbon monoxide was investigated in






-3a

a constant volume reactor. Radioactive carbon-14 dioxide was
employed as the tracer. An important feature of the exchange reaction
of 002 and CO is that the gas phase, composed of a fixed ratio

of CO

5 and CO, 1is in equilibrium with the catalyst surface. The

following reaction was studied,

thOg(%)%‘ co(g) - 1uco(g>+ Cos(g) (13)
with a small amount of 14002 introduced in the gas phase.

It is assuméd that reaction (13) follows the sequence of
steps:

00, (g) - 160 (g)+ Oags. (1%)

co(g)+ Ogq5. 2 COx(g) (15)
Since there is no net formation of either 002 or CO, the activity
of oxygen atom adsorbed on the surface is constant. It is obvious
that the activity of oxygen on the catalyst surface depends on the
ratio of CO, and CO 1in the gas phase. The next three sections are
the analysis of the correlation of this dependence with the properties

of cobalt ferrite.

(b) Evaluation of Rate Constants

Since the activity of oxygen on the catalyst surface is a
constant for a prefixed COZ/CO ratio, the rate of formation of

ll&CO can be written as

14
dn—i'COQ ) . -
e = k(ao) D1y - k’(ao) D (16)
Peo COo M0
where a_= 2 (17)
Pco

and A = surface area of the catalyst.
The forward and backward rate constants k(a,) and k'(a,) are

defined by equation (16). Note that at constant temperature for a






catalyst with fixed x, k(a ) or k'(a;) is a function of aj only.
The net rate of formation of 'CO becomes zero, when equation (16)

reaches equilibrium. It yields

p 14002 . P coo K (ag)
) T %o (18)

D Y B
luCO .. co
Eliminating k'(a,) from equation (16) with equation
@]
(18), it follows that
14
d
SEL0 = k(ag) (g -85 Py, ) (19)
Adt CO2 Co

In a constant volume reactor, the total amount of radioactive

1L
C is constant, so
p +p = pl (20)
Yoo, Yoo Yeo,
i . s 1h .
where Py is the initial partial pressure of 002 in the

- 14
reactor at t=0. There is no CO in the gas mixture at t=0.

Combining equations (19) and (20) to eliminate pluCOE’

and applying ideal gas law;

vV ap 1h, 3 5
=T ——EE—QQ- = k(ag) [p by, (1 +a,) D1k ] (21)
' ' o

In a constant volume reactor at constant temperature with

prefixed COE/CO ratio, a,. and k(ao) are constants, so that

o}

equation (21) can be integrated with the initial condition pluco= 0

at t = 0.






-10-

P 1k
-——-—C—O—— b llI-CO
Pk a SR
i COp P 10 _ xk(ag) RTA(L + ag)
° T Pl i Jat
1+ a 1 i
o P 14002
(22)
pP1h
In [ 1 - (1 + ag) -E__§9_1»= _ k(ag)RTA(L + ag)t (23)
Dy v
€O,
or
P
14 _
Lico _ 1 [ - exp. k(ao) RgA (1 + ag) t]} (24)
b l)_‘_CO 1+ ao

2
At a given temperature and COE/CO ratio, the rate constant k(ao)
can be calculated by equation (24) from the experimental data of the
percentage of thO formation:and time.

(c) Dependence of the Rate Constant as a Function of C0,/CO ratio and

Temperature

The most commonly postulated mechanism to explain the catalytic
reaction is based on the assumption that reacting molecules rearange
themselves on the active centers of the catalyst surface. The adsorbed
fragment of the reacting molecule on the active center is called the
catalytic intermediate. Although there are widely different opinions
on the exact catalytic intermediate and on the active center in a
reacting system, this does not disprove their existence.

The proposed catalytic intermediate Tfor this exchange reaction

of COp and CO is O The employing of Og34. as the catalytic

ads.
intermediate was postulated by Wagner [75] [76] for the COp - CO
exchange reaction on Wustite. And it was applied by Grabke [26] [27]

to study the rate of oxygen transfer from CO2 to the surface of the
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oxides Fel_XO, FegOu, Co0, ZnO and Mg0O. There are various states
in which Oads may exist. It may exist as chemisorbed oxygen atom,
chemisorbed O~ ion or chemisorbed O"2 ion. The state of the
catalytic intermediate is dependent on the properties of the oxide.
Under equilibrium condition and assuming that the mass action law
holds, we may express, in general, the thermodynamic activity of

the active center as a linear function of (pcog/pco)_m' which is
equal to a;m as defined in equation (17). m 1is a positive constant
which is dependent on the electronic property of the active center and

on the existing state of Oad Consider the phenomenological derivation

S.
of equation (16), it is desirable to correlate the dependence of
k(ao) on a with the mechanistic expression of the thermodynamic
activity of the active center. The dependence can be described by

k(ag) = aa, (25)
where  1s a function of temperature. The constant m will be
discussed in detail in the next section. The value of m can be

obtained experimentally from the known values of k(ao) as following,

o [k(ag)] =-m Lnag+4no (26)

o [k(ag)], _
(5 maoo )p = -m (27)

at fixed 2, the temperature dependence of k(ao) follows the

relation

k(ao) = kpe_Ea /RT (28)

where kp is the pre-exponential factor, and E, 1is the activation
energy of the reaction which can be obtained by plotting log k(aoj

1
Versus g -
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(d) The Proposed Active Center and Catalytic Intermediate

The proposed active center for the CO, - CO exchange
reaction is the ion pair Co+2|B] - Fe™?|B|. The ion pair Co*2|B|-
Fe+5|B| appears on plane (100) of the "inversed" spinel structure
of cobalt ferrite. The average inter-ionic distance of the pair is
2.97A, (see Appendix III). The characteristic feature of the pair
is that they can supply to the catalytic intermediate Ogqs. an
free electron and an electron hole with which the simulténeous catalyzed
oxidation of CO and reduction of CO2 in the exchange reaction
can proceed. An electron donor itself, for example, the characteristic
defect Fe+2|B| is not qualified as an effective active center. The
reason is that without an hole supplied from the active center the

0 is very strongly bound to the active center and usually hinder

ads
the course of catalysis. The hindered effect by the strongly bound
catalytic intermediate was also shown in many other catalyzed reactions
[2]. It was established long time ago that molecules possessing an
electron donor group and a hole donor group may act as catalysts in
homogeneous catalysis. It was knpwn as the duval theory of catalysis
[7T]. Taylor [68] [69] bases his support of the dual theory on the
rate of hydrolysis of various esters in presence of acids with and
without the addition of salts. He has found that the addition of

1N KC1 to O0.1N HC1l -causes a 24% increase of reaction rate.

From conductivity data, the degree of dissociation of O.1N HCL is
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about 90% and this is reduced to 75% by the addition of 1N KC1.

Taylor, therefore, concludes that the increase in the reaction rate

caused by the addition of KCl 1is due to the formation of more

undissociated HC1 which acts as a catalyst by having an electron

donor group H and a hole donor group Cl. Recently, the mechanism

of alkylations of diazoalkanes catalyzed with fluoroboric acid was

based on the complex formation of the diazocalkane and HBF) with H

as the electron donor group and BF) as the hole donor group [5] [46].
There are other pairs, eg. free electron - free electron

hole pair, pairs of the characteristic defect and the normal lattice

+2|

cations. - Fe+2lB| - Fe+5|B| or Co B| - Co+5|Bl

and pair

of two different types of characteristic defects Fe+2‘B‘ - Co+5IB|
which may supply an electron and a hole to the catalytic intermediate.
But they are rejected as the active center in the following discussion.
The free electron - free electron hole pair are difficult to be found

on the surface of semiconductor with the inter-particle distance in the
order of magnitute of angstrom. The two opposite charged particles

of the pair tend to collide with each other at that distance. The

rairs Fe+2lB| - Fe+5|B| and Co+21B| - Co+5|B| are rejected because

of their unbalanced ability of gererating a free electron and a free
hole, which was discussed in Section A(c). the electronic property.
The overall electronic characteristics of the pairs are an electron
donor and.a hole donor respectively. The pair of characteristic defects
Fe+2|B| - Co+5|B| are extremely unstable because each defect is completely

ionized to form a free electron or a free hole. After the reaction

of the electron and the hole, the pair become Fe+5- Cot? which is the

proposed active center.
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It is worth noting that although the characteristic defects
Fe+2|B| and Co+5|B| are rejected as active centers, they may effect
the activation energy of ionization of the proposed active center. Any
characteristic defect located next to the proposed active center
(see Appendix III) may altef the polarity of the center so that the
potential field, which effects the activation energy of ionization,
is changed.

With the proposed Co+2|B| - Fe+5|B| as the active center
for the exchange reaction, we may write the rate expression of the

forward reaction of equation (16) as the following:

d n l)-PCO

=k [Co™2|B] - FetI|B 0
a1 £ [Co™"[B] - Fe™”|B|] P1, (30)

O

where kp 1is the forward reaction rate constant, and [Co+2|B| -

Fe+5|B|] is the activity of the bare active center Co+2lB| - Fe+5lB|
on the catalyst surface.

Recall that the COp - CO gas mixture is in equilibrium
with the catalyst surface. This means that the activity of the
occupied active center and of the bare center remains constant during
the exchange reaction. We may write the equilibrium reaction as

co,(g) + C0*|B| - Fe*3[B| o (co™3|B|- Fe™[B|) - 07aa

+ c0(g) (31)

it follows

k- L8| - FeIB)) - 075 (P 001

1 [Co*2[B[ - Fe ’|B[] BCo (32)
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where [(Co+5|B| - Fe+5lB‘— O-ads] is the activity of the occupied
center. Ratterman (49) has found that the conductivity of cobalt
ferrite catalyst is nearly independant of the ratio of CO2 and CO

in a flow reactor. From the material balance of free electrons,

le Tiotal

[e_]solid +dl[e—]trans (55>
where [e”] 1s concentration of the free electron. The subscripts
"total" refers to the total amount, "solid" refers to the solid phase
and "trans" refers to transfer to catalytic intermediate. ¢y is a
proportional constant.

In order to find the effect of changing a, on the free

electron concentration, differentiate equation (33) with respect to ag

d [e"]total _ d [e ]solid d [e”] tran (34)
= +C e et et e st
da, 1 d a

o}

The left hand side of equation (34) is zero, because [e~]total is

a constant. The first term of right hand side of equation (34) is

Zero, which was experimentally found by Ratterman. Therefore [e” ]Jtrans
is a constant independent of a, e Since [e7]trans = [(Co+5[Bl - Fe+5|B|)

- 0" we may rearrange equation (32) and yield

ads]
[Co*2|B| - Fe*|B|] = c, 8y T (35)

where s is a constant independent of agy-
The next task is to compare the different expressions of the

forward reaction of equation (14%). From equations (16), (25), (30)

and (35), we have
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a nlk -
__El_.m = k(ao) pll{- = o a m plq
Adt co2 C Cop
= k.[Co™|B| - FetI|B
= kg[Co™|B| 811 P2k,
e e xx Pcop -1 -
) 1
f Pco CO, (36)

Since by definition a, = pCOg/pCO’ so 1t is concluded from

equation (36) that m=l, if the state of oxygen on the active

center is O;is. By the same analysis, if we have the state of
2

oxygen O 2ds .

instead of O—ids. on the catalyst surface, we
would have the equilibrium.reaétion

cofg)# Co™|B| - Fe*2|B| 2 (o™ p| - Fe+5v|B|)2 - 07, + CO(g)
(37)

and

P 002)_05
P

co

[Co+51B| - Fe*t?|B| = constant x (

The value of m would be 0.5.

C. Chemisorption and Desorption Oof Oxygen

Chemisorption of oxygen on cobalt ferrite occurs when an
electron prossessing the necessary activation to pass through the
potential barrier, reacts with the colliding oxygen molecule on the
ferrite surface. Therefore, the rate of adsorption is strongly
effected by the number of oxygen molecules colliding with a unit area
of the surface per unit time, by the type and number of active centers
which donate electrons and by the activation energy for each type of

active center.
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The number of collisions between oxygen molecules and the
surface can be obtained from the kinetic theory of gases. It is directly
proportional to the pressure of oxygen of the system and inversely
proportional to the product of one-half power of the temperature and the
molecular weight of oxygen. The activation energy of chemisorption
is a function of the electron affinity of the oxygen molecule, the
activation energy needed for the jump of an electron from the active
center and the work function to transfer an electron to the oxygen
molecule. If the surface coverage of the adsorbed ions is high, the
interaction of the adsorbed ions is also important. Hill [31] has
treated models with nearest neighbor interactions from the viewpoint
of lattice statistics.

The last and the most important factor which effects the
rate of adsorption is the type and number of active centers to be
considered in the chemisorption of oxygen on cobalt ferrite. It
has been postulated by numerous authors that the electronic defects
on the surface of the semiconductor are the active centers for
chemisorption. If a semiconductor has defects to the extent of
0.1% to 1% of defects of the normal lattice ions than the surface
coverage will be between 0.1% and 1%. But experiments [3] [32]
show that the percentage of the surface coverage is far more than l%.
In the chemisorption of oxygen on cobalt ferrite, it is postulated
that two types of active centers are available. Type one is the
"strong" chemisorption center which is composed of the characteristic

defects of Fe+2|B|. Type two is the "weak" chemisorption center

which is composed of the normal lattice cation pair Co+2|Bl - Fe+5|B|.
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Both types have the ability to donate free electrons. As is discussed
in the Section B (c), Fe+2|B| is completely ionized with the
activation energy of ionization equal zero. The Co+2]B[ of the

weak chemisorption center Co+2|B\ - Fe+51B| is partially ionized
with the activation energy of ionization from 4.4 to L4.73 Kecal.
The oxygen molecule 1s adsorbed more strongly on the strong chemisorp-
tion center than on the weak chemisorption center, because the latter
has the ability to generate a free hole.

Since the cobalt ferrite was prepared by firing under the
oxygen in the atmosphere aﬁd was exposed to the air for more than one
year, it is appropriate to assume that all the strong chemisorption
centers are covered by oxygen molecules and that the weak chemisorption
centers are the ones which participates in the adsorption and desorption
of oxygen in this study. |

After hypothesizing the active centers, namely Co+2|B| - Fe+5|B‘
pairs, for the adsorption and desorption study, 1t is necessary to
choose a reference state for the surface, this state must have a
constant number of bare active centers per unit surface area before

adsorption experiment.






III. SURVEY OF LITERATURE

In this chapter, a brief review of the recent literature re-
lated to the catalytic activity of cobalt ferrite is reported. The lit-
erature is divided into three sections, the first of which is concerned
with the study of the catalyst, cobalt ferrite. The second section em-
phasizes the catalyzed exchange reaction between COo and CO . The third

concerns the adsorption and desorption of oxygen on semiconductors.

A, Study of Cobalt Ferrite

The crystal structure of spinel was determined to be.face-centered
cubic by Bragg [9] for MgAlsOy. Barth and Posnjak [4] pointed out the
two possibilities of distributing the cations while retaining the cubic
symmetry of spinel., The electronic conductivity and cation arrangement
of a large number of spinel oxides were studied by Verwey and co-workers
[72] [73]. The relations between the electronic conductivity of certain
spinels and the arrangement of the cations in the crystal structure were
studied. Gorter [25] summarized the experimental and theoretical data
from literature on cation distribution of spinels and carried out measure-
ments of the saturation magnetization against temperature for a number of
mixed crystal oxides with spinel structure,

The phase diagram for the Fe-Co-O system was constructed by
Robin and Benard [54] based on X-ray diffraction data at temperatures up
to 1000°C. Smiltens [62] studied the isotherms of the same system at
1200°C, 1400°C and 1626°C. He also reported that the non-stoichimetric

cobalt ferrite with a spinel structure has the metal to oxygen ratio of
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Let the activity of the occupied centers at the reference state be
[Co+5|B| - Fe+5|B|] or
and integrate the above equation to obtain

(co3z] - 7e*3[8])_ - [co™8| - Fe*[B]] oy

Va N (
AERT  Pai

-, ) (43)

where 1 is the initial pressure of oxygen before the adsorption
Rearrange the above equation and combine with equation (L41):
+2 +5 _ +2 +3
[Co*e[B| - Fe™|B|], = [Co™"|B| - Fe'”[B|],

_ Va N ( ]
APRT DPai

- [co*2[B| - Fe*B|],, - Pg) (i)
Put equations (42) and (44) into the rate equation (40);:

-2 pe g 1o B| - wetB|y - 100" |B]Fe "B 10y

_ART 4t ads .
Va N
~ A;RT (Das- Pg)t Dy (45)

The above equation can be simplified by defining

[co™@|B] - Fe*’|B|],, = [Co™®|B| - Fe*3|B| ] -[Co™|B|Fe|B|],

(46)
which is the activity of the bare centers at the reference state
of the surface and
- g (47)
Va dpa

- BT 5% = Raas11C0™ [B] - Fe¥I[B[lpm7 (py- 2} b, (48)






S

oxidation of CO proceeded on transition metal oxides by means of oxygen
extraction reactions, the oxide surface being alternately reduced by CO
and oxidized by Oo. Wolkenstein [81] [82] [83] [84] treated the elec-
tronic phenomena in catalysis by quantum mechanics. He defined "weak"
or "strong" chemisorption by the formation of covalent bond or ionic bond
between the adsorbed species and the conduction electrons or electron
holes of the semiconductor catalyst. Dowden [14] [15] approached the
catalytic activity from the 3d-electrons of the metal ions of the tran-
sition metal oxide catalysts. The boundary-layer theory, developed by
Hauffe [29] and Weisz [77] [78j, emphasized the electron transfer at the
interface and the electron density at the boundary layer. When the in-
teraction between the adsorbate molecules ahd a solid surface involves
transfer of electron, it varies the boundary layer depth and the electri-
cal potential on the surface, The change in the surface electrical poten-
tial caused corresponding changes in the catalytic activity of the absor-
bate molecules. Boudart [8] outlined a qualitative picture involving
changes of Fermi level of the surface, which he considered as a quasi-
isolated entity, with chemisorbed species equivalent to added impurities
and applying analogies with behavior of bulk Fermi level in semiconduc-
tors. Wagner [74], followed by Schwab [60] [61] and Parravano [4L4],
studied the catalytic activity by doping the semiconductor catalyst with
impurity.

The use of isotopes as tracers has been demonstrated as a power-
ful tool to study reaction kinetics. The most commonly used 1sotopes are

14

180, 13¢ and *"C, The exchange reaction between CO and CO5 using 3¢

was studied by Hayakawa [30]. The CO - COs exchange reaction was investigated
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by Garner [22], Winter [79] and Hauffe [18] on zinc oxides, cuprous

oxides and nickel oxide. Recently, Wagner [75]_[76] postulated a
mechanism for the CO, - CO exchange reaction on Wustite. Grabke [26] [27]
followed Wagner's treatment to study the COo» - CO exchange reaction on

different oxides.

C, Chemisorption and Desorption of Oxygen

Excellent reviews of chemisorption Have been provided by
Low [43], Trapnell [32], Wolkenstein [82] [83], Winter [80], Parravano
and Boudart [50], Hauffe [28] and Morrison [45]. The quantitative treat-
ment of chemisorption can be divided into the following approaches.

The approach of chemisorption from the kinetic theory of gases
[32] emphasizes the sticking probability of a collision between the gas
molecuie and the unoccupied site. The lack of direct application of this
approach is due to the difficulty of expressing the sticking probability
analytically and to the neglect of reactions at the gas-solid interface
and in the solid phase,

The absolute rate theory was developed by Glasstone, Laidler
and Eyring [24] [37]. The theory is based on the assumption that the
gas molecule, moving from the gas phase to the adsorbed phase, passes
over a potential energy barrier. An activated complex is formed when
the molecule is at the top of the barrier. The activated complex is in
statistical equilibrium with the molecules in the gas phase and with the
vacant surface sites, If the activated complex is immobile, the rate of

adsorption is

u - Cg g (-k-T-) fr R/ (56)
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where Cg is the number of gas molecules per cm3, Cs is the number of bare
sites per cm2, Fg is the partition function of the gas per cm3, f % is
the partition function of the activated complex, fs is the partition
function of the sites, h is the Planck's constant, k is the Baltzmann's
constant, and u is the rate of adsorption. The rate of desorption is
given by

v=cy | KL| [ ] eEa/RT (57)

h £y
where Cy is the surface concentration of the adsorbed molecule, f is the
partition function of the adéorbed molecule, and v is the rate of desorp-
tion. The adsorption of oxygen on cuprous oxides was studied by Stone [34] [561].
The experimental results were interpretated by the absolute rate theory.
For the initial stage of adsorption, the rate follows the simple theore-
tical equation for dissociati&e adsorption. The activation energy of ad-
sorption is constant at 7 Kbal/mole. But by and large the absolute rate
theory does not usually hold for chemisorption.

For a wide variety of chemisorption systems, the rate of adsorp-
tion obeys the Elovich equation [17] which méintains that the rate of ad-
sorption decreases exponentially with increase in the amount absorbed on
the solid surface. The Elovich equation can be derived for a uniform or
a non-uniform surface on the basis of a variation of activation energy
with the amount of absorbate on the surface [11]. Taylar and the Thon [67]
have shown that, for a large number of systems, plotting the volume adsorb-
ed against time in a semilog paper gives a straight line., The systems

included the adsorption of Hp on Crp03 gel [12], on 2MnO * Crp03 [70],0n
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ZnO - MoOg [71] and others. The Elovich equation has found wide applica-
tion in chemisorption kinetics, the following being just a few studies con-
cerning chemisorption of oxygen: Op on CoO [65], O, on Vo0s5 [16], 0o on
5i [41], 02 on Ge [42], 02 on CoO - Crp03 [67] and Op on NiO, [181].

The recent approach to the mechanism of chemisorption on semi-
conductors emphasizes the electronic defect of the semiconductor. The
electronic defect is strongly effected by chemical stoichiometry. Defects,
which act as electron donors or as electron acceptors, are generated by
the metal - excess or the oxygen - excess in these oxides. Chemisorption
was treated quantitatively by the boundary layer theory [1] [29] [77] [78].
It is assumed that the electron transfer is taking place across the inter-
face during chemisorption until the potentiél energy of the electrons is
the same in the semiconductor and on the other side of the interface
Wolkenstein [83] [84] has suggested that weak chemisorption occurs on
the normal lattice ions and does not involve defects. He regards as
strong chemisorptions those which involve interactions between absorbates
and defects, and which may involve electron transfer to the absorbate.

His idea of weak chemisorption, which does not involve transfer to elec-
trons falls outside the boundary layer theory receives further from the
work of Dowdén, Mackenzie and Trapnell [15], who found no correlation

between the conductivity of an oxide and its activity in Hg/Dg exchange.

Desorption may take place from the occupied sites, provided
the absorbed particle possesses the necessary activation energy. Thus
the rate of desorption is a function of surface coverage and activation
energy. Iangmuir [39] has found that the rate of thorium evaporation
from tungsten increases exponentially with increase in adsorbed amount.

The desorption of nitrogen from iron has been investigated by Scholten [59]
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and co-workers, who found a linear dependence of activation energy on
absorbed amount. There are several theoretical treatments on the rate

of desorption. A simple rate equation, the Polanyi - Wigner [22] equation,
was obtained by assuming that any particle posseésing the requisite acti-
vation energy desorbs within the period of one vibration perpendicular to
the surface. Iangmuir [40] has derived the lifetime of an adsorbed par-
ticle on the surface using an empirical vapor pressure equation. The rate
of desorption is inversely proportional to the lifetime and is proportional
to the number of absorbed particles per unit area., Lennard-Jones and
Devonshire [23] have calculatea the lifetime of an absorbed particle by
quantum mechanics using the‘probability of transfer of a single quantum

of energy from the solid to the adsorbed pdrticle. It may be valid only
for physically adsorbed particles however., Desorption rate according to
absolute rate theory [24] [37] is proportional to the frequency of vibra-
tion of the activated complekes perpendicular to the surface. Both theo-
retical and experimental investigations of desorption kinetics are much

less numerous than those of adsorption kinetics.






IV. EXPERIMENTAL APPARATUS AND PROCEDURE

A, Preparation of Cobalt Ferrite

The unsuppofted cobalt ferrite samples were prepared by Pietrzak and
Gates [52] at the University of Michigan. Reagent Grade cobalt carbonate
and iron oxide were weighed and mixed. The mixture was ball milled in
acetone for twenty-four hours in a stainless-steel ball mill. The slurry
was then dried in a large beaker. The dried céke was crushed into powder,
loaded into a crucible and fired in air at 1950°F in a furnace for twelve
and one half hours. The resulting cobalt ferrite was in the form of a
black powder.

Five samples with different Fe/Co ratios were prepared. The
ratio of iron and cobalt in the cobalt ferrite samples was determined
by a Norelco X-ray Fluorescent Spectrometer. The composition shown from
the spectrometer was slightly different from the composition calculated
from the original weighed amounts of reactants. This difference can be
explained by the loss of cobalt in the sample during the firing process.

The specific surface area of the samples was determined by the
B.E,T. method, The amount of nitrogen adsorbed on the sample at liquid
nitrogen temperature was measured as a function of pressure, The detail-
ed apparatus and calculations for this determination are in a Technical
Bulletin [19] of the Mellon Institute of Industrial Research. Two samples,
with x = 1,903 and x = 2,099, were measured. The measured specific sur-
face area of the two is 2,422 and 2.545 square meters per gram respective-
ly. The specific surface ares of samples was taken as the average value

2.48 square meters per gram.

=26~
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B. The COo - CO Exchange Reaction

A diagram of the apparatus for the exchange reaction of CO2 and CO

is shown in Figure 1 , in which all the major components are identified.
A Geiger Countér (Model No. FD-1 Gas Flow Counter by Tracerlab Inc.) was
used for the measurement of soft beta radiation from 1L‘C in the gas mixture.
A SC-90 Utility Scaler with a SC-42A Dual Timer also by Tracerlab was em-
ployed to amplify and register the radiation (Figure 12).

The carbon dioxide and carbon monoxide in the cylinders (by
Matheson Company Inc.) were introduced into the storage bulbs after re-
moving the moisture by passing the gases through a drying column packed
with Drierite (W, A, Hammond Drierite Company). The gas samples were ana-
lyzed on the mass spectrometer (Type 21-013B, Modified to Type 21-103C
specifications by Consolidated Engineering Corporation). The oxygen con-
tent was beyond the limits of detection of the mass spectrometer., The
radiocactive luCOQ with 1.0 mc radiation was supplied in a sealed glass
tube by New England Nuclear Corporation.

The sealed glass tube was placed next to an iron rod inside a
10 mmOD glass tubing closed at one end. The other end of the tubing was
connected to the apparatus for the exchange reaction. After evacuating
the system to 1 x lO"5 mm of Hg, a magnet was used outside the tubing to
move the iron rod which broke the tip of the sealed glass tube which re-

e Mc0, vas mixed with COp -

leased the 14002 gas into a Toepler pump. Th
CO gas mixture in the Toepler pump and stored.

A weighed amount of 1.0000 gram of cobalt ferrite catalyst was
loaded into a ceramic boat and placed in the center of the reactor.

The catalyst was outgassed at 400°C for twenty-four hours under a pressure

of 1 x 1072 mm Hg. The temperature of reactor was controlled by a Model JP
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Temperature Controller by West Instrument Corporation with a Iron-Constantan
thermocouple., After outgassing the temperature.was lowered to the tempera-
ture of the next experiment. A gas mixture of CO, and CO without the radio-
active COp was introduced to the reactor to treat the catalyst surface.
The time of the pretreatment was twenty-four hours. The surface pretreat-
ment was repeated to make sure the gas mixture was in equilibrium with the
solid surface. Then the reactor was evacuated at 1 x ZLO-'5 mm Hg for three
minutes, and the experiment started by introducing the gas mixture having
the same CO,/CO ratio as the pretreatment but with the tracerlATTOg in it.
A gas sample was withdrawn to the Sampling Toepler Pump for analysis after
a certain time. The time inferval depended on the rate of the exchange
reaction., The sample gas was pumped to a reservoir with a mica window
below the Geiger Counter to count the tota11ﬁ5002 andthO in the gas.

The sample reservoir (see Figure 2) with a glass flange on the
top end was made of a piece éf 30 mm OD glass tubing about 1.5in. long
rounded at the bottom end., The top end was sealed by a mica window with
density of 6.0 mg/cmg. The sealand was an expoxy cement supplied by
Sears, Roebuck and Co., The sample gas was pumped back and forth three
times through the COo trap at liquid nitrogen temperature to condense
the CO2 and 14002 from the gas mixture. Then the 1MCO was counted in

1k

the reservoir. The total count of lMCOQ and ~'CO was corrected from

lL‘CO count was corrected from both the back-

the background count. The
ground count and the residue 14002 count which were obtained before the

experiment, The sample gas was put back to the reactor after the analysis.
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The initial amount of radioactive lu002 was the same for each
run, The total pressure of the reactor which was constant in each run,
varied from 3 to 7 cm of Hg between runs depending on the ratio of CO, and
CO. The rate constant was found experimentally independent upon the total
pressure in this range. The temperature ranged from 250° to 390°C., The
volume of the reactor was 507 cc. Approximately 55 cc of the gas sample

was taken from the reactor for analysis.

C, Adsorption - Degorption of Oxygen

A sketch of the apparatus for the adsorption and desorption study is
presented in Figure 3., The rate of adsorption was obtained from the pres-
sure drop of the oxygen reservoir versus time, The rate of desorption
wag obtained from the pressure increase of the oxygen collecting reser-
voir versus time. The pressure was measured by two calibrated thermo-
couple gauges attached to the reservoirs and was checked occagionally
with Mcleod Gauge. The thermocouple gauges (Televac, Model II), supplied
by The Fredericks Company, can measure the range of pressure between 0,001
to 0,500 mm of Hg, The calibration of the sample container, adsorption
oxygen reservoir and the desorption oxygen collecting reservoir was car-
ried out at room temperature via the expansion method assuming ideal gas
behavior. The attached gas burette and the mercury manometer were used
for the calibration. The volume of the dead-space of the sample container,
of the adsorption reservoir plus the manifold and of the desorption reser-
voir was 158.6 cc, 5302 cc and 5205 cc respectively.,

A 30 mm diameter Vycor tubing closed at the bottom was used as
the sample container, A weighed sample of 50,000 grams of cobalt ferrite

was placed in the sample container which was then connected via a gradient
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seal to the 15 mm Pyrex tubing of the system. After elimination of all
leaks, the system could consistently be evacuated to a dynamic vacuum of

1 x lO"5 mm of Hg by the mercury diffusion pump and the mechanical pump
connected in series, The system was frequently tested under static vac-
uum for leaks and the leak rate was less than 1 micron per day. The arbi-
trary reference state of the catalyst surface was chosen by evacuating the
catalyst for twenty-four hours under 1 x 10—5,mm Hg pressure at 400°C.

The temperature of the sample container was controlled by a Model JP
Temperature Controller (West Instrument Corporation) with a Iron-Constantan
thermocouple attached to the outer wall of the container. Oxygen for the
adsorption studies was genefated by the thermal decomposition of potassium
permanganate. The gas was first passed thfough a trap packed with glass
beads and cooled by dry ice and isopropyl alcohol before storage. Oxygen
was introduced to the adsorption reservior and the sample manifold after
the system was evacuated to i X lO—5 mm Hg and the samples was in its re-
ference state, Adsorption began when the 15 mm stop=-cock connecting the
sample container and the sample manifold was opened. The normal duration
of an adsorption run was two days. After the completion of an adsorption
run, the stopcock to the sample container was closed, and the sample manifold
and adsorption and desorption reservoirs were evacuated., Desorption was
always followed at the temperature at which oxygen was adsorbed and hence
the sample temperature was not changed. At zero-time, the stopcock to the
sample container would be opened, and the subsequent pressure increase in
the desorption reservoir with time followed. The amount of oxygen retained
in the sample container at the end of adsorption would be subtracted from
the oxygen desorbed, The sample manifold was maintained at pressure 1 x 1072

mm Hg., The desorbed oxygen was pumped to the desorption reservior by the
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mercury diffusion pump., The amount of oxygen desorbed was smaller than
the amount adsorbed at the same temperature @ee Table 4). After the com-
pletion of a desorption run, the temperature of the sample container would
be raised to 400°C or even 450°C for outgassing till the amount of oxygen
adsorbed was outgassed as determined by a material balance. The surface
of the sample would return to its reference state and the next adsofption
run might be followed.

The error of the Geiger Counter was within 1 per cent for 1,000
countsfmin. The errors for both temperature controllers for the reactors
were within + 3°C at 350°C. The ionization gauge had an error less than
1 micron at 100 microns. Thus, the maximum percentage error of rate con-

stants is + 9 per cent.






V. EXPERIMENTAL RESULTS

A. CO2 - CO Exchange Reaction

The COp - CO exchange reaction was catalyzed by four cobalt
ferrite samples, C°3-xFex 0) , having compositions x = 1.903, 1.95k,
2,006 and 2.009. Table 1 summarizes results of experiments performed
at different COp» - CO ratios and different temperatures on each sample.

All the results were obtained on 1,000 gm of cobalt ferrite
catalyst with surface area 2..48 square meter which had been outgassed
for one day at 400°C and at a'pressure'of 1x 107 mm Hg and pretreated
twice with the CO» -~ CO gas mixture before each run. The percentage of
thOg in COp was 0.00266%. Two or three runs were performed under the
same experimental condition to insure the reproducibility of results
within 1.5% of thO formation.

Experimental data are tabulated in Appendix I. The results of
the percentage formation of thO versus time for CoO.9Ol FE2_099 0y at
350°C with different COg/CO ratios are plotted in Figure 4 as an example
plot of raw data. The rate constantkﬂ%;)was obtained from the rate of

g 14

formation o CO by applying Equation (21),

ap
v Ttheo _(ag)l
ART at

1 - (1 21
Pllg, (1 +a0)pyy,, ] (21)

Two methods were employed to calculate the value of k(ao),v
the initial rate method and the digital computer simulating method.
The detailed calculation is in Appendix II. The values of k(ao) are

presented in Table 1.
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TABLE 1

SUMMARY OF EXPERIMENTAL RESULTS OF THE EXCHANGE REACTION
OF COp AND CO ON Cog_,Fe,0)

k(a,) x 107
pcog/pco %‘frgg) mole
X Ratio hr.atm, cme
0. 464 350°C 0.064
1.903 0. L6k 380°¢C 0.735
0. L6k L1o°¢ 3.030
0. 46k 310°C ~ 0.094
1.954 0. 46k 350°C 0. 760
0. 46k 390°C 2.670
0. 464 250°C 0.0524
2.006 0.464 - 300°¢C 0.500
0. 46k 350°¢C 3.920
0. 46k 310°C 0.299
2.099 0. 464 350°C . 2.55
0. 46L 390°C 6.37
0.218 350°C 0.122
0. L46h 350°C 0.064
1.903 1,442 350°C 0.018%4
2.190 350°C 0.0132
0.218 250°¢ 0.100
2,006 0.46k4 250°C 0.052k
1,442 250°¢C 0.0145
0.284 350°C 4, 560
2.099 0.L464 350°C 2.550
1,122 350°C 1.1%0
2.565 350°C 0.L464
‘TABLE 2

ACTIVATION ENERGY OF THE EXCHANGE REACTION OF
COp AND CO ON Coz.xFexO)

x 1.903 1.954 2.006 2.009

Ea[gg%é] 54,8 32.k 27.7 30. k4
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Knowing the values of k(ay), the constant m which character-
izes the catalytic intermediate on the catalyst surface was obtained from
Equation (27),

d4nfk(ao)]

d4n a,

= -m (27)

Figure 5 is the plot of k(a,) versus a, for x = 1.903, 2.006
and 2.099. The results show that m = 1 for all three samples.
The activation energy Ep of four samples with ag = 0.L464 was

calculated from Equation (29),

Sﬁn[k(ao) ] Eg,
——— 7 (29)

o e

Figure 6 presents the plot of k(ay) versus % for four samples.

The values of E; are tabulated in Table 2.

B. Adsorption and Desorption of Oxygen

The generalized rate expression of oxygen adsorption can be

written as

i \ .
et Kygs Py = % K, 4s (active center i]y P, (39)

i
ads

where k the rate constant for i +type active center
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x = 2.099 »y IT'= 3500(3

Figure 5. The Value m From k(a,) Versus a

o *







~40-

[active center i]b= the activity of the bare i type active center
n = moles of 02 in the gas phase during the adsorption

p, = pressure of O2 in the reactor during the adsorption and

Kads is the overall rate constant which is a function of

catalyst composition, temperature and surface coverage

Based on the model described in the previous section, the

rate of adsorption of oxygen on cobalt ferrite, provided the desorption

rate is small, can be written as

+2

- L0y e8| - FetlB|, b, (0)

Adt—ads

where

+2 +3 . )
[Co !Bl - Fe ‘Bl]b = activity of the bare active center

co*2|B|. Fe'|B|
Since the total number of bare and occupied active centers is constant
for a catalyst, we have
[co*?|B| - Fe+5|B|jb + [Co™2|B| - Pe*’B|]_ = [Co™2|B| - Fe*d|B| ],
(k1)
where the subscripts o and t stand for occupied and total respectively.
From the material balance of oxygen, we have

A i Va
T2 alco™?|B| - Fe*|B|] = =g dp, =-dn (42)

where A = surface area of cobalt ferrite
B = number of active centers per unit area
N = Avogadro number

Va= volume of the adsorption oxygen reservoir
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Let the activity of the occupied centers at the reference state be-
[co*d|B| - Fe*’|B|] or
and integrate the above equation to obtain

[co*3|B| - Fe*I|B|]_ - [Co™’|B| - FeT|B|]

_ Va N (
ARRT - Pai

- Dy ) (43)

where 1 is the initial pressure of oxygen before the adsorption

Rearrange the above equation and combine with equation (41):

[co*?|B]| - Fe+5|B|]b'= [Co+2|B| - Fe+5|B|]t

Va N

- [co™d|B| - Fe*l|B|],, ~ 35ET (pgy - Pg) (44)

Put equations (42) and (44) into the rate equation (40):

Va d pa _ +2 +3 +3 +3

— o T kg, {Ico™|B| - Fe™’|B|1; - [Co™”|B|-Fe ”|B| 1oy
Va N

e (Pat” 0,)} D, (45)

The above equation can be simplified by defining

[co*2|B| - Fe*?|B|],_ = [Co™?|B| - Fe*3|B|]y-[Co™?|B|-Fe*?|B]

or
(46)
which is the activity of the bare centers at the reference state
of the surface and
Va N
Y = I
AT (47)
Va dpa +2 + .
- 18T 0% = XaasiCo |B| - Fe™2[B|Ipp-7 (pas- pa)t p,  (48)






Lo

By knowing the rate of pressure drop in the system, the rate constant
can be calculated from equation (48).
The rate of desorption can be expressed by

dn +5
KE% =X ges. [Co " |B| - Fe*?|B|]_ (49)

where ng= moles of O2 desorbed

Since the desorption experiment starts right after an
adsorption experiment, the activity of the occupied center at the
beginning of the desoprption is .

[Co+5|B| Fe+5|B|]Or + 7 (pgy - Par)

where is the final pressure or equilibrium pressure of

paf

adsorption. The material balance of oxygen during the desorption

becomes

A
* d[Co+5|B| - Fef5|B|]o = - g% d py = - dny (50)

where Py = the pressure of the bulb collecting the desorbed

oxygen

4 moles of O2 desorbed

the volume of the oxygen collecting reservoir

I

n

v
d

The integrated form of the above equation is
+3 +5 +3 +3
[Co”|B] - Fe 7|B|1o, + 7 (pgy - Par) - [Co 7[B| - Fe 7|B]],
Vd N
= —— (pg - Pai) (51)
ABRRT :
where P3; = the initial pressure of the bulb collecting

the desorbed oxygen
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Put equations (50) and (52) into equation (49),

va Ya

= +3
ART dt %ges . {rco™|s| - Fe lB“‘or + 7 (pgy - Pagp)

Vv
—Z\g—Rg (Pd - pdi)} (52)

Define [Co™?|B| - Fe'’|B|] ;4 = [Co*3|B| - Fe*|B|],

+ 7(pgs - Pag) (53)

= the initial activity of occupied center at the beginning

of the desorption and

Va N ‘
¢ = yorT (54)

The desorption rate equation (52) becomes

vV d dpd

+5|
ART dt

= Kges. {[CO ‘BI - Fe+5|B|]Oid -t (pa - Pi)} (55)

By measuring the rate of pressure increase in the collecting bulb, the
desorption rate constant is obtained from equation (55).

The adsorption and desorption of oxygen were performed on five
cobalt ferrite samples with x = 1.903, 1.95k4, 2,006, 2.058 and 2.099. All
the experiments were obtained on 50.000 gram of samples, corresponding to
1.24 x lO6cm2 surface area, placed in the sample container. The reproduci-
bility of results of adsorption runs was within 2 microns for pg after
the surface was brought back to its reference state by checking the material
balance of oxygen. Without checking the material balance of oxygen, the
reproducibility of pg4 was as poor as 20 to 30 microns. Table 3 summarizes
the results of the adsorption runs.

Experimental data of adsorption are tabulated in Appendix I.
Figure 7 is a sample plot of the pressure of oxygen pg versus time ¢t

at 300°C, 200°C and 100°C on cobalt ferrite with x =2.006.
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From Figure 7, it shows that P, changes very little after the
first hour of adsorption. The final pressure of adsorption Page is then
arbitrarily chosen as the pressure at twenty-four hours of adsorption.

The amount of oxygen adsorbed per square centimeter surface was calculated

from the integrated form of Equation (k42),

An v
2 = o (Day - Pag) (58)

The experimental data follow very well to the theoretical rate

expression of Equation (48),

vV, dp
) K%T &EE = Kads {[Co+2|B' = Fe+3|B|]br - 7(pgi - Pa)} Py, (48)

The constants k and [Co+2|B| - Fe+3|B|]br were calculated by simu-

ads
lating method with digital computer. The detailed procedure is in Appendix

II. The values of initial rate of adsorption and initial rate constant

Kads were obtained from Equation (40) at t =0,

d n +2
(

d Og +3
A dt)t _ o ~ KagsPai = kags[Co " |B| - Fe™"|B|] . Pay (59)

The activation energy of adsorption of initial rates was calcu-

lated from
O 41K Ea
— e = -5 (60)
5(_) ref.state
T

by knowing the KX,qg &t reference state for three different temperatures.
Figure 8 is the plot of log Kggg versus % for five samples.

The experimental data on desorption were poor. The derivation
of Py for runs under the same condition was as high as 50% because of
the following reasons: (i) The rate of desorption was so slow that the

pressure change with respect to time could not be read accurately from






mole \
“atm cne /

Kads. ( -
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3]50 300 2‘00

16°
" | L 1 | | |
1.5 1.7 1.9 2l 23 25
-'Tx 10* (°k™)
Figure 8.
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Activation Energy of Oxygen Adsorption From Kads. Versus ’T' .
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the thermocouple gauge. (ii) The desorbed oxygen was collected by the
mercury diffusion pump into the desorption reservoir. The efficiency,
the percentage of the desorbed oxygen collected by the pump at the same
short period of time, could not be very high because of the extremely low
pressure of the sample container. (iii) There was a certain amount of
oxygen trapped in the dead-space of the sample container. The trapped
oxygen may also contribute to the error of the desorption data.

The results presented for the discussion were the amount of
oxygen desorbed per unit surface area iﬁ twenty-four hoﬁrs and the ini-
tial rate of desorption. The former was obtain by integrating Equation

(50), which gave

Ang _ Va (
2 =% (p..-Ds.)
A ART ar Q1

(61)

The latter was obtained by taking the average rate of desorption in the

first five minutes. Table 4 summarizes the results of desorption.

C. Summary of Results in Terms of Catalyst Composition

The purpose of this research was to inyestigate the catalytic
activity of cobalt ferrite in terms of its composition. The following
figures summarize the results plotted against the composition of the
catalyst so that it is convenient for the discussion.

Figure 9 is the plot of the rate constant of the exchange re-
action versus the composition x at 350°C and with COg/CO ratio of 0. 46k,

Figure 10 was plotted with the activation energy FEa of the ex~
change reaction versus the composition x, COo/CO ratio = 0.4l and the
temperature ranging from 250 to 410°C.

Figure 11 shows the plot of the amount of oxygen adsorbed per

unit surface area versus the composition x at 300°C.
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Figure 12 shows the initial rate of adsorption versus the compo-
sition x at 300°C.
Figure 14 represents the initial adsorption rate constant Xkggg

versus the composition x at 300°C.

Figure 14 indicates the initial rate of desorption versus the

composition x at 300°C.

Figure 15 presents the amount of oxygen desorbed per unit area

versus the composition x at 300°C.
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VI. DISCUSSION OF RESULTS

The results shown in Figures 9, 12 and 13 give a uniform pattern
of curves which has a maximum when x 1is in the vicinity of two. These
extremes indicate that the rate constant of the CO, - CO exchange reaction,
the rate constant of adsorption of oxygen, and the initial rate of adsorp-
tion for the intrinsic sample, which is an insulator at x = 2, are higher
than the extrinsic samples with x # 2, 'The same conclusion was obtained
in some other works [51] [33]. The conclusion is, however, contrary to
other statements in the literature [13] [66]. These claim that the cataly-
tic activity of oxides is according to the order

p~-type oxides > insulator > n-types.
The reason for the claim is from a specific experimental result. That is,
the p-type oxides, the oxides of copper, nickel, cobalt and iron have
higher catalytic activity in the decomposition of NoO than the n-type oxides,
the oxide of zinc, chromium and gallium. These two contradictory orders of
activity are discussed in the following paragraphs.

The catalytic activity, as well as other properties, of a metal
oxide is determined by the metallic element of the oxide, the crystal struc-
ture and the defects. The metallic element and its electronic structure
determine the valence of the cation. The crystal structure and the metal-
lic element determine the type of chemical bonds between the metallic ele-
ment and the oxygen of the oxide. The metallic element of the oxide is
undoubtedly the predominant factor in effecting the chemical properties
of the oxide. Defects of the metallic oxide may act as electron donors
or electron acceptors which effect predominately the electronic properties

of the oxide.
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The results in this research are obtained in which the metallic
cations and the crystal structure of the oxide catalyst are invariant.
The only parameter is the defect of the oxide with which the oxide is
made into n-type, intrinsic or p-type by varying the composition of the
cations. The other statement is based on the comparison of oxides with
different metallic cations and with different crystal structures. It may
well be that copper oxide has higher catalytic activity than zinc oxide,
not because they are p- or n-type but because they are different ma-
terials.

In order to understand the mechanism of a catalytic reaction,
it is necessary to know the active center and the catalytic intermediate
of a reacting system. In the exchange reaction of COp and CO, the result
in Figure 5 gives the value of m =1 for three samples with x = 1,903,
2,006 and 2.099. This result indicates that the catalytic intermediate
on all three types =-- n-type, p-type and intrinsic =-- of cobalt ferrite
is Oggs (see Chapter 2, Section C). The extra electron of the catalytic

intermediate O_ is obtained from the active center on the catalyst

ads
surface. The proposed active center is the cation pairs Co+2{B[ - Fe+3lB‘
-=- the normal lattice cation pairs. FElectronic defects have been considered
as the active centers for catalytic reactions in the literature [10][62].

If the active ceﬁter for the exchange reaction of CO, and CO are defects,
the catalytic activity, which may be represented by the rate constant, for
n-type or p-type cobalt ferrite would be higher than the intrinsic cobalt
ferrite, But the results in Figures 9 and 13 show that it is not so.

This indicates that the active center for the exchange reaction is not

the characteristic defect. Experimental results have verified that

co™|B| - Pe*3|B| 1is the active center. For the intrinsic cobalt ferrite
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catalyst, the concentration of the active center Co+2|B] - Fe+3|B| is
higher than in either the n-type or the p-type cobalt ferrite, as is the
catalytic activity.

The next item to be discussed is the dependence of the magni-
tude of the rate constants k(ao) and K_ 35 on catalyst compositions.
The theory which is employed to explain the catalytic activity difference
among catalysts with different composition is based on the activity of
the active center Co+2|B{ - Fe+3|B] . For n-type cobalt ferrite, which
has a certain amount Co+2|Bl replaced by Fe+2|B], and also for the
p-type which has a certain amount of Fe+3[B| replaced by Co+2]B|; S0
that the surface concentration of the active center Co+2|B| - Fe+3]B]
for the n-type or the p-type is lower than the activity of the intrinsic.
The catalytic activity difference is in the order of magnitude of eighty,
but the concentration difference among samples is within lO% in the value
of x. This can be explained by the distribution of defects in a single
crystal and by the activation energy. The sample was prepared by firing
cobalt carbonate and iron oxide at 1950°C. At this high temperature, the
defects are ionized to form free electrons or electron holes depending on
whether the sample is iron-excessg or cobalt-excess in its composition.

We may expect that the defect concentration on the surface layer is higher
than the defect concentration in the bulk., The activation energy differ-
ence (cf. Tables 2 and 3) also contribute to the difference of the catalytic
activity.

It is worth noting that the plot of k(ag) or Kggg versus
X in Figure 9 or 13 would pass through a maxi um at x =2 1if the curve
is continuous. Unfortunately there is no way of knowing experimentally
what the exact maximum value of k(agy) or Kggs, 1is, since the stoi-

chiometric cobalt ferrite, COFepOL is seldom obtained.
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With the catalytic intermediate and the active center defined,
it 1s possible to postulate the reaction mechanism of the exchange re-

action as following:
O—.

|
(1) con(g) + Co™o|B| - Fe*d|B| 5 0o*3|B| - FeTB| + co(e)  (62)
o— . 0— -

|
(i1) co*3|B| - Fe*3|B| - co™3|B| - Fet3|B] (63)
o

(1i1) co™3|B| - ge+3lB| + co(g) — Co™3|B| - Fe*®|B| + cOa(g)  (6h)

(iv) co™3|B| - Pe*?|B| - Co*2|B| - Fet3|3| (65)

Because of lack of thermodynamic data for surface reactions on
cobalt ferrite, it is rather difficult to discuss each step quantitatively.
But we can discuss the steps in a qualitative manner. Step (i) is the re-
duction reaction of COp which has a poigible positive AH and AF . So
the activity of the products CO and CE;3|B[ - Fe*?|B| is smaller than
the activity of the reactants COo and Co+2|B] - Fe+3|B| in an equilibrium
system. Since agpo and acop, are fixed by the partial pressure of CO
and CO,, we may expect to have [Co+2[B| - Fe+3|B]] >> [0243!Bl - Fe+3[B]] .
This was verified by the conductivity measurement by Ratterman [49]. Step
(ii) involves a change of bonds from O = Co+3|B| to 0 - Fe+3[B| . Be-
cause of the same charge and almost the same ionic radius (rFe+3 = 0.67 A,
roo+3 = 0.65 A) of co*3|B| and Fe*3|B|, we may expect very little change
in the vibration frequency, and likewise in the vibration pagE}tion func-
tion and in the_.free energy. Therefore the activities of C$+3|B| - Fe+3iB1
and Co+3iB[ - ie+3]B| are almost the same. Step (iii) is a possible exo-
thermic reaction of the oxidation of CO,.so the AH and AF are negative.

We may expect [Co*3|B| - Fe*?|B|] >> ci+3\B| - Fe*t3|B| . step (v) involves
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an electron transfer between the ion pair. In cobalt ferrite, the

Co+2|B| - Fe+3IB| with lower potential energy is more stable than

Co+3|B| - Fe+2]B[ . Jonker [35] has shown that the potential energy

of Fe+3|B| is 0.025 eV lower than Fe+2[B[ and the potential energy

of Co™2|B| is 0.15 eV lower than Co*3|B| . Therefore [Co*2|B|-Fet3|B|]
is higher than [Co*3|B| - Fe*?|B|] . We may conclude that the activity

of the bare and covered active cenmter is in the order of [Co™@|B| - Fet3|B|] >

[cot3|B| - Fet2|B|] >> [Co*3|B| - ;ﬁ+313|] = [Ci;3|B| - Fet3|B|] .

The experimental result of the oxygen adsorption in Figures 11,
12 and 13 also show that the intrinsic cobalt ferrite has a higher activity
than both the n-type and the p-type. With the same proposed active center
as the exchange reaction it is postulated that the mechanism of oxygen ad-

sorption and desorption follows the steps:

0
|
C,)_‘
(1) o0o(g) + co*?|B| - Fet3|B| - cot3|B| - Fet3|B| (66)
0 0—
| |
i |
|
(11) co*3|B| - Fe*3|B| - co*3|B| - Fe*3|B| (67)
T—
0 0 - - = -0-
3 +3 |+3 +3
(iii) co™d|B| - Fe*2|B] - Co™2|B| - Fe™|B] (68)
T o
l |
(iv) co*3|B| - Fe*3|B| - co*3|B| © Fe*?|B| (69)
[T
(v) co*3|B| - Fe*2|B| - cot3|B| - Fe[B| + 0,(e) (70)

(vi) co*3|B| - Fe*2|B| o co*?|B| - Fe*3|B| (71)
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Step (i) is the step of oxygen adsorption in which an electron
is transferred from the active center to the oxygen molecule., Step (ii)
(iii) and (iv) are the electron transfer steps between two oxygen atoms
and between the oxygen atom and Fe+3|B| . Step (v) is the step of oxy-
gen desorption. Step (vi) is the internal electron transfer of the active
center which returns to the more stable form.

The next few paragraphs are to discuss separately the effect of
the defects on the rate constant and on the activation energy of the ex-
change reaction, of the oxygen adsorption and of the oxygen desorption.

The rate constant k(ao) of the exchange reaction decreases
with an increase of the defect concentration for both n-type and p-type
samples as shown in Figure 9. There are two ways that k(ao) is effected
by defects, The first and the direct way which has been discussed is that
defects reduce the number of active centers. The second and the indirect
way is that the defect located next to the active center (see Appendix III)
may alter the polarity of the active center so that the potential field,
which effects the activation energy, is changed. From quantum mechanics,
it has been shown that the formation of ionic bonds and nonpolar covalent
bonds represents extreme cases of the chemical bond formation. The inter-
mediate case is the formation of polar covalent bonds. For n-type samples,
it is assumed that the predominate defect F?g2£B| is covered bz Osds.
(see Section II.B, (d)) with the reaction Fet2|B| + Ogqq -» Fet3|B|;

+ Oggs ° The ionized defect FE+3|B|i , has a positive polarity &+ be-
cause of the donation of an electron. If the active center of the ex-
change reaction, Co+2|B| - Fe+3|B] , is next to the defect Fe+3|B‘i P
the positive polarity &+ will contribute a certain attraction to the

outer-shell 34 electron of the Co+2|BI ion of the active center, to make
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the 3d electron more difficult to ionize. Thus the activation energy of
the exchange reaction should be higher for the n-type sample than for the
intrinsic. For p-type, the predominate defect is Co+3|B| » an electron
acceptor. If the active center Co+2]B| - Fe+3|B| is next to Co+3]B]
with a strong positive polarity, the active center will need an even
higher energy than the n-type to become ionized. Therefore the activation
energy of the exchange reaction for the p-type should be higher than both
the intrinsic and the n-type. The result shown in Table 2 is so.

The rate constant Kgqo, and activation energy E; of oxygen
adsorption as shown in Figure 13 and Table 3 are influenced by the defect
in the same way as is the exchange reaction. The primary effect of the
defect is the influence on the number of active centers from which the
intrinsic sample has a larger Kggs, than both the n-type and the p-type.
The secondary effect is the alteration of the polarity of the active cen-
ter from which the activation energy for the n-type or the p-type sample
is higher than the intrinsic. These effects are shown in Figure 13 and
Table 3. Table 3 also shows that the activation energy tends to drop
for both n-type and p-type when the defect concentration goes beyond a
certain value., This can be explained by the bare "strong" chemisorption
center (see Sec. II.C) of defects Fb+2[B| and Co+2|B|i participating
in the oxygen adsorption. If the oxygen covered defect Fe+2‘B| or
Co+2lBIi concentration on the surface is close enough to a certain value,
there will be an appreciable amount of oxygen molecules desorbed from the
"strong" chemisorption center when the sample is brought to its reference
state by heating it at 400°C under vacuum. The bare "strong" chemisorp-
tion center has a much lower activation energy than the "wveak" active

center Co*2|B| - Fet3|B| in the adsorption of oxygen. The experimental
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value of the activation energy at x = 1.903 and x = 2.009 is the overall
activation energy of adsorption of the two types of active centers.‘ It
is worth noting that there is no activation energy drop of the exchange
reaction at high defect concentrations because the "strong" chemisorption
centers are covered by Opqg, which do not participate in the exchange
reaction,

The desorption of oxygen molecules involves the breaking of
O - Cot3|B| and O - Fe*2|B| bonds (see page }63 Step (v)). It is not
surprising that the activation energy of desorption is much higher than
the activation energy of adsorption. The high activation energy éf desorp-
tion results that the effect of the activation energy outweighs the effect
of the surface coverage in the determination of the rate of desorption.
The effect of the polarity of the defect toward the active center is the
same as in the exchange reaction and in the oxygen adsorption. The posi-
tive polarity of the defects next to the active cemters of the n-type and
p-type samples makes it easier for the active center to take the electron
back from the adsorbed oxygen molecule in the n- or p-type than in the
intrinsic (see page 63 Step (iv)). Therefore the activation of desorption
is lowered for both n-type and p-type samples. This results in the higher
desorption rate for both n-type and p-type samples than for the intrinsic
as shown in Figure 14. The desorption rate is reduced again when the de-
fect concentration is higher than a certain value. This is due to the de-
sorption of oxygen molecules which were adsorbed on the "strong" active
centers. The explanation is the same as in the adsorption of oxygen at
high defect concentrations.

It is important to investigaterthe possible secondary reactions

which may effect the rate of formation of ll‘CO in the exchange reaction
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of COp and CO. The adsorption of CO has been observed on both
n-type and p-type semiconductors [32]. There is a possible exchange re-

14

action between the CO 1in the gas phase and the CO . The activa-

ads.
tion energy of this reaction is high because CO;ds. is strongly adsorbed
on oxides [23]. The second possible reaction is luCO(g) + Co(g) -;luC
+ COp(g) which is thermodynsmically possible when the pio/pC02 ratio
is higher than 3 x 1072 at 350°C. Brandner [10] reported the formation
of carbon on gold strips used as the catalyst in the exchange reaction
COp and CO. These two possible secondary reactions contribute to the
disappearance of thO from the gas phase when there is an appreciable
amount of lL‘CO formed in the gas phase during the later half of an ex-
periment. But the rate constant k(a,) which is obtained from data of
the very early part of the experiment, is not effected by these secondary
reactions. Figure 4 shows that these secondary reactions did occur.
Finally, it is shown that the rate of oxygen adsorption does
not follow the absolute rate theory. If the adsorbed oxygen molecule is

immobile on the surface, Equation (56) derived from the theory can be

simplified to

Eg/RT 4
u e a/ = C4Cq o h 375 (72)
04 8xI(2mmkT)
If the adsorbed oxygen molecule is mobile, Equation (56) becomes
4 eEa/RT _ o kT h (73)

- 8 b (2mmkr)1/2
For the sample with x = 2.006 at T = 300°C, the experimentally obtained

value of u eEa/RT is 1.053 x 1012 molecules per sec., From Equations

(72) and (73), the calculated values of u Fa/RT 1o 3,05 x 1020 ana
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2,61 X 1017 molecule per sec. respectively. Comparing these values,
it is obvious that the absolute rate theory does not apply to our model

of the rate of oxygen adsorption.






VII. CONCLUSIONS

The following conclusions have been obtained from results of
the study of the catalyzed exchange reaction of COo, and CO, and the
adsorption and desorption of oxygen on cobalt ferrite Co3_xFexOh B
with x ranging from 1.903 to 2.099.

(1) For the exchange reaction and the oxygen adsorption, the
catalytic activity of the intrinsic cobalt ferrite is higher than the
catalytic activity of the n-type or the p-type. This is contrary to
what was claimed in literature. For the oxygen desorption, the rate of
desorption of the n-type or the p-type is higher than the rate of desorp-
tion of the intrinsic samplé. ‘We may generalize the results by stating
that: for reactions involving the electron ﬁransfer from cobalt ferrite
to the catalytic intermediate, the catalytic activity follows

intrinsic > n-type or p-type,
for reactions involving the electron transfer from the catalytic inter-
mediate to the solid, the catalytic activity follows

n-type or p-type > intrinsic.

(2) The catalytic intermediate for the exchange reaction is
O;ds.' The catalytic intermediate of the oxygen adsorption and desorp-
tion is in different forms of Oéads.' The active center for both re-
actions is the ion pair, Co+2|B| - Fe+3|B| . This is also contrary to
some literature in which the defects are being considered as active cen-
ters for the catalytic reaction.

(3) The defects Co*3|B| and Fe*®|B| effect the catalytic
activity of the exchange reaction in two ways. The predominant effect
is that the defects reduce the number of the active center Co+2|BI
- Fe+3|B[ on the catalyst surface. The second effect is that the
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defects alter the polarity of the active center, so that the activation
energy of the exchange reaction increases with the increase of the'de-
fect concentration.

(4) For the adsorption of oxygen, the defects effect the rate
of adsorption in three ways. The first two are the same as in the ex-
change reaction, namely the effects of the number of the active center
and the polarity. The third way is that the defect causes a decrease
of the activation energy when the surface concentration of defects is
higher than a certain value. This is due to the defect itself acting as
the active center, at the high defect concentration.

(5) The defects give the same three effects in the desorption
of oxygen as in the oxygen adsorption. Because of the high activation
energy of desorption, the polarity effect outweighs the effect of the
number of active centers. This results that the rate of desorption for
the n-type or the p-type is higher than the intrinsic sample. The third
effect at a high defect concentration results in the increase of the
activation energy. This effect causes the decrease of the desorption
rate at high defect concentrations.

(6) There are two possible secondary reactions occurring

eo(g) + 00336, ﬂl%o'ads

with the exchange reaction. They are (i)
+ C0(g) and (ii) l'LPCO(g) + C0(g) - 14C(s) + COo(g). They may cause

the decrease of thO in the gas phase.






APPENDICES

APPENDIX I EXPERIMENTAL DATA

A. Experimental Data of the Exchange Reaction of CO, and CO

TABLE 5

14 EXPERIMENTAL DATA ON THE FORMATION OF
CO CATALYZED BY 1.000 GRAM OF Co5 XFeX04

Corrected I Corrected
Total Counts Total Counts 130 counts llLCO Counts
Time per Two per Two per Two per Two
(hours) Minutes Minutes Minutes Minutes Co%

Run No. 18-2, x=1.903, ao=o.u6u, T=3%50°C

1.5 2151k 21466 705 553 2.57
10.0 20727 20699 3118 2966 14,32
22.67 20542 2049k 5181 5030 2k.6
3k, 67 20%88 20%2k 5980 5828 28.7
b7.33% 19842 19794 6331 6180 31.2
59.67 19276 19228 6061 5910 30.8
T0.67 18540 18492 5451 5300 28.6
95.17 17896 17858 h346 L9k 23.5

108.0 17590 17542 39k7 3796 21.6
143,17 16752 1670k 2923 2772 16.5

Run No. 18-3,x=1.905, a_=0.46k, T=380°C

1.0 2081k 20766 3202 3070 14.8
3.0 20327 20279 5h12 5260 25.9
5.0 19751 19703 6115 5964 30,2
10.17 18766 18718 54lp 5390 28.8
2k, 67 17422 17374 3578 3426 19.7
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TABLE 5 (CONT'D)

Corrected L 14 Corrected
Total Counts Total Counts CO Counts CO Counts
Time per Two per Two per Two per Two 1
(hours) Minutes Minutes Minutes Minutes co%

Run No. 18-4, x=1.903, ao=o.h6h, T=380"°C

0.5 21375 21327 2430 2278 10.675
2.0 20849 20801 4867 4716 22.6
k.0 20195 2014k 5972 5820 28.8
6.0 20086 20038 6242 6092 30. 4
25.5 17842 17794 3365 321k 18.1

Run No. 18-5, x=1.903, ao=o.u6u, T=410°C

1.0 23217 23169 6349 6198 25.7
2.0 22676 22628 6931 6781 29.9
3.5 21726 21678 6543 6392 29.4
5.5 20937 20889 5289 5138 2k.6
11.0 1640k 16365 3620 3468 21.2

Run No. 18-6, x=1.903, ao=o.464, T=k10°C

0.5 21899 21851 5043 4892 22,4
1.5 20786 20728 6103 5952 28.8
2.5 19718 19670 5758 5606 28.5

Run No. 14-6, x=1.954, ao=o.464, T=350°C

2.0 19568 19520 5290 5138 26.3
5.33 18302 18254 6838 6676 35.6
10.33 17581 17533 6146 599k 3h.2
25.0 16187 16139 3838 3686 22.6

29.67 15582 17534 3298 3146 18.0
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TABLE 5 (CONT'D)

Corrected in 1 Corrected
Total Counts Total Counts CO Counts CO Counts
Time per Two per Two per Two per Two 14
(hours) Minutes Minutes Minutes Minutes co%

Run No. 14-7, x=1.95k, aO=O.464, T=350°C

1.0 19322 18274 3183 3032 16.6
k.09 18752 1870k 662 6310 33.8
6.0 18422 18374 6673 6522 35.5
12.5 17436 17388 5431 5278 30. 4
2k.5 16010 15962 3545 3392 21.3

Run No. 14-8, x=1.954%, a_=0.46k, T=310°C

2.0 19905 19857 1888 1736 8.75
4.0 19811 19763 321k 3062 15.5
8.8k 19623 19575 5341 5188 26.6
23.0 18912 18864 7212 7060 37.4

Run No. 14-9, x=1.95k, ao=o.h64, T=310°C

14,0 18959 18911 6112 5960 31.4
19.0 18608 18560 6493 6342 3h.1
27.0 18530 18482 684k 6692 36.3
36.67 17568 17520 6698 6546 57.3
k9.0 17286 17238 6208 6056 35.1
66.67 16552 16504 5279 5128 31.1

86.0 16068 16020 4662 4510 28.1
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TABLE 5 (CONT'D)

Corrected 14Corrected
Total Counts Total Counts ~ CO Counts CO Counts
Time per Two per Two, per Two per Two n
(hours) Minutes Minutes Minutes Minutes co%
Run No. 14-10, x=1.954, ao=o.h6h, T=3%90°C
1.0 20198 20150 6710 6658 32.6
2.0 19236 19188 5859 5708 29.8
5.0 18563 18515 5048 4896 26.4
k.o 17894 17846 ko5 Look 22.9
Run No. 14-11, x=1.95k4, ao=o.u6u, T=390°C
0.67 20676 20628 6030 5878 28.5
1.50 20208 20160 6285 6134 30.4
5.50 17951 17903 3530 3218 18.0
Run No. 14-12, x=1.95L, ao=o.464, T=390°C
0.33 20848 20800 4130 3818 15.9
Run No. 10-8, x=2.006, ay=0.46k, T=300°C
1.0 18707 18659 1802 1650 8.85
3.5 16606 16558 3939 %788 22.8
Run No. 10-9, x=2.006, a,=0.46k, T=300°C
2.0 19440 19392 3211 3058 15.8
3.67 19377 19329 Lhky L4289 ee.2
10.84 18734 18686 T046 6894 36.9
22.67 17873 17825 6642 6290 35.2
33.33 16918 16870 5772 5620 33.3
48.67 16057 16009 4658 4506 28.1
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TABLE 5 (CONT'D)

Corrected Corrected
Total Counts Total Counts CO Counts CO Counts
Time per Two per Two per Two per Two
(hours) Minutes Minutes Minutes Minutes lL"co%
Run No. 10-10, x=2.006, ao=o.46h, T=300"°C
1.5 19197 19149 2365 221% 11.6
6.25 18808 18760 6211 6059 32.3
17.92 19298 19250 7135 6983 36.3
ok, 8k 17452 1740k 6410 6249 35.9
L7.84 14719 15671 4679 Lso7 28.9
Run No. 10-12, x=2.006, ao=o.46u, T=250°C
1.5 20945 20897 439 287 1.57
6.17 18610 18562 1093 okl 5.07
11.5 18624 18576 1775 1623 8.75
27.0 19510 19462 3187 3035 15.6
35.0 18495 184k7 371L 3562 19.3
48.17 18998 18950 4602 Li50 2k, 0
75.17 17684 17636 5712 5560 31.5
97.17 17661 17613 6254 6102 3h,7
106.67 17h1h 17366 6218 6066 34,9
118.67 16859 16811 6410 6258 57.2
123.0 16682 16634 6351 6199 37.3
14k.0 18042 17994 6671 6520 36.2
168.67 16382 16334 6591 64ho 39.4
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TABLE 5 (CONT'D)

Corrected 1k Corrected
Total Counts Total Counts CO Counts CO Counts
Time per Two per Two per Two per Two
(hours) . Minutes Minutes Minutes Minutes co%
192.00 15885 15837 6585 6433 Lo.6
216.67 15667 15619 6284 6132 39,2
241.0 15845 15797 6099 5947 37.6

Run No. 10-13, x=2.006, a,=0.46k, T=350°C

1.0 20775 20727 7106 6954 33.6
2.5 19121 19073 T107 6955 36.5
4.5 17904 17856 5628 5476 30.7
11.5 16244 16196 301k 2862 17.7

Run No. 10-14, x=2.006, a,=k6k, T=350°C

0.5 19518 19470 5073 Lol 25.3
1.5 19573 19325 69k 659k 34,1
5.5 17598 17550 5965 5813 33.1
10.5 1634k 16296 3086 293k 18.0
25.0 14502 14hsh 1198 1046 7.3

Run No. 17-1, x=2.099, ao=o.u6u, T=3%50°C

1.0 21456 21408 5540 5388 25.2
2.0 20346 20298 6993 6841 33.7
3.5 19929 19881 1333 7181 36.1
9.5 19135 19087 5874 5722 30.0

2k .5 18133 18085 3689 3537 19.5
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TABLE 5 (CONT'D)

Corrected 1k 1 Corrected
Total Counts Total Counts CO Counts CO Counts
Time per Two per Two per Two per Two 14
(hours) Minutes Minutes Minutes Minutes co%
Run No. 17-2, x=2.099, a/=0.464, T=350°C
0.5 19526 19478 2969 2817 14,5
1.5 19093 19045 5630 5478 28.8
3.0 18543 18495 6712 6560 35.5
k.5 17781 17733 e4s50 6298 35.5
23.0 15951 15903 3060 2908 18.3
29.0 15332 15284 2533 2381 15.6

Run No. 17-3, x=2.099, ao=o.u6h, T=310°C

2.0 19005 18957 1828 1676 8.9

4.5 18613 18565 3321 3170 17.1
10.5 18411 18363 5780 5628 30.7
19.0 18209 18161 6981 6830 37.6
24,0 17643 17595 6692 6540 37.2
28.5 17187 17139 6566 61k 374
36.5 17107 17059 6273 6121 35.9
52.5 16590 16542 5548 5396 %2.6
72.0 15821 15773 4811 L660 29.6
95.3 15431 15381 3898 3746 ok L

Run No. 17-5, x=2.099, a_=0.464, T=390°C
1.0 20547 20499 694 k4 6792 33,1
2.0 19595 19547 5768 5616 28.7
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TABLE 5 (CONT'D)

Total Counts Toigirggzrelis 140 Counts ggréiiﬁii
Time per Two per Two per Two per Two 14
(hours) Minutes Minutes .. Minutes . Minutes co%
3.0 18643 18595 4826 LeTh 25.2
k.o 17936 17888 4193 Lol 22.6
5.0 17389 173k 3508 3356 19.3
Run No. 17-6, x=2.099, ao=o.u6h, T=390°C
0.67 21749 21701 7253 7201 33.2
1.67 19673 19625 6271 6120 31.2
Run No. 17-7, x=2.099, ao=o.u6h, T=390°C
0.33 2094k 20896 6037 5885 28.2
1.33 19849 19801 6419 6267 31.7
Run No. 18-11, x=1.903, ao=o.u6u, T=350"°C
1.0 9001 8953 209 133 1.49
3.0 8952 890k 5kl 468 5.26
9.75 9029 8981 1352 1276 14,2
23.67 8673 8625 2617 2541 29. k4
34,0 8728 8680 2866 2790 32.1
48.0 8456 8408 2835 2759 32.8
59.25 8367 8319 3858 2782 33,4
73.0 8081 8025 2438 2362 29.3
Run No. 18-21, x=1.903, a,=2.19, T=350°C
2.0 837k 8326 136 €0 0.72
4.0 827k 8226 185 119 1.45






TABLE 5 (CONT'D)

Corrected 1 yCorrected
Total Counts Total Counts CO Counts CO Counts
Time per Two per Two per Two per Two 14
(hours) Minutes Minutes Minutes Minutes C0%
10.5 8420 8372 370 294 3.50
2k.25 8325 8277 584 508 6.1k4
3h.25 8154 8106 711 635 7.82
48.25 8108 8060 8lk 768 9.51
71.25 8229 8181 877 801 9.78
Run No. 18-33, x=1.903, ao=o.218, T=350°C
1.5 8287 8239 382 306 3.71
3.5 8355 8307 657 561 7.00
6.0 8221 8173 957 881 10.77
11.0 810k 8056 163k 1558 19.30
Run No. 18-44, x=1.903, ao=1,442, T=350°C
1.8 9109 9061 169 93 1.02
5.5 8798 8750 B4k 268 3.07
20.0 8772 872k 9kt 870 10.10
h7.5 8703 8655 1535 1459 16.82
Run No. 10-21, x=2.006, a_=0.218, T=250°C
1.5 ThO7 7359 288 212 2.88
5.5 7465 7417 796 720 9.70
12.0 7384 7336 1627 1551 21.2
2k.0 Th36 7388 2343 2267 30.8
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TABLE 5 (CONT'D)

Total Counts T222§egziits 0 counts CSOgZiEEZd
Time per Two per Two per Two per Two 14
(hours) Minutes Minutes Minutes Minutes co%
Run No. 10-31, x=2.006, a,=1.4k2, T=250°C
2.0 2837 2789 92 19 0.68
6.0 8002 954 282 206 2.59
12.0 8019 7971 L8 406 5.10
25.0 7687 7639 830 75k 9.85
Run No. 17-12, x=2.099, a,=0.46k, T=350°C
0.33 10499 10451 1954 1878 18.0
Run No. 17-13, x=2.099, ao=o.46u, T=350°C
0.67 9740 9692 2460 238k 2k, 6
2.67 ohs2 okok 3918 382 Lo.9
5.0 9087 9039 5615 3539 39.2
Run No. 17-1k4, x=2.099, ao=o.u6h, T=350°C
1.0 9910 9862 3397 3321 33.7
2.0 9506 9458 3969 3893 bi.2
3.5 911k 9066 3843 3767 L1.5
Run No. 17-21, x=2.099, a_ =2.565, T=350°C
1.0 8300 8252 975 899 10.9
2.0 8189 81k 1401 1325 16.3
3.17 7982 793k 1605 1529 19.3
6.17 7818 1770 1603 1527 19.7
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TABLE 5 (CONT'D)

Total Counts Tiiiieéﬁiits %0 Counts ‘Sgréiiﬁii
Time per Two per Two per Two per Two 14
(hours) Minutes Minutes Minutes Minutes co%
Run No. 17-22, x=2.099, ao=2.565, T=350°C
k.5 8136 8088 1750 1674 20.7
Run No. 17-31, x=2.099, ao=o.28h, T=350°C
0.17 7580 7532 1356 1280 17.0
1.0 7366 7318 3458 3382 46.3
Run No. 17-32, x=2.099, ao=o.28h, T=350°C
0.33 7759 7691 2347 2271 29.6
1.5 7374 7325 3720 3644 49.8
Run No. 17-33, x=2.099, a =0.28k4, T=350°C
0.5 7553 7505 2758 2682 35.8
2.0 7083 7035 3551 3475 hg.2
3.5 7684 6736 3065 2989 L 6
Run No. 17-U41, x=2.099, a =1.122, T=350°C
0.5 9108 9060 1372 1296 14.3
1.5 8h62 8418 2455 2379 28.3
3.0 8101 8653 3050 2974 344
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B, Adsorption Rate Data

TABLE 6

EXPERIMENTAL DATA ON THE ADSORPTION OF
OXYGEN BY 50.000 GRAM OF COBALT FERRITE

Time(minutes) pa (microns) Time(minutes) Py (microns)

Run No, 10-14%, x = 2,006, T = 300°C, Room Temperature = 26,1°C

0 102.3 10 14,2
0.25 85.2 15 9.8
1.00 54,3 40 3.0
1.50 47.0 60 2.2
2.0 ho.2 1150 1.7
3.0 32.2 2710 1.5
5.0 23.5

Run No. 10-15, x = 2,006, T = 300°C, Room Temperature = 29.1°C

0 103.5 5 23.8
0.25 87.4 10 13.3
0.50 Th.1 15 10.2
1.00 56.5 20 6.9
1.50 L7 50 3.h
2.0 L0.5 1325 2.7

3.0 32,5 2470 1.9
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TABLE 6 (CONT'D)

Time(minutes) pa(microns) Time(minutes) pa(microns)
oo ]
Run No, 10-19, x = 2,006, T = 200°C, Room Temperature = 25,7°C

0 101.2 10 37
0.25 88.5 20 31
0.50 76.8 o) 25.7
1.0 64.0 80 20.9
1.5 58.1 190 12.9
3.0 49.0 1190 6.2
5.0 Ly, 2

Run No. 10-20, x = 2,006, T = 200°C, Room Temperature = 25,3°C

0 102,2 10 38.1
0.25 87.4 20 31.9
0.50 77.9 Lo 26.6
1.0 66.0 80 20.9
1.5 59.7 170 15.6
3.0 51.1 1180 6.0
5.0 45,4

Run No. 10-21, x = 2,006, T = 100°C, Room Temperature = 25,3°C

0 100.0 15 48.0
0.25 85.3 Lo L2.6
0.50 T7.5 100 35.8
1.0 68.8 990 21.5
2.0 61.9 1470 19.1

5.0 54,3 2580 16.7
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TABLE 6 (CONT'D)

Time(minutes) pg, (microns) Time(minutes) Py (microns)
e e e e e e e e e e e e e e e e e e e e e e ettt el

Run No, 18-8, x = 1,903, T = 300°C Room Temperature = 25,3°C

0 101.7 100 6k4.5
0.25 93.8 360 58.6
1.0 85 1080 53.2
5.0 76.2 2220 48.3
30 68.2

Run No. 18-9, x = 1,903, T = 300°C, Room Temperature = 24,2°C

0 103.6 100 66
0.25 95.5 510 59.6
1.0 86.3 1250 56
5.0 78 1980 52.8
30.0 70.3

Run No. 18-10, x = 1,903, T = 200°C, Room Temperature = 26.3°C

0 107.2 100 78.5
0.25 100.3 380 73.2
1.0 95.3 1160 68.7
5.0 89.2 2620 65.5
30.0 82.3

Run No, 18-11, x = 1,903, T = 200°C, Room Temperature = 25.2°C

0 104,1 120 75.2
0.25 98.7 510 69.7
1.0 93.8 1430 66.0
5.0 87.8 2885 63.7

30.0 80.5
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TABLE 6 (CONT'D)

Time(minutes) Py (microns) Time(minutes) Py (microns)

Run No, 18-15, x = 1.903, T = 100°C, Room Temperature = 24.4°C

0 100 100 81.5
0.25 96.5 540 Th.8
1.0 oLk 1460 70.1
5.0 90.2 2660 67.1
30.0 85.0

Run No. 18-16, x = 1,903, T = 100°C, Room Temperature = 26.8°C

0 101.9 100 8k.2
0.25 98 360 79.3

1.0 96.2 0545 73.6
10.0 91.7 2615 70.3
40.0 87.4

Run No. 17-1, x = 2.099, T = 300°C, Room Temperature = 25.1°C

0 102.5 60 87.4
0.25 100.3 120 84,2
1.0 99.2 360 Th.5
5.0 96 1140 65
20,0 90.6 2670 55.5

Run No. 17-2, x = 2,099, T = 300°C, Room Temperature = 25.1°C

0 102,5 60 88.4
0.25 101.0 120 83.1
1.0 - 99.9 480 69.2
5.0 98 1330 51.1

20.0 93.8 2880 ho,1
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TABLE 6 (CONT'D)

Time(microns) Pa(microns) Time(minutes) pg(microns)

Run No. 17-3, x =2,099, T = 300°C, Room Temperature = 24.9°C

0 100.6 120 8h.7
0.25 98.8 280 76.6
1.0 93.2 530 68.6
5.0 96 1665 52.1
30.0 91.6 2995 45,2
60.0 88.9

Run No. 17-5, x =2.099, T = 200°C, Room Temperature = 2k,5°C

0 105.2 40 102.0
0.25 103.L 100 101.0
1.0 102, 8 1560 99.2
5.0 102.6

Run No. 17-6, x = 2,099, T = 400°C, Room Temperature = 25,2°C

0 103.3 60 54.3
0.25 99.2 100 48.0
1.0 95.0 250 3k.5
5.0 84,8 740 22.5
10.0 78.1 1440 17.7

30.0 64,5
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TABLE 6 (CONT'D)

Time(minutes) Py (microns Time (minutes) Py (micrors)
Run No. 17-7, x = 2,099, T = 400°C, Room Temperature = 24,8°C
0 98.8 60 50.6
0.25 95.5 170 38.1
1.0 89.7 300 31.0
5.0 79.1 650 2h.6
10.0 71.3 1440 18.0
30.0 58.2
Run No. 1k-1, x = 1.95u; T = 300°C, Room Temperature = 26,2°C
0 102.0 | 160 90.1
0.25 100.3 500 87.9
1.0 98.1 1240 85.2
10.0 95.0 2730 82.3
30.0 93.0
Run No. 14-2, x = 1.954, T = 300°C, Room Temperature = 25,3°C
0 100.9 120 92,2
0.25 99.9 420 90.0
1.0 98.3 1500 87.8
10.0 96.0 2800 86.4
30.0 9k.1
Run No, 14-4, x = 1.954, T = 500°C, Room Temperature = 27.7°C
0 103.6 30 65.7'
0.25 98 100 55.2
1.0 88 180 49.8
5.0 77.9 560 40.6
10.0 Th 1340 33.6
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TABLE 6 (CONT'D)

Time(minutes)

pg (microns)

Time(minutes)

ps (microns)

e

Run No. 14-5, x = 1,954, T = 500°C, Room Temperature = 23,1°C

2.0
SL.T
h2,2

37.7

76.6

70.7
6h.2

53.2

400°C, Room Temperature = 22,3°C

81.0
4.8
64,0

55.4

400°C, Room Temperature = 25,1°C

51.8
W7
38.2
32,6

28.0

0 103.3 90
0.25 97.5 180
1.0 87.8 690
10.0 Th.2 1360
30.0 66
Run No. 14-6, x = 1.954, T = 400°C, Room Temperature = 25,3°C
0 105.7 100
0.25 102.0 260
1.0 93.8 620
5.0 88.0 1725
30,0 81.6
Run No. 1h4-7, x = 1,954, T =
0 105.2 30
0.25 101.0 120
1.0 93.0 580
5.0 87.4 1320
Run No, 15-3, x = 2,058, T =
0 101.4 45
0.25 97.5 90
1.0 90.2 180
5.0 76.2 390
10.0 68.4 1430
20.0 60.1






TABLE 6 (CONT!'D)

Time(minutes) py(microns) Time(minutes) pa(microns)

Run No. 15-4, x = 2,058, T = 400°C, Room Temperature = 26,7°C

0 100.9 20 61
0.25 97.7 50 52.2
1.0 89.6 110 Lh.8
5.0 75.8 210 39.3
10.0 68.3 1415 29.0
Run No. 15-6, x = 2,058, T = 350°C, Room Temperature = 26,7°C
0 99.7 Lo 73.1
0.25 97.7 80 68.2
1.0 93.2 180 62.4
5.0 86.3 615 52,2
15.0 79.3 1395 L, L
Run No, 15-7, x = 2,058, T = 350°C, Room Temperature = 28,6°C
0 99.4 30 72,2
0.25 97.0 60 67.9
1.0 92.2 100 64,2
5.0 84.5 390 55.4
15.0 T7.3 1225 h7.5
Run No, 15-8, x = 2,058, T = 300°C, Room Temperature = 28.7°C
0 103.2 30 85.8
0.25 102.0 60 81.5
1.0 99.2 130 76.8
5.0 95 370 69.0
15.0 89.5 1255 60.8
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C. Data of Oxygen Desorption

TABLE 7

EXPERIMENTAL DATA OF OXYGEN DESORPTION
FROM 50.000 GRAMS OF COBALT FERRITE

Time (minute) p, (micron) Time(minute) pa(micron)
Run No. 10-1%, x = 2,006, T = 300°C, Room Temperature = 23.1°C
0 5.35 120 7.2
1 5.5 230 8.2
5 5.6 1390 12.8
60 6.48
Run No. 10-15, x = 2,006, T = 300°C, Room Temperature = 24.7°C
0 5.07 150 6.9
1 5.07 330 8.3
5 5.22 1410 11.7
30 5.65
Run No. 10-19, x = 2,006, T = 200°C, Room Temperature = 24.4°C
0 1.41 140 1.56
1 1.hk2 1390 2.6
50 1.47
Run No. 10-20, x = 2,006, T = 200°C, Room Temperature = 25.5°C
0 1,14 110 1.78
1 1.16 1510 4.27
10 1.31
Run No. 10-21, x = 2,006, T = 100°C, Room Temperature = 26.0°C
0 0.7 100 1.86
1 1.13 410 2.57
10 l.27 1230 3.17
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TABLE 7 (CONT'D)

Time(minute ) Py (micron) Time(minute) Py (micron)
Run No. 10-21, x = 2.006, T = 100°C, Room Temperature = 26.0°C
0 0.7 100 1.86
1 1.13 410 2.57
10 1.27 1230 3.17
Run No. 18-8, x = 1.903, T = 300°C, Room Temperature = 24.5°C
0 16.28 140 19.7
1 16.43 420 21.8
> 16.93 1420 23.1
30 17.88
Run No. 18-9, x = 1.903, T = 300°C, Room Temperature = 25.1°C
0 16.3 290 21,0
1 17.2 1475 25,6
30 18.05
Run No. 19-10, x= 1.903, T = 200°C, Room Temperature = 25,5°C
0 27.0 270 29,2
1 28.4 2910 30.9
30 28.9
Run No. 18-11, x = 1.903, T = 200°C, Room Temperature = 29.3°C
0 17.2 505 19.6
1 18.4 2865 21.1
30 18.6
Run No, 18-15, x = 1.903, T = 100°C, Room Temperature = 23.5°C
0 20.1 105 21.4
1 21.3 1305 21.6
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TABLE 7 (CONT'D)

Time(minute) Py (micron) Time(minute) Py (micron)

Run No. 18-16, x = 1.903, T = 100°C, Room Temperature = 27.5°C

0 16.8 240 18.1

1 17.9 2730 18.5

Run No. 17-1, x = 2.099, T = 300°C, Room Temperature = 25.5°C

0] 7.1 370 17.9

1 8.5 1420 22,0

30 10.4 2850 23.9

Run No, 17-2, x = 2,099, T = 300°C, Room Temperature = 24.2°C

0 37.8 1380 41.0

1 38.7 2620

250 39.1

Run No. 17-5, x = 2.099, T = 200°C, Room Temperature = 24.5°C

0 1.1 90 16.0

1 15.9 2885 16.1

Run No. 17-6, x = 2.099, T = L00°C, Room Temperature = 24.0°C

0 7.3 120 23.1

1 8.8 540 33.8

5 11.7 1440 br7.3

10 13.9 2940 50.2
30 18.0

Run No, 17-7, x = 2.099, T = 400°C, Room Temperature = 24.7°C

0 4.9 100 13.8

1 5.8 220 17.8

5 6.6 1320 36.2

Lo 10.4 3080 50.6
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TABLE 7 (CONT'D)

Time(minute) ps (micron) Time(minute) pa (micron)
Run No. 14-1, x = 1,954, T = 300°C, Room Temperature = 29.7°C
0 9.0 60 12.5
1 10.5 530 16.0
5 10.8
Run No, 14-2, x = l.é5h, T = 300°C, Room Temperature = 26.2°C
0 28.4 150 3k.5
1 30.5 440 36.2
5 30.9 1320 37.8
40 32.3 2740 38.7
Run No. 14-4, x = 1.954, T = 500°C, Room Temperature = 23.9°C
0 5.3 60 20.2
1 7.3 310 32.1
5 10.3 660 40.5
20 14,9 1635 53.2
Run No. 14-5, x = 1.954, T = 500°C, Room Temperature = 22,3°C
0 5,3 280 31.5
1 7.9 690 La.2
5 10.7 1400 52,5
20 15.0 2880 65.0
70 21.h
Run No. 14-6, x = 1,954, T = 400°C, Room Temperature = 24,5°C
0 7.4 150 15.0
1 9.0 290 17.1
5 10.0 1430 23.2
L0 12.3
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TABLE 7 (CONT'D)

Time(minute) ps (micron) Time(minute) Dy (micron)
Run No. 14-7,"x = 1.95&, T = 400°C, Room Temperature = 25.1°C
0 7.6 40 12.8
1 9.5 280 17.9
5 10.5 1380 4.5
Run No. 15-3, x = 2,058, T = 400°C, Room Temperature = 24,1°C
0 | 8.6 110 31.5
1 11.6 170 36.9
5 .9 460 58.1
30 21.5 1270 90.1
Run No. 15-%, x = 2.058, T = 400°C, Room Temperature = 27.8°C
0 5.9 60 21.8
1 7.8 160 31.6
10 12.9 1310 83.1
30 17.2
Run No. 15-6, x = 2,058, T = 350°C, Room Temperature = 26.7°C
0 7.8 100 20.5
1 9.3 350 28.2
5 10.1 640 35.4
30 15.5 1455 46.0
Run No. 15-7, x = 2,058, T = 350°C, Room Temperature = 27.0°C
0 14.8 180 30.9
1 16.1 660 bhy,1
10 19.2 1410 52.8
60 25.0
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TABLE 7 (CONT'D)

Time (minute) pa (micron) Time(minute) Dy, (micron)

Run No. 15-8, x = 2,058, T = 300°C, Room Temperature = 26.8°C
0 10.6 100 15.9
1 11.8 310 19.8

30 13.4 1520 27.6







APPENDIX II SAMPLE CALCULATIONS

A. Exchange Reaction of CO, and CO

For a given run with constant ratio of CO, and CO at
constant temperature, the rate constant k(ao) was calculated by

applying equation (21).

V_dplheg gy ) -(1+a | (21)
ART  dt o) [P koo, o) P1lig)

The following is a sample calculation of k(ao) for Run
17-21 (of Table 5) at ao=2.565, T=350°C by two methods.
(1) Initial Rate Method:

At t=0, equation (21) can be simplified to

_ k(avo) ART (74)

The raw date of pj) /pllh versus time are plotted
Cco CO2
in Figure 4. They'are. tabulated in Table 8.

From Figure 16 of the plot 1 versus t, the
g b P_*L);.CO/P luCOE ’
slope at +t=0 was obtained,by equation (74)

k(ag) ART _ 0.116 _ 4 114 (cur™)
) 1.0
. L 2
since A=2.48 x 10" cm~ for 1.000 gm of catalyst
T=623°K
V=507 cm’
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initial slope

2~

Run 17-21

FORMATION

% '‘co

02 04 06 08 .0

versus t for Run 17-21 and initial slope
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0.116 x 507 7 mole

k(a ) = = 0.464 x 10~

2
° 82.05 x 623 x 2.48 x lO)+ hr.atm cm

In order to prove that k(ao) is not a function of time,
the values of k(ao) are calculated from the raw data by applying
equation (23) which is the integrated form of equation (21). The

results are tabulated in Table 8.

In[:(1 + ag) —EEEQQ—] = _ k(ag)RTA(1+a,)t
pllu vV (25)
COs

| P1hoo

The following is a sample calculation at 1=0.3, - = 0.035.
P 1k
2
k(a ) = -507 x In [1{1 + 2.565) x 0.035]
0 82.05 x 623 x 2.48 x 10% x 3.565 x 0.3
=7
= 0.45 x 10 ( MOl o )
hr- atm cm
TABLE 8
THE RESULT OF RUN 17-21 OF THE EXCHANGE
REACTION OF COo AND CO.
t(hr) 0 0.1 0.3 0.5 0.8 1.0 2.0
?1&
—I——CQ— 0 0.012 0.035 0.057 0.090 0.109 0.163
je
1ucog
calculated
k(a) x 107 0.46  0.45 0.4  0.48  0.46  0.47
mole

hr-atm-cmz
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(ii) Digital Computer Simulating Method:

Knowing the value of k(ao), the numerical relationship of
plhco/pilucog versus t could be obtained from solving equation
(21) by the finite difference method. Euler's method was applied
to solve the first order differential equation. The calculation
was done on a IBM 7090 computer. Different values of k(ao)

ART/V were fed to the computer to simulate the experimental data.
Figure 17 shows the result of Run 17-21, which also gives
k(agy) ART/V = 0.116 [hr~L1]. The following is the main program written
in MAD to solve for the numerical solution of equation (21)
by Euler's method.
INTEGER COUNT, FREQ
PRINT COMMENT $ I EULERS METHOD SOLUTION $
START READ AND PRINT DATA
T=0
PCO = 0
PRINT RESULTS T, PCO
COUNT = O
THROUGH STEP FOR T = 0., H, T.G. TMAX
COUNT = COUNT + 1
PCO = PCO + H * (KFORW -(KFORW + KFORW * AO)* PCO)
STEP WHENEVER (COUNT/FREQ) * FREQ. E. COUNT, PRINT RESULTS T+H, PCO
TRANSFER TO START

END OF PROGRAM
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The following is the list of variables in the program.

Program Symbol Definition
‘ i
BCO P1oo/P g,
KFORW ART
k(ag) <~
T t
AO a,
COUNT The number of times the

algorithm has been applied
FREQ A parameter which control the
printing frequency

H step size

B. Adsorption and Desorption of Oxygen

In Table 3, the amount of oxygen adsorbed per unit surface
area of the sample, the initial rate of adsorption and the rate

constant K_y4.  were calculated from equations (58), (48) and (59).

A v
= = 17 (Pai - Par) (58)

Va d 2
" ART E%é - kads.{[co+ ‘BI' Fe+5lB|]br‘ V(Pai - Pa)}Pa (48)

and

dna _ _ 42 '
i (EEE)'hi)— Kads. Pai = Xagas.[CO |B] - Fe+BIBl]brPa1 (59)

The following is a sample calculation for Run 10-14 (of Table 6) with

x=2.006 and T=300°C

Ma, 5.302 (102.3 - 2.15)
A~ 50 x 2.8 x 10% x 760,000 x 0.08205 x 298
- 2.29 x 1071 (294

cm
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From equation (48) the values of [Co+2|B| - Fe+5|B|]br and.

k were obtailned by the digital computer simulating method.

ads
Sets of values of [Co*Z|B|- Fe*?|B|] and k_4 ART/Va  were

fed to a IBM T090 computer to solve equation (48) and to simulate
the experimental data of p, wversus t. The value y 1in equation

(48) was defined by equation (47)

Va N 5.302 x 6.023 x 10°°
ARTg ~ 0.08205 x 298 x 50 x 2.18 x 10V x 1 x 760,000

[R—

3.4

]

3.35 x lO_u (micron_l)

Figure 18 shows the plot of experimental data of Run 10-14
and the plot of numerical solution of equation (48) with
[Co+2|B| - Fe+5|B|]br = 0.0271 and kg4¢ ART/Va = 24.3 (min"l).

Then from equation (59),

24.3 x 0.0271 x 5.302 x 60.

-4 mole
Kads.= : = 3.46 x 107 (grggmon®)
2.48 x 10" x 0.08205 x 298
and
_ | 9na 346 x 107F x 102.3 -10 | mole
ART +=0 - 760,000 = l‘-.66 x 10 hﬁr.cm

The following is the MAD program to solve equation (48) by the
IBM 7090 camputer.

INTEGER COUNT, FREQ

PRINT COMMENT $ 1 EULERS METHOD SOLUTION $
START READ AND PRINT DATA

T=20

P02 = P020
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PRINT RESULTS T, P02
COUNT = O
THROUGH STEP, FOR T = 0., H, T.G. TMAX

COUNT

COUNT + 1

BRCNT

1l

BRCNTR - GAMMA* (P020 - P0O2)
P02 = PO2 - H % KADS * BRCNT * P02

STEP WHENEVER (COUNT/FREQ) * FREQ.E.COUNT,PRINT RESULTS T+H, P02
TRANSFER TO START
END OF PROGRAM

The following is the list of variables in the program.

Program Symbol Definition

T t

P02 19N

P020 Pgs

GAMMA 7

KADS kogg, ART

Va,
BRCNTR [Co*2|B|-Fetd|B| 1y,

H Step size

COUNT The number of times the

algorithm has been applied
FREQ A parameter which controls
the printing frequency
In Table 4, the amount of oxygen desorbed per unit surface area and
the initial rate of desorption were calculated from equations (61) and

(50). TFor Run 10-15 (of Table 7) with =x=2.006 and T=300°C;
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Pgr=1l.7 micron, pgi=5.07 micron, pg=».07 micron at t=1 min.

and pd=5.22 micron at +t=5 min.

Mng  _ Va(par-pai)
A ART

5.205 x (11.7 - 5.07) ‘
760,000 x 0.08205 x 298 x 50 x 2.48 x 10

i

=12 mole
=1.55 x 10 (=)
cm
dng Va_ [ dpd
Adt ART | dt |40

60
5.205 x (5.22 - 5.07) x 4

760,000 x 0.08205 x 298 x 50 x 2.48 x 10%

0.725 x 10-12 __mole

hr.cm






APPENDIX III STRUCTURE OF COBALT FERRITE

Cobalt ferrite exists in a structure of "inverse" spinel,
Fe+5|A| - [Co+2|B| Fe+5|B|]Ou [b4]. Figure 19 shows the composition
of (100), (110) and (I10) planes in CoFepO) [64]. The value of a,
the lattice parameter of CoFeQOA, is 8.39 ﬁ.
Th . +2 +3 . .
e proposed active center, Co IB[ - Fe |B| cation pair,
appears in plane (100). The inter-cation distance of Co*?|B| - Fet3|B|

b
is a/2/h = 2.97 A as shown in Figure 19.
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(100)

(::::) oxygen

O Co+2]B]
® Fet0]A|
O Fe+5]A]

Figure 19. Composition of (100), (110) and (110) planes in CoFep0),
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