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CHAPTER I
GENERAL INTRODUCTION.

Although much has changed since Berzelius (1) introduced in 1836 the
term catalysis, something of the aura of magic that then surrounded catalysis
has persisted up till now. Especially the search for catalysts displaying the
required properties (activity, selectivity, thermal stability) still has something
of the search for the philosopher's stone. Selection of catalysts is very complicated indeed. The catalytic activity of a solid chemical compound is not an
unambiguous property. It is well known that the method of preparation of a solid
compound can strongly influence or even determine its chemical and physical
behaviour. The properties of the solid and the mechanisms according to which they
affect the physical and chemical characteristics are,however,not or poorly understood. A theoretical prediction of the optimum catalyst for a given reaction is
still not possible and, generally, catalysts have been developed by trial and
error.
Because of the lack of a general theoretical base, a. number of semiempirical approximations has been put forward, some of which are strikingly
successful. In 1908 Sabatier (21 related the catalytic activity of solids to the
stalibity of the "unstable intermediate" surface compound; this stability was
somehow connected with the corresponding bulk compound. Balandin (3) generally
known from his abused "Multiplet Theory", tried to give this concept a theoretical
base. This theory led to the famous vulcano-shape relation between the catalytic
activity and the stability of the active species.
The approximations are very useful in view of the possibility to
predict the activities of a set of related catalysts. Because of the inherent
restrictions of these approximations, a classification of catalysts, preparation
methods of catalysts, reactions and mechanisms was necessary. The developed
classifacation improved the discussion of catalysis. Though notions such as catalytic activity and selectivity are still often badly defined and diffuse (4),
correlation of the properties of a number of catalysts requires a normalization.
The main theme of this thesis is to investigate whether the catalytic
activity of metal oxides in oxidat on reactions can be related to the thermodynamic stability of the bulk oxides, ."^s a test reaction, we used the oxidation of
carbon monoxide by molecular oxygen. This reaction has been studied over two

metal-oxygen systems. To deal adequately with our theme we first have to consider
some general aspects of catalytic oxidation reactions. In chapter II we therefore
shall survey the literature on this subject. We shall discuss the two generally
accepted reaction schemes, viz. the reduction-oxidation mechanism and the associative mechanism, on which explanations of the kinetics of these reactions are
based (5,6). Whereas in the literature the two mechanisms are considered to be
essentially different, not related and competitive, we shall introduce a new
concept that enables us to derive the above two mechanisms from a common starting
point. We shall show that this concept fits in very well with experimental results
of catalytic oxidation reactions published in the literature. The consequences
for correlations in heterogeneous oxidation catalysis will be discussed in the
laFt section of chapter II. Some ideas about the correlation between catalytic
activity and stability of bulk oxides will be introduced.
In chapter III we shall deal with the stability of oxides. During the
catalytic reaction the surface(and consequently also the bulk) must contain a
considerable concentration of vacancies. The consequences of a departure from the
stoichiometric composition will therefore be considered. Accordingly we shall
discuss the nonstuichiometry of oxides in general. A correlation between the width
of the nonstoichiometric region and the catalytic activity will be proposed. The
effect of formation of a new phase on the steady-state catalytic activity will be
discussed. The nucleation of a new solid phase will appear to be important for the
catalytic activity.
In chapter IV we shall first consider the catalytic activity quantitatively and develop some theoretical and practical prerequisites to compare catalytic activities of different catalysts. Next the organization of our experiments
will be described. In the final part of chapter IV we shall describe the preparation and classification of the catalysts we studied as well as the measuring
equipment and procedures used.
Chapter V is divided into three sections. In the first section the
literature concerning the indium-oxygen system is surveyed. In this section we
shall give the results of our determination of the thermodynaraic stability of
indium(I)-oxide. In the second and the third section we shall report on the interaction of oxygen with pure and partially oxidized metallic indium surfaces. These
experiments can be considered as an introduction to the catalytic experiments with
indium and indiumoxiues, the description of which is contained in chapter V I . The
results on the soprtion of oxygen by indium will be used in chapter VI for the
explanation and interpretation of the catalytic behaviour of the system.

In the first section of chapter VII the literature concerning the
vanadium-oxygen system as far as relevant for the catalytic reactions is surveyed.
In the second section our experiments on the Interaction of molecular oxygen and
nitrous oxide with surfaces of reduced vanadiumoxides whether or not supported are
described. One of the. objectives of these experiments was the determination of the
specific surface area of the active component of the supported catalysts. The
results are used to express the catalytic activities of the different vanadiumoxides per unit surface area, which is required to compare adequately activities
of different catalysts. The description of the catalytic experiments and the
discussion about the results is contained in chapter VIII. In this chapter we shall
give a detailed mechanistic scheme of the reaction of carbon monoxide with molecular oxygen over vanadiumoxides.
In chapter IX we shall finally discuss the general implications of
the results of our catalytic experiments. We shall do this guided by the considerations of chapters II and III.
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CHAPTER II
MECHANISMS OF CATALYTIC OXIDATIONS.

1. Introduction.

Catalytic oxidations; are generally explained according to two
different reaction schemes, viz. the reduation-oxidation and the associative
mechanism. Mars and van Krevelen (1), who proposed the first mechanism,
distinguished two separate steps; The reducing agent (e.g. carbon monoxide),
reacts in the first elementary step with lattice oxygen of the surface of the
oxide; in the second step the oxygen vacancies are filled by reaction with
gaseous oxygen. As a result the surface of the catalyst is alternatively reduced and re-oxidized during the catalytic oxidation,This consecutive mechanism
is known as Mars- van Krevelen, reduction-oxidation or redox mechanism
(Boreskov e.g. 2) . According to the associative mechanism, which has been set
up by Rolter (3,4,5) the reducing agent reacts with adsorbed oxygen species
that is different from lattice

oxygen. Since the above two mechanisms are

considered to be essentially different, not related and competitive, no
generally applicable theory is available dealing with catalytic oxidations by
molecular oxygen.
Prom a consideration of the interaction of oxygen with oxides, wa
shall develop a simple concept for oxidation catalysis. This concept will
enable us to derive the above two mechanisms from a common base. We shall show
that this concept fits in well with experimental results on catalytic oxidations
from the literature. We shall also discuss the consequences of the concept for
"correlations in heterogeneous oxidation catalysis".

3. The interaction of molecular oxygen with oxide surfaces.
It can be conceived that exchange of oxygen between molecular
gaseous oxygen and a metal oxide proceeds via a number of steps, the first of
which is physical adsorption of oxygen . The experimental evidence has been
mainly provided by ESR. Experiments have been carried on ZnO(6-12), TiO (13-20),
SnO 2 (ll,21,22), ZrO 2 (23), MgO(9,24-28), Mo0 3 (18,29-32), CaO(33), CeO 2 (34),
ThO 2 (35,36), A1 2 O 3 (37), CoO(29), WO 3 <29), MnO(40) and V 2 O 5 (18,29,32,39,41-48),

Wf

inj

The following species have been identified; (O
) and (O ) . The adsorbed
^
s
s
_j
oxygan species can react with physically adsorbed oxygen molecules; (0 )
-1
-1
-1
-1
-1 S
reacts to (0. ) and (O ) to (0, ) . The amounts of (0
) and (O )
4

S

S

*

3

S

*£

S

S

depend on the nature of the catalyst, the temperature and the oxygen pressure.
With non-equilibrium conditions the above quantities are determined also by
the exposure (pressure x time) to oxygen. To detect (02

) or (0

) by ESR,

oxides had to be used the surface of which was not equilibrated. To obtain a
sufficient deviation from equilibrium the oxides had previously been kept at a
high temperature in vacuum or were slightly reduced by e.g. hydrogen. Exposure
of the pretreated oxides at a low temperature to molecular oxygen resulted into
marked concentrations of (O

) and/or (O

) .

The results of a study of Kazanskii

et at. (41) on the interaction

of oxygen with partially reduced V-O, deposited on silica as a carrier are most
illuminating. In figure 1 the intensity of the ESR-signals as a function of time
and temperature are shown as reported by these authors. At -196°C only (0- )
was observed; at -78 C also (0 ) was formed at the expence of (O. ) until
S
-1
-1
<= s
a certain ratio between(0
dissociation of (0_
amount of (0

)

)

and

(0_ )

) could be observed,which resulted again into a decreased

species. Between 100 and 300 C the concentration of both

species dropped, while at 300 C and at higher temperatures neither (O ) nor
s
-1
(O_ ) could be detected unless there was an oxygen atmosphere of at least
some mmHg, during the measurements.
Interaction of an oxide with molecular oxygen involves a change in
the valency of (part of) the metal ions besides formation of (O~ ) ,

.That

the valency of the metal ions is altered during interaction of an oxide,
evacuated at a high temperature, with oxygen is evident from IR and UV/y irradiation experiments (42,49-53).
This leads us to the conclusion that the oxygen species are the
intermadiates of a sequence of steps. The following sequence is most probable:
O2(gas) « — ( 0 2 ) f
• (O2"1)s^
«• ( o " 1 ) ^
* <°'" 2 > lattice
Two remarks must be made.
(i)

In this sequence no uncharged forms of dissociated oxygen species are
assumed. Dissociation of an oxygen molecule requires charge transfer.

(ii) The charge of the intermediate species is described as -1 and - 2 , for
5

reasons of simplicity. Indeed the interaction may possess a rather consi-

''•

derable covalent character, which depends also on the nature of the oxide.

Ï
\

Krviotiv* tnts)

A* "

Figure 1, Change in intensity of the ESR-signals of (0 )
-1
and (0 ) / when a sample of vanadium(V)-oxide deposited on
silica with sorbed oxygen is kept at -78°C and next at
room temperature. I in relative units, time in minutes.
This figure is reproduced from ref. 41, Kazanskii et at.

At temperatures where oxygen of the (surface of the) oxide is in equilibrium
with gaseous oxygen, all species indicated in the above sequence have nonvanishing steady-state concentrations. There is a continuous accommodation of
oxygen from the gasphase to the oxide and release of oxygen by the oxide at an
equal rate with no n^tto mass transfer. This process may be observed by means
18
{ (X) ^e.g. 61-63).Whereas the oxygen content of

of isotopic oxygen exchange
the oxide

remains constant,the isotopic composition of the gasphase changes.
When an oxide exchanges oxygen with the gasphase at equilibrium, its

surface will contain mainly single oxygen vacancies. At the high temperatures
where equilibrium is established, the oxygen vacancies will be highly mobile.
Owing to the entropy effect, the relatively small amount of vacancies will be

distributed randomly over the surface. When an oxide is cooled down after
equilibration at a high temperature, the number of oxygen vacancies at the
surface should decrease considerably. The vacancies are, however, preserved, if
before cooling the oxygen pressure was reduced to a nigligable value. At the
low temperature, exposure to oxygen only leads to the formation of (0_

) ;

the above reaction sequence cannot be followed in the forward direction,
because the dissociation of molecular oxygen requires both an activation
energy and an adjacent vacancy to accommodate the two oxygen ions (0

) .

A larger concentration of vacancies can be obtained carrying out
the high-temperature treatment at a reduced oxygen pressure. The oxygen
pressure can be reduced by evacuation or by admission of reducing agents such
as H 2 or CO. Reduction for a long time at a high temperature may increase the
concentration of vacancies to such an extent, that clustering of vacancies or
even formation of one or more lower oxides occurs. Clustering of vacancies
may also proceed when the reduction is done at temperatures so low that ordered
vacancies are thermodynamically stable. When the vacancies are oriented
favourably, exposure to oxygen can lead to formation of (0

)

already at low

temperatures.
It has been proven that (0_
•
^
catalytic reaction. For (0

)

)

s

and (0

)

s

can enter into a

this was observed e.g. by Kazanskii

et al.

(41,60) as mentioned before. Even at temperatures as low as -196 C reaction
of this oxygen species with CO, H , CH
participation of (O ~ )

and

C„H

was observed. For the

in a catalytic reaction there is found evidence in e.g.

the reaction of ethene with oxygen over silver surfaces (e.g.56-59). The activity
of (O

)

will be discussed in the next section.

3. Reduction—oxidation and associative mechanism.

As has been said above oxide ions of the solid catalyst take part in
the oxidation with the reduction-oxidation mechanism, whereas only gaseous oxygen
is oxidizing with the associative mechanism. The contribution of lattice oxygen
suggests that the equilibrium between gaseous

oxygen and the solid oxide is

established when the reduction-oxidation mechanism holds. Equilibrium implies
that the above oxygen-dissociation is also in equilibrium; the thermal energy
is of the order of the activation energy barriers separating the different stable
species. The thermodynamic activities and, hence, the concentration of the
different oxygen species will be determined by the partial pressure of gaseous

oxygen and the therraodynamic properties of the solid oxide. Here we confine
ourselves to oxides that evaporate incongruently; no marked desorption of an
oxidized metal species or of metal at^ras is supposed to proceed.
When the solid oxide is in equilibrium with gaseous oxygen, the
following equilibria have also been established:
In the bulk:

-]

M

+

O
b

Between bulk and surface: O

At the surface

(M

-2,

2(cf1)

The concentrations of (0
0

)

I

(o" 1 ).
M+(n-1}+

and (0_
0 )

are given by

exp(-E4/RT)

and
exp(-E3/RT)

1

to" )
Where E , and E. are the differences in energy between (0~ ) and (O~ ) ,and
-1
-I
s
s
(0 ) ani (0„ ) . A, and A, are constants,
s
2 s
4
3
Since as said above the thermal energy is of the order of the
energy barriers, the values of the above exponential factors cannot be
vanishingly small. Consequently, the concentration of (0
be marked. The earlier mentioned reactivity of (0

)

)

and (0

and (0, )

)

must

leads to a

rapid reaccion with oxidizable molecules. We hence assume that the reactivity
of the molecules to be oxidized with (O
-2
activation of the (0
to this

)

is small; reaction calls for

s

) -ions by electron transfer to the metal ions. According

scheme the activated oxygen of the solid reacts with the oxidizable

molecules; the vacancies

brought about by the oxidation reaction are rapidly

filled by gaseous oxygen as are the vacancies due to desorption of gaseous
oxygen. Oxidation, hence, proceeds simultaneously with oxygen exchange with the
gas phase, that has a measurable rate at equilibrium.

'i

As the energy barriers separating t.he different intermediate oxygen
species have a different height, it is possible that the establishment of equilibrium is restricted to, for instance, (0_) , (0. )
<£ S

reaction to (o~ )

^

S

and (0

) , whereas
S

is very slow. Considerable concentrations of intermediate

species can only be expected, when the surface has been brought previously in
a non-equilibrium state. As mentioned in the preceedlng section this can be
obtained by vacuum reduction. After cooling to a temperature where the rate of
the conversion to (0

)

is very small, an appreciable amount of (0

)

has

been observed. When the catalyst is used for an oxidation in this state, lattice
oxygen does not participate in the oxidation. Gaseous oxygen only is able to be
brought into an activated stat a. When oxygen of the solid is not used in the
oxidation process, the associative mechanism is said to be operative. Though
the relative concentrations of the active species can be different in the
I

associative and reduction-oxidation mechanism, the reactive species are the

j-

same. With the associative mechanism the active species is not formed by

'!

activation of lattice oxygen,

f
';

.

'•

4. Evidence for the two mechanisms.

\.

In this section we shall review the most important chemical

Ï

evidence for two mechanisms.

\

a. Isotopic exchange.

I

'i
'

Two different reactions are possible, viz
16

O 2 (g) + 18 O 2 (g)

(160)s

+

18

-

O 2 (g)

+

2 16 O 18 O(g)
16

O 1 8 O(g) + ( 1 8 0 ) s

j,
In the first reaction, the equilibration reaction, the oxygen-18 content of the
|'.

gasphase remains constant. In the second reaction oxygen atoms of the gasphase

r

are exchanged with oxygen ions of the solid. Now the oxygen-18 content of the

'I

gasphase decreases. As has been pointed out by Boreskov (e.g.61) and Winter

;;

(62,63) three reaction mechanisms can be observed, viz

f.

(i)

"'•

(ii) a mechanism in which per gaseous oxygen molecule one oxygen of the

a mechanism without the participation of oxide-oxygen (R.)

surface participates (R-) and
(iii)a mechanism in which the exchange proceeds at the same rate as the
equilibration(R 3 ).

,- ' 3
'
"
'
"
*
'

Exchange according to R

occurs at temperatures sufficiently high to

establish equilibrium between gaseous and oxide oxygen. This
indicates

mechanism

that an oxygen molecule dissociates on adsorption, the resulting

oxygen adatoms rapidly exchanging positions with the neighbou: ing oxygen-ions
in the surface layer (64-67). Mechanism R. generally is observed at lower
temperatures. Isotoplc exchange on silica-supported vanadium (V)- oxide in the
|-.'

range +20

to -140 C proceeds via this mechanism with (O

) as the active

t>

oxygen species. The low-temperature exchange generally shows a low apparent

]•-••

activation energy ( lkcal mole

|.

mechanism ( 15-50 kcal mole" )(46,61). The stability of the exchange rate is

"É

) in contrast to the reaction via the R,

low, i.e. the initial high rate diminishes rapidly.

</,

It may be concluded that mechanism R

agrees with the reduction-

I

oxidation mechanism, whereas R. and R_ are related to associative mechanisms.

f

Just, like the reduction-oxidation mechanism, exchange via R

only occurs in the

P
I":
''

higher temperature range.
b. Catalytic reactions without molecular oxygen.

j::

When the reduction-oxidation mechanism is operative, absence of

I'.

oxygen in the gasphase for short periods does not influence the catalytic

i,

activity and selectivity. Simard et al. (100) observed this with the oxidation

I'!

of o-xylene to phthalic anhydride over vanadiumoxides. Batist et al. (76)

!
'ir
!,-",

compared the following reactions:
Bi 2 Mo O g
C H
4 8'9^ + '!O2'9'
*

?t

and

C .H (g) + x Bi Mo O
4 o

j»

-s-

£ ^ y

C

4H6^9'

+ H

2°'g^

c .H, (g) + H 0 0 (g) + x Bi.Mo.O
4 6

^

£•

£. 9-X

i i

They did not observe a different initial rate of reaction. This was also repor-

!

>

ted by Sachtler et al. (77,78) for the oxidation of propene to acroleine on

i

\

bismuth-molybdate and for the oxidation of benzaldehyde to benzoic acid over

1'

tin-vanadate. Vrlaski and Mathews (79) obtained similar results for the

i

oxidation of o-tolualdehyde into phthalic anhydride over VjOg. We shall use

[

this phenomenon in our own experiments as an indication toward the reduction-

l

oxidation mechanism.

;

5. Correlations

"{';.

in heterogeneous

catalysis,

A correlation between the catalytic activity and the stability of
the active species is generally accepted. It was Balandin, generally known
from his abused "Multiplet theory", who tried to give this concept, based on
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ideas of Sabatier (80), a theoretical base (81,82). His theory led to the
vulcano-shape relation between the catalytic activity and stabJ lity of active
species.
In his theory BalancJin assumes that the activation energy required
either to form or to decompose the active specieó is related to the energie of
activation of the catalytic reaction and thus controls the reaction rate. This
type of relation is analogous to the Polanyi relation 168), proposed for
?, '
';•
t' -

radical reactions in flames. According to Balandins theory the catalytic activity
should pass through a maximum on going from low to high values of the stability
of the active species. Based on the Brönsted equation (68) a simular relation
between thermodyn&niics and kinetics in heterogeneous catalytic oxidations was

^.

proposed by Roiter et al. (83). In Roiters treatment of a number of related

'••'<

catalytic systems the maximum activity is expected at a stability of the

\' '•

intermediate in the rate-determining step that is one half of the reaction

"':

enthalpy. Although these relations cannot predict absolute reaction rates,they

'~)\'

give a rough indication of the rates of a set of related catalytic reactions.

;

To estimate the stability of the reaction intermediate two lines of

'f\

attack have been used. In the first the strength of the interaction of oxygen

i. '

with the catalytic surface is experimentally determined. Both the initial energy

V1

of desorption '84-88) and the energy of adsorption (82,87,89-92) of oxygen have

v'

been proposed as a measure for the stability of the intermediate oxygen species.

:/\

A difficulty i s , however, that these energies generally depend o n t h e surface

.«

catalytic reaction. In many cases, moreover, it is very difficult or even

coverage. It is not unambiguous which value corresponds to the conditions of

v

impossible to measure the heats of ad- and desorption. As a rough measure the
temperature at which the reduction or reoxidation of oxide catalysts starts can
be used(92,93).
Instead of an experimental determination of the stability, the

'

enthalpy of formation of the oxides from the elements calculated per g at

:°

oxygen has been used (83,84,89). For the catalytic decomposition of formic acid

;

over a number of metal catalysts, this type of correlation holds very well as is

L

showed in figure 2. Here the activity of the different catalysts is related to the

!
5/";

stabilities of the bulk metal formates. In this reaction the surface formates
are the intermediates (94). For oxides a more reasonable approximation is the heat
of formation from the nearest suboxide phase whether or not with a correction for
crystalfield effects (83,84,95). Based on the idea that at the steady state the
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Figure 2. Comparison of various
metal catalysts for the decomposition of formic acid.AH formate
in Kcal/equiv. is the enthalpy
of formation of the bulk formate
per equivalent. Tr(K) is the temperature at which the rate has a
set value. This figure is reproduced from ref. 94, W.M.H.
Sachtler

et at.

b H formal*. Kcoi/«enuv

formation or decomposition of the active species does not lead to formation
of a new phase (83). Roiter proposed to use the heats of formation of the
oxides from the suboxides. Roiter et at. (85) arrived at a vulcano-shape curve
for the stability and the activity of a number of related oxides for the
oxidation of hydrogen (figure 3 ) . This figure nicely demonstrates the applicability of this correlation. That the activity is correlated with the
thermodynamic stability of the oxide is strong evidence for the reductionoxidation mechanism.

6. Conclusions.

Catalysts to be used in practise must have a stable activity, which

12

19 rate at 403 K

AH K c d / g o t o
0

U 2 O 3 0

5 O 6 0

7 0 B 0 9 O

1OO

Fig. ve 3. Relation between AH and the catalytic
activities of a number of oxides for hydrogen
oxidation. AH is used for the reaction:
Me 0
Me O , +
m n-1
m n
in which both oxides are supposed to have the
same structure. As a measure for the activity
the rate at 543 K has been taken for excess
oxygen atmospheres with a hydrogen content of
0.1 mmol/1. This figure is reproduced from
ref. 33, V.A.Roiter et al..

requires the condition at the surface to be constant. This can be expected
with the reduction-oxidation mechanism. The associative mechanism does not lead
to a stable surface condition. When, however, the catalytic reaction is accompagnied by a reaction producing oxygen vacancies, the concentration of
vacancies can remain constant.' In chapter III we shall return to the subject
in more detail. Here we restrict ourselves to the reduction-oxidation
mechanism.
As has been said above this mechanism is present when gaseous
oxygen is in equilibrium with oxygen of the catalyst. As a result the thermo-
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dynamic activity is governed by the thermodynamic properties of the bulk
oxide, provided the oxygen at the surface is also in equilibrium with the bulk.
This nationalizes the correlation described in section 5. Nevertheless many
cases are known where the aetivicy is not correlated with bulk properties of
the oxide catalysts. The absence of a correlation can be caused by different
factors. First

of all the experimental details of the measured catalytic

systems can be badly defined. In chapter IV we shall discuss the conditions
required to compare activities of different catalytic systems. Here we only
stress the necessity to minimize the differences in experimental conditions.
Therefore we did not choose to investigate a number of completely different
metal oxides. Instead we studied two metal-oxygen systems. By a controled
variation of the oxygen-metal ratio, we were able to use precisely equal
catalyst beds, in which only the properties of the active surfaces were varied.
The oxygen-metal ratio was varied by reduction in situ in a flow of hydrogen.
The second cause of deviation from a vulcano-shape correlation can
be found in the approximations to set

up the correlation itself. As we mentioned

the correlation is based on the Polanyi and Brönsted relations, which were
derived from characteristics of a number of strongly related chemical reactions.
When the correlation is applied onto an extended group of oxides that may
display a different reaction mechanism, it can lead to erroneous results.
A third and much more serious objection to all correlations,
however, is that formation of a new phase is not considered. The establishment
of equilibrium as required in the reduction-oxidation mechanism can lead to
formation of a new crystallografic phase. On the contrary, Roiters
approximation is based on the idea (83) that no new phases are formed during
the steady-state. We adhere the idea that with the reduction-oxidation
mechanism no "resonance" between two structures occurs. As a consequence of the
consecutive character of the mechanism indeed there exists a steady-state
concentration of vacancies in the lattice. In chapter III we shall discuss this
subject and its implications for catalytic oxidations. Here we conclude only
that formation of a new phase during equilibration to the steady state is
possible and presumably required in some cases. Boreskov assumes the
characteristics of the reduction anc". reoxidation steps at the molecular level
are equal to those of bulk reduction and reoxidation. He therefore proposed that
the catalytic and the bulk reaction display the same characteristics at the
degree of reduction of the surface prevailing during the catalytic reaction
(96-99).
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We want to investigate the effects of both the thermodynamic
stability of different oxide catalysts and the formation of different
crystallografic phases on catalytic activity. To study the effect of the
thermodynamic stability we used a system in which the stability decreases with
pfe.J

a decrease in the oxygen content as well as a system whose stability rises with

}$'•-,]

a decreasing oxygen content. With the indium-oxygen system a decrease in oxygen

•£"'"

content leads to a lower thermodynamic stability in contrast to the vanadium-

?;'•'

oxygen system where the stability rises. With these systems we can also inves-

C1:..

tigate the effect of the formation and, specially, of the nucleation of new

iV.'

phases. First however we must deal with phase transformations and nucleation

',.';.

of new phases in relation to heterogeneous catalysis.

'-!••
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CHAPTER III
NONSTOICHIOMETRY IN OXIDES AND HETEROGENEOUS OXIDATION CATALYSIS.
1. Introduction.
In

chapter II we described the reduction-oxidation mechanism as a

consecutive mechanism in which in the first step the creation of a vacancy on
the molecular level is followed by its reoxidation in the second step. Since
the two steps do not proceed simultaneously, at least at the surface of the
oxide a number of vacancies will exist at the steady state of the catalytic reaction. When the mobility of oxygen ions (or vacancies) in the oxide lattice
is high, and generally this is the situation when the reduction-oxidation mechanism is operative, the composition of the oxide is affected over a considel'.
;S
r
v
'•-•
I'

rable depth.

steady state composition since it would lead, at the molecular level, to a high
change in energy when oxygen is added or removed; for the catalytic reaction

;

this would mean a high energy of activation. As dealt with in chapter II it has

Besides, the stability of the surface layer of an active oxide
catalyst can not be a steeply varying function of the oxygen content at its

been proposed to use the thermodynamic stability of oxides to guide the selection of catalysts. It can be questioned whether bulk properties can be used to
characterize the surface. As a consequence of the high mob

Lty of vacancies

(or lattice oxygen) when the reduction-oxidation mechanism operates, we may
expect that the proposition is reasonable.
More important, however, is the fact that in the proposed correlations between catalytic activity and bulk stability the possibility of formation
of a second phase and the rate of formation if it could be formed, are not considered. Here we must emphasize that at the macroscopic level the concentration
of vacancies is limited by the width of the nonstoichiometric region of the
oxide phase. This means, that departure from stoichiometry beyond the stability
limits may result in the formation of a second phase when nucleation is possible.
To predict the homogeneity range of the surface we shall consider the stoichiometry of bulk oxides in section 3 of this chapter.
The stoichiometry of bulk oxides can also be a guide in the selection
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V,

of oxide catalysts showing the associative mechanism. Though the associa-

tive mechanism can give rise to a very rapid reaction, the nigh activity is
generally stable only when the active sites, the vacancies, are regenerated by
a reduction process, so that a constant concentration of sites is exposed at
the steady state. Although the rates of creation and reoxidation may be slow,
the steady-state concentration may be considerable. As is mentioned in chapter
II the associative mechanism generally is operative in a lower temperature
range than the reduction-oxidation mechanism. Because of the lower mobility of
vacancies at these conditions, we may expect that the thickness of the oxide
layer participating in the catalytic reaction will be less. It may even be limited to the external surface as occurs in the isotopic oxygen-18 exchange
following mechanism R. (3,4). Of course participation here

does not mean par-

ticipation of oxide oxygen in the catalytic reaction. It means the depth into
the oxide phase up to which the concentration of vacancies is influenced by the
catalytic reaction conditions. Nevertheless, similar considerations concerning
the stability as for the oxide bulk must be valid here.

2. Limitation of the reaction fate by the stability limits.

When a reaction proceeds via the reduction-oxidation mechanism its
rate will be related .to the vacancy concentration of the oxide. When this concentration is thermodynamically limited, the rate of reaction may be limited
by the extremes of the range of nonstoichiometry. Given a definite concentration of vacancies in the original single phase of the oxide there are two possibilities:
a. No new phase is formed. This may occur when the width of the
nonstoichiometric region is not limiting or when nucleation of
a new phase is prohibited.
b. The width of the nonstoichiom<;tric region is limiting and a new
phase is formed;in this case there are two possibilities:
i) The two phases completely segregate and a "mechanical" mixture
of the two coexisting phases is formed;
ii)the second phase is formed within the lattice of the original
phase and segregation does not take place: Between the two
phases an interface exists. The importance of these interfaces will be discussed further on in this chapter.
For an oxide showing the associative mechanism the stability, the arrangement
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and/or the mobility of the vacancies are also important

in addition to the

concentration of vacancies. The stability ( life time) of a vacancy determines
the total number of times it can be used as a catalytic site. Thus the stability
of the vacancies may determine the part of the process producing a required
concentration of vacancies. As discussed in chapter II, the formation of (0~ )
s
-1
takes place by dissociation of (0

) . This dissociation requires, in addition

to an electron, a second neighbouring vacancy for the acTommodation of the
second (0

) . This means that, when the mobility of the vacancies is relatively

low, there must be an arrangement of vacancies favourable for the dissociation
reaction. The vacancy arrangement may be correlated to the surface structure
of the lattice.

Figure 1. The integral free energy curve of the system
M - O. The free energy, G, has been plotted per atom
as a function of the oxygen atomic fraction x ;

—

—

_

_

G = x G + (1 - x)G , wher-i G and G
m
o
m
o
chemical potentials of M and 0.
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°

are the partial

In the next section we will discuss the nonstoichiometry of metal
oxides in more detail. We will do so for oxides with a metal-rich nonstoichiometric composition. An analogous discussion is possible with oxides having an
oxygen-rich region.
3. Nonstoiohiometria regions of oxides.
s'":'..

Figure 1 shows the integral free energy curve for the system M-O

f

at different temperatures. Only one compound (MO) is assumed to exist. This

}• :

compound is nearly stoichiometric at temperature T , but shows a deviation from

W:

stoichiometry, increasing with temperature (T, T„

•,.;

T

i'-

For temperature T , the stability region for nonstoichiometric

}>:

MO

ï,i'

clearly the asymmetrical form of the curve. In this case it results in a

extents from

MQ

7

0 Q 3 ( =M0 Q ^)

to M Q

5 O Q 5(

=M0 ) . Figure 1 shows

j/-ï

nonstoichiometric metal rich region and shows the impossibility to create aa

:>

oxygen-rich phase (1,2). It is obvious

|."

stoichiometry is limiting at T., as well as at T_ and T,, the activity of the

?•';'

catalyst increases from Tj to T^.

;".

also, that, when the extent of non-

In order to analyse the M-0 system as a function of temperature, it
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G-T-x space on the T-x plane (e.g. at 1 atm. 0.) as is done in figure 2. From
this figure " the active temperatwce region" of MO
can be read.
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For most oxides T

(see figure 2) is too high a temperature to make
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a catalyst suitable in practice. We therefore would like to broaden the non-
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stoichiometric region at lower temperatures, as is indicated in figure 2. In
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principle two alternative methods are available in order to extend the non-
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stoichiometric region; if, by some kind of treatment, e.g. vacuum reduction at
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high temperatures, reduction by hydrogen or carbonmonoxide etc., the departure
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from stoichiometry could temporarily be increased, we would enter a two phase
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region (see A in figure 3a and 3b), where from, as is indicated in the figure,

1.

two phases would crystallize. In this case the second phase is a stoichiometric
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one. However this only can happen when nucleation of that phase is possible
under the conditions. When nucleation does not occur,.a situation corresponding
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with e.g.point B at T

in figure 3b appears.
r
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Figure 2. T-x projection of the free energy surface
for the system
T

M - O at 1 atm O . Above temperature

the oxide can be active as a catalyst.

When nucleation is involved in the formation of a second phase, for
a spontaneous disproportionation an appropriate nucleus of the second phase
must be already present, or the driving force is as high as necessary. For a
system as indicated by point B in figure

3a the driving force is the difference

between the free energy at B' and that at B. This implicates that only crystallites of the new phase with dimensions above a critical limit are thermodynamically stable.

4. Nonstoichiometry, nualeation and heterogeneous catalysis.

When nucleation of the second phase is favourable for the catalytic
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Figure 3a. The integral free energy curve

Figure 3b. The T-x projection of

of the system M - O. Two stable phases

the free energy surface for the

exist. A is the atomic oxygen fraction

system M - O.

attained by doping of the original M0phase. B represents a meta-stable system
with atomic fraction B.

behaviour of the solids, nucleatlon should be promoted when no spontaneous
nucleation occurs. This problem will be discussed further on. First we will
deal with the situation in which unmixing must be prevented since the
homogeneous, highly nonstoichiometric phase is catalytically more active than
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the unmixed, thermodynamically stable situation.
There are two methods to prevent the formation of a new phase. The
first method is the addition of an

effective dopant,

that increases the V

(oxygen vacancy) concentration and, at the same time stabilizes the structure.
This kind of stabilization of the structure is a well known phenomenon in solid
state chemistry.
Another way to exclude the formation of a new phase at point B in
figures .la and 3b is prevention of the nucleation.Although the nonstoichiometric
phase is unstable outside the G-curve with respect to the unmixing, the pnase
is not absolutely unstable. However, when no nuclei are present, unmixing will
occur nevertheless, when the driving force is high enough. And for a given
composition this driving force is fixed by thermodynamics as is mentioned
before. Hence, we would have to befool thermodynamics in the case the driving
force is high enough.
When the dimensions of a particle are decreased, a limit will be
passed below which it is not permissible anymore to use the v.ell known "bulkthermodynamical" values. This means that the stability of a particle becomes
a function of its dimensions. Now usefull possibilities may arise:
a. The width of the nonstoichiometric range increases, at a given
temperature, as a function of the reciprocal dimensions as a
consequence of the decrease of the absolute stability.
1. Nucleation of the second phase may become more difficult as
mentioned before.
Thus, reduction of the dimensions may increase the catalytical activity . To
prevent sintering of the small particles, they may not contact each other.
Therefore they must be fixed onto a suitable support.(For a more detailed
discussion of supportion of catalysts see chapter I V ) .
When the range of nonstoichiometry is broadened, it is not only
possible that this range is not limiting any more; it also could be possible that
a change of the mechanism occurs.
When the new phase is formed without separation of the lattices there
is an interface between the two coexisting phases. This process possibly will
occur at spinodal unmixing, at which only small fluctuations of arrangement
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and composition over large volumes take place. This is in contrast with
nucleation in which a drastic fluctuation within a small volume proceeds. This
interface will however be instable with respect to the separated situation.When
the interface is exposed also to the catalytic reaction mixture it may cause an
increase of the activity or a change in mechanism for reasons mentioned before.
S. Conclusions.

In this chapter and in chapter II we discussed some new ideas in the
field of oxidation catalysis on oxide catalysts. Below we will sum up the most
important conclusions:
a. Both the associative- and the reduction-oxidation mechanism proceed via

c

(0

) • Only when the oxygen dissociation-sequence is in equilibrium the

reduction-oxidation mechanisms is operative. In this case activities may
be correlated directly to bulk properties.
b. Only when some reduction process participates to some degree, an associative
mechanism may lead to a constant and time independant activity at constant
conditions.
c. The limits of the range of nonstoichiometry may limit the activity of a
catalyst. Broadening of the range may lead to a higher activity and eventually to a change in mechanism. Broadening of the range may be attained by
doping or reduction of the size of the original catalyst particles.
d. Formation of a new phase may cause a higher catalytic activity or a change
in mechanism when the two phases form interphases, in contact with the
reaction mixture.
e. In this thesis, especially in chapters VI and VIII we will study some
processes

to give experimental evidence for the ideas as developed in this

chapter. In chapter IX we will discuss the results.
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CHAPTER IV
EXPERIMENTAL TECHNIQUES AND PROCEDURES.

1. The catalytic activity of a solid.

A main theme of this work is to investigate whether the catalytic
activity of metal oxides in oxidation reactions can be correlated with the
thermodynamic stability of the bulk oxides. This requires knowledge of the
catalytic activity of a number of oxides that have different thermodynamic
properties. Since the catalytic activity of solids is far from unique, it is
difficult to obtain activities that can be succesfully compared.
Besides the chemical composition a large number of experimental
factors, some of which are difficult to control, can profoundly affect the
catalytic activity of a solid compound. The catalytic activity of the same
chemical compound can easily vary by an order of magnitude. As a result the
experimental factors influencing the catalytic activity must be accurately
known and accounted for, before the activities of a range of different
compounds can be adequately compared.
We consider the reaction £v.A.=0 proceeding in a closed reaction
vessel, volume V(l). The rate of the reaction, r, is
dc

V
where n

i
dt

dt

.moles

,-1.) of the
is the number of moles and c. the concentration (moles 1

reactant or reaction product i.The reaction rate depends on the concentration
of the reactants and reaction products according to
1

r

dc

i

a

i

= r d T = "Vi

where k is the (reaction)rate constant, which depends on the temperature, and
a. is the order of the reaction with respect to the reactant or the reaction
product i. Since the concentrations, c , vary during the course of the reaction,
the rate will be a function of the reaction time.
To study gas reactions catalyzed by solids,a flow reactor is mostly
used instead of a closed reaction vessel. In this work the catalysts were
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studied in a fixed bed flow reactor, where a flow of reactants is passed through
a packed bed of catalytically active solid particles. With the generally assumed plug-flow through the catalyst bed, the overall rate of the reaction,r , is
moles
V.

P]

T

where An. is the difference in moles of the component i per unit volume of the
flowing gas and T is the residence time of the reactants in the catalyst bed.
T is the reciprocal value of the spaoe velocity, which is generally calculated
from the total volume of the catalyst bed,

V

. The total volume comprises
cat

both the volume of the solid particles of the catalyst and the empty space
between the particles. With a flow rate <J>
V

(ml sec

) and a catalyst bed of

(ml), the space velocity is
(sec"1)

space velocity

The residence time, T, is

(sec)

When the total number of moles changes during the reaction, the volume of the
reactants and hence the flow rate changes also. The n.-values, the numbers of
moles per unit volume, have to be corrected, when the flow rate varies markedly.
The rate of the reaction is generally calculated from the conversion,
x., which is given by
j

n Q (i) " n f ii)
n o (i)

where n Q (i) is the flow rate (mol sec

-1,) of the component i into the reactor and

n_(i) that leaving the reactor. The overall rate of the reaction, r , is
f
o

ro = no (i) _Üi_
v
cat
When the concentration of the reactants and reaction products does
not vary markedly over the catalyst bed, the rate of the reaction is approximately constant. A constant rate of reaction is present when the conversion
goes to zero. At low degrees of conversion the overall rate 'r

in Eq.j3jcan
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be set equal to the momentary reaction rate, r
An.
~ ^JT

dn.

T

An. ->• o ~

r

~ \TT dt

Though it is not always allowed, the overall

, r , is assumed to be equal

to the rate, r, at conversions below about 0.1 (differential reactor).
The reaction rate as determined in a flow reactor depends also on
the concentrations (or partial pressures) of reactants and reaction products

't'

according to Eq.

I

can be determines by varying the concentration of one reactant, while the concen-

2 I . The orders with respect to reactants and reaction products

tration of the other reactants and the space velocity are kept constant. According
to Eq. J 2 J t h e plot of log r

versus

log(c.)

should be a straight line having

a slope a. . B y addition of a varying amount of a reaction product to the flow
entering

the reactor, the order with respect to the reaction products can be

estimated.
When the conversion exceeds 0.1, or the concentration of reactants
and reaction products varies markedly within the catalyst bed, Eq.

8 is no

over the catalyst bed, which
requires a knowledge of the orders of the reaction. As an instance we assume
that the orders with respect to all reactants and reaction products is zero,
except that with respect to reactant (i), which is first order. The rate
equation becomes:

dn.
= kn.

dt
Integration leads to
n f (i)
exp(-kT)
i

or

k = — In „

i

*v

i

. = — — In „

n

.

When the number of moles change during the reaction, integration of Eq.
leads to

Jc =
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(1-6) in

33JL

- 6

jlll
9

S represents the net difference between the number of moles of products and
reactants per mole of component (i) at x is x. . When iS=o, or when the change
in the number of moles is relatively small to the total nu.nber of moles, Eq.

H|

is obtained from Eq. 121. Eq.Illl may be valid also when the reacting species
are highly diluted by an inert gas.
We can obtain the rate constant k either from measurements with a
differential reactor according to Eq.

8

or with an integral reactor according

to Eq. Ill I. When the catalyst and its packing in the catalyst bed is uniform,
the differential rate according to Eq. I 8 I or the rate constant k of Eq. 11
proportional to the volume of the catalyst bed, V

is

. Since the volume is, in

turn, proportional to the weight of the catalyst, we can calculate the rate
constant per unit weight of catalyst. It is obvious to consider the value of
the rate constant per unit weight to be the specific activity at a given temperature. As we shall argue now, however, the specific activity depends on a
number of experimental characteristics of the solid catalyst.
The catalytic reaction generally proceeds at the active surface of
the catalyst. In the literature either reaction between adsorbed species
(Hinshelwood-Langmuir) or between an adsorbed species and an inciding gas
molecule (Eley-Rideal) have been dealt with. Before the reacting molecules can
contact the active surface, they must be transported to the surface where they
can react. As the reaction is confined to the solid surface, a large active
surface area per unit volume of catalyst

is a prerequisite for an active catalyst.

A large active surface per unit volume calls for a very finely divided solid.
Very small active particles almost invariably enclose narrow pores through which
the transport of reacting molecules and reaction products is impeded. With
active materials that rapidly sinter at the reaction temperatures an inert
supporting material is generally used. The support is a thermostable, finely
divided solid, such as silica and alumina. The active component is mostly applied
to the support by impregnation and drying. Later in this chapter we shall report
on the preparation of the supported catalysts used in our work.
To deal with the properties that determine the catalytic activity
of a solid, we first consider the elementary processes proceeding in a catalytic
flow reactor. These processes are:
(i)

transport of reactants from the gas flow to the external surface of the
generally highly porous particles of the catalyst

29

{ii)

migration of reactants through the pores within the catalyst particles
to the catalytically active surface

(iii) adsorption of one or more reacting molecules onto the active surface
(iv)

reaction at tna active surface of the solid

(v)

desorption of the reaction products

(vi)

transport of reaction products through the pores of the catalyst to the
external surface of the particles

(vii) penetration of reaction products from the external surface of the catalyst
to the gas flow out of the reactor.
Transport of molecules from a fluid to the surface of a solid
particle depends on the flow characteristics around the particle. The flow is
characterized by its linear velocity, the density of the fluid, its viscosity,
and by the size and shape of the particles of the solid. The particle size of
the solid can affect the transport properties to the external surface owing to
its effect on the flow pattern around the particles. The effect of the linear
velocity can cause a different conversion at an equal space velocity.
Transport through the pores inside the particles of the catalyst
is determined by the length and width of the pores. Larger particles lead to
larger pores and, hence, to a larger transport resistance. The width of the
pores can vary considerably depending on the preparation and pretreatment of
the catalyst. Narrow pores of a size below about 50A strongly retard the
migration of molecules. As a result the transport of reacting

molecules to

or of reaction products from the active surface can determine the rate of the
reaction that is measured experimentally. Prom the above discussion it is
obvious that the transport properties are not necessarily connected with bulk
properties of the solid. Fortunately, the presence of a marked effect of
transport properties on the rate of a catalytic reaction can be established
either theoretically (calculation of the THIELE modulus ) or experimentally
(variation of linear velocity of the fluid and of the particle size of the
catalyst).
When transport of the reactants does not influence the rate of the
catalytic reaction, the rate experimentally observed will depend solely on the
nature of the active surface and the exposed surface area of the active
component. As the exposed surface area of solids can vary from some cm g~
about 400 m g
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to

, the activity per g of catalyst can display differences of the

same order of magnitude. Calculation of the rate or the rate constant per unit
surface area of the active solid therefore leads only to a more meaningful
specific activity of the solid.
Nevertheless the catalytic activity per unit surface area is still
not always a unique property of a solid compound. There is evidence that some
catalytic reactions are liable to be influenced by the structure of the surface
of the catalyst; structure-sensitive or, formerly, demanding reactions. When
a catalyst is used at a temperature where its surface attains its thermodynamic
equilibrium structure very slowly, the activity per unit surface area can depend
on the pretreatment of the catalyst. It has also been envisaged that the size
of the active particles can determine the structure of their surfaces. Finally
interaction of the catalytically active particles with the surface of the
support may influence the structure and hence the reactivity of their surfaces.

2. Correlation of catalytic activities.

The first classification of a number of different catalysts must be
according to Eq. I 2 I, the dependence of the rate on the concentrations of the
reactants and reaction products. Depending on the nature of the solid, the
effect of the concentration of the reactants on the rate can vary considerably.
With oxidation reactions, the order with respect to oxygen has been experimentally
observed to vary from zero to one.
With a number of different solids that display the same kinetic
behaviour, the specific rate constant can be compared. Besides the rate constant
itself, the temperature dependence of the rate constant has often been used.
The rate constant, k, varies with the temperature according to

k = k Q exp (-EA/RT)
where k , the pre-exponential factor,
with the temperature and E

£3]
is a constant that does not vary strongly

is the apparent activation energy.

With a series of catalysts whpre the apparent activation energy only
varies in contrast to the k -values, the E -values are compared. With a constant
apparent activation energy and a varying k , the k -values can be compared. When
both k Q and E

are varying the value of the rate constant per unit surface area

itself can best be used.
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Since the experimental determination of the kinetics of a catalytic
reaction is tedious, some workers prefer to compare the conversion of different
catalysts at the same temperature and the same concentrations. The above will
have shown that this can only lead to a reliable comparison, when the specific
surface areas of the catalysts are of the same order of magnitude and transport
limitations have been excluded. Other workers used the temperature required to
obtain a given rate (T ) or conversion (x ) as a reference.
The effect of the bulk properties of a solid on its catalytic
activity

can be established most reliably , when the active material of a

catalyst bed can be changed into another state without affecting the packing
of the catalyst bed, and the texture of the catalytic particles. This can be
obtained by using oxidic catalysts that are forming several stable oxides
displaying different bulk properties. By reduction or re-oxidation in situ the
catalyst can be transferred from one state into another, without affecting the
other properties of the catalyst bed.
As dealt with in chapter II we investigated a system both of a
stability decreasing and a system of a rising stability with oxygen content.
To characterize the catalytic systems as complete as possible, we measured the
conversion as a function of temperature in a wide temperature range (up to
550°C) for an equal catalyst bed configuration. Measurements have been done at
increasing and decreasing temperatures. That reduction or re-oxidation did not
affect the properties of the catalyst bed was ascertained by reproducing the
experimental conversion versus temperature curve after a number of reductionoxidation cycles.
With compounds that are liable to a rapid reoxidation, both
continuous flow measurements and pulse experiments have been done. Pulse
measurements enables us to measure the catalytic activities of the catalysts
that varies very rapidly with the oxygen content of the catalyst bed.

Organisation of our experiments.

Above we explained our selection of the two metal-oxygen system. We, moreover,
want to study the effect of the size of the elementary particles of the oxides.
We therefore used both supported and unsupported oxides. The following types of
catalyst have been investigated:
1. Not supported catalysts of the same chemical composition but prepared or
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pretreated in different ways.
2. Supported and not supported catalysts of the same active component;here
the specific surface area of the component must be known to allow
relevant comparisons.
3. Catalysts of the same active component on different supports. Here also
the specific surface area of the active component must be known.
4. Different oxides and sub-oxides, whether or not supported, of the two
metal-oxygen systems, as far as experimentally relevant and accessible.
For comparison we shall use the reaction rate per unit surface area, weight or
per reactorload as well as T

or r

respectively T

or x . In many cases we shall

do with the total conversion-temperature curve.

3. Preparation and classification of catalysts.

It is well known, that the method of preparation or pretreatment of a
compound influences or even determines its chemical and physical behaviour. This
is especially the case with catalysts, as the activity and the stability of the
activity are for the greater part determined by the condition of the surface.
Generally speaking, the facts responsible for the correlation between the method
of preparation and the surface properties are not or only poorly understood. As
a consequence comparison of activities of catalysts has to be done with reserve.
In fact, comparison

is sustained only when the catalysts are prepared and

pretreated in the same way or when the differences between the catalysts are
clear and the activities can be interpreted in relation to the differences of
one or more parameters of the catalysts. As a consequence, standarization of the
procedures is prerequisite to obtain reproducible results and to have a base for
comparison. Mainly this means fixation of reaction times, pressures, flow rates,
temperatures and temperature programs. It means also automation as much as
possible to avoid the drawbacks of manual regulation and control.
There are several ways to prepare metal-oxide catalysts.
a. Reaction of the desired metal with oxygen.
The advantage of this method is the possibility to apply very pure materials.
This gives oxides with a very low level of contamination. In addition generally,
1
there are no isolation problems and the required equipment is simple, i.e. a
furnace, a temperature and flowrate control and sintered oxide boats (alumina).
,1

However, there are disadvantages also. Firstly, the required reaction temperature
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may be fairly high, for indium metal 1000 C, and the reaction time will be fairly
long to attain complete oxidation of the metal. As a consequence of the high
temperature sintering proceeds, and oxides with a very low specific surface area
are obtained.
b. Dry decomposition.
Dry decomposition of metal salts and hydroxydes in vacuum, in an inert gas or in
oxygen, which yields the desired oxides and a volatile product. Here we must
stress that it has turned out to be surprisingly difficult to remove the volatile
product completely from the oxide phase, especially from the surface. Here again,
high temperatures are required with consequent sintering.
c. Precipitation of a hydroxide onto the surface of a support and subsequent
decomposition.
Here another problem arises, i.e. the choise of the method and control of the
conditions during precipitation.
Mainly the reaction medium used is water. Starting from a convenient
soluble metal salt,the metal-ions are precipitated by variation of the pH,
addition of a specific precipitant at a definite pH or addition of an oxidizing
or reducing agent to change the valency of the metal-ions into a valence-state
that belongs to an insoluble compound. A special complication

can be the choice

of the conditions under which the precipitating metal-ions are preferently
fixed onto the support. True this is a nucleation and growth problem. As has
been demonstrated (3), the most convenient way for standardization of the
described processes and for solving the problems of nucleation, is precipitation
from homogeneous solution (PFHS).
It is of importance to note the advantages of this method:
(i)

In general supersaturation can as good as be avoided, especially when a

(ii)

The rate of precipitation can be easily regulated e.g. by the rate of

suitable support is present,

hydrolysis of urea,
(iii) If necessary, precipitation can be performed at constant pH by using a
buffer.
(iv)

Coprecipitation is highly suppressed.

(v)

Usually a precipitate adhering to the support is finely devided.

(vi)

When fixation of the product onto the surface of the support has taken
place, sintering during subsequent heating or reduction can generally be
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avoided. When thus the precipitate of a hydroxide has been made, the
supported oxide catalyst is obtained analogous to procedure b (dry
decomposition). Reduction of this supported oxide gives the supported
metal- respectively suboxide phase.Usually this reduction is performed
in a hydrogen flow at a given temperature during a given time.
d. Impregnation and drying.
A simple but generally not satisfactory mode of preparation of supported oxidecatalysts is the evaporation and subsequent heating of a suspension of the
support in a metal-salt solution. The

disadvantage of this method is the

extended range of crystallite sizes. Moreover, fixation onto the support
generally will be poor and sintering during heating and, if necessary, reduction,
will probably take place with consequently a low active catalyst surface. This
method is widely used only because of its simplicity and not because of the
results obtained.

Z-l. Indium (oxide) catalysts.

The following indium (oxide) catalysts have been studied:
A. Indiuni(III)-oxide pure (not supported)
B. Indium(III)-oxide on aerosil 200V
C. Indium-metal on aerosil 200V
Indium(III)-oxide can be prepared from the elements (4-9), by decomposition of
I n 2 ( C O 3 ) 3 (8), In(NO 3 ) 3
(4,10), and In(OH),

(4,6,7,10), In,(SO 3 ) 3 and InCl, in an oxygen atmosphere

(9,11,12).

In

2°3

is

extremely hygroscopic, provided that

it is not 'dead-burned' (9,13). Por this reason we choose the

method of reaction

of the constituating elements for the preparation of the pure oxide. Furthermore
we investigated a commercial product probably obtained by decomposition of indiumcarbonate. The supported oxide was prepared by precipitation of the hydroxide
from support suspension in an aqueous solution of In(NO 3 > 3 .5H 2 O. The supported
indium-metal catalyst was prepared by hydrogen-reduction of the supported oxide
catalyst mentioned above.
Catalyst In-A-1 : Cowmevaial IndiumiIII)-oxide.
This product was delivered by 'The british Drug House' (BDH). Spectrochemical
Analysis gave the following values for the most important impurities:
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Si(0.002%), Pb(0.0001%), Mg{0.0003%), Fe(0.0002%), Sn(0.001%), Cu(0.0001%).
The original total water content turned out to be about 1%, measured by TG. The
specific surface area was 9.5 m g

. BDH could not provide information concerning

the method of preparation.

r
;•:.

Catalyst In-A-2: Indimi'III)-oxide from the elements.
About 2g indium metal, delivered by "a-Inorganics", purity 99.99%, was put in
a sintered oxide boat, Degussa 10-42280, placed in a furnace tube, Carbolite
2.68.40, and heated at 1000°C in a pure oxygen flow for 24 hours. This catalyst
has a particle size distribution in the 40-60 U range. The specific surface area
as measured by the BET method, was 300 cm g
Spectrochemical analysis gave the following values for the most important impurities:
Si(0.02%), Tl(0.005%), Pb(0.0004%), Mg(0.004%), Fe(0.0002%), Sn(0.0002%).
The relative high value of the Si level may be caused by the quartz furnace tube.
The results of a thermogravimetric measurement pointed out that the water content
of this catalyst was negligable. IR measurements supported this result.
Catalyst In-A-3: Indium (III)-oxide, via In(OH)„ from homogeneous solution.
To 1850 ml water in a 2 1 round bottemed flask were added 45 cc of nitric acid
(67%), 14.08g of In 2 (NO 3 > 3 . SHjO, and 31.0 g of urea. The nitric acid was obtained
from Merck (p.a.J, the nitrate from a-Inorganics (p.a.) and urea from 'Baker',
analyzed grade. The acid was added to establish a strongly acid medium to avoid
premature hydrolysis of the Indium(III)-ions. In the flask, placed in a heating
mantel, the reaction mixture was boiled gently under stirring. The pH was
followed by a Philips pH-meter, type PR 9403/01, with a combined glass-calomel
electrode and an automatic temperature compensation, PT 100. In figure 1 a pH
versus time curve is shown

of the mixture with (catalyst) and without (blanc)

the indium salt. At pH 2.37 a precipitate became visible. At pH 5.6 the flask
was removed from the heating mantel and the reaction mixture was filtered through
a glass filter type 17D4. The white residue was thoroughly washed with water and
dried at 82°C for 24 hours. By TG the product was measured. The composition of
the dried product was In 2 O 3 > 2.79 H 2 O. The oxide-catalyst was formed by heating the
hydroxide in an oxygen stream in a sintered oxide boat at 2S0°C during 2 hours.
The specific surface area as measured by nitrogen adsorption showed up to be
2 -1
96 m g , the water content being about 1%, measured by TG.

I
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I
Figure 1. pH-versus-time curve of the preparation of
catalyst In-A-3.Catalyst: mixture of 1850 cc of water
45 cc of nitric acid(67%), 14.08 g of In(NO 3 > 3 .5H 2 O
and 31.0 g of urea. Blanc: the same mixture without
the indium salt.

Catalyst In-B-1: Indium(III)-oxide on aerosil 200V by injection of an indiunealt solution.
The preparation of this catalyst was almost analogous to the preparation of
catalyst type In-A-3. The difference is the way of addition of the indium salt;
the indium salt was not in advance mixed with the aqueous suspension of the
support and urea, to avoid premature precipitation. It was dissolved in water
and injected into the boiling aqueous suspension at such a rate, that the pH
could be maintained in the 6.1 - 6.7 range.
To 1770 cc of water in a 2 1 round bottemed flask were added 5g
of aerosil 200 V and 9.72 g of urea. The flask was placed in a heating mantel.
The reaction mixture was boiled gently under thorough stirring. 4.69 g of
In(NO,),.5H.O, dissolved in 50 cc of water was injected with the rate of 12cc
-1
. The white precipitate was collected by filtration through a glasfilter

min

type 17 D4,' or by centrifugation. After washing and drying for 40 hours at
95 C the product was placed in a sintered oxide boat and heated in a carbolyte
furnace for two hours at 250 C. The white product showed to have a specific
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surface area of 155 m g~ ; TG-measurements proved that the In 0, content was
23.9%. X-ray experiments showed that the oxide was finely divided onto the support, for no diffraction lines were present in the pattern.
Catalyst In-C-1: Supported Indium metal.
The preparation of this catalyst has in all cases taken place in the equipment
for the measurement of the catalytic activity (see section 2 of this chapter).
Placed in the reactor , catalyst type In-B-1 was reduced in a hydrogen stream
at 450-550°C. The reactor was cooled down to room temperature as soon as the
watervapour value of the hydrogen flow reached its original level. The hydrogen
stream was maintained during cooling. The water content of the flow was measured
by means of a 'Panametrics Hygrometer', model 1000.

3-2. Vanadiumoxide catalysts.
The following vanadium catalysts were studied:
A. Vanadium(V) -oxide, not supported
B. Vanadium(V) -oxide, supported on aerosil and on alumina
C. vanadium(III)-oxide, not supported
D. Vanadium(III)-oxide, supported on aerosil and alumina.
A commercial vanadium(V)-oxide was available; reduction at 500 to 550 C produced
vanadium(III)-oxide. For the preparation of the desired supported catalysts we
applied ammonium metavanadate as a starting material. Dry heating, or heating of
an aqueous solution with a pH of 4 to 5 produced VjO

as the final product.

Dry heating can lead to several intermediates like (NH.) Q.2VJ3,
150°C, and (NH 4 ) 2 - 3v 2°5

at

190

°c-

v

2°5

is

formed at about

formed first at 230°C, whereas

recrystallization probably takes place in the range of 290 to 370 C. During the
last stages of the reaction partial reduction to VgU,, is possible as a consequence of the presence of gaseous ammonia (14). This process was performed in
the presence of the aerosil 200V support, previously impregnated with the
meta-vanadate in an aqueous medium at 70 C. Depending on the pH and the concentration of the meta-vanadate a number of polymers are formed in aqueous solution.
These polymers are formed by condensation of a definite number of tetrahedrally
coordinated vanadium atoms (VO^

units), whereby

these units share corners,

edges and faces (15,16). From acid solutions hydrated vanadium (V)-oxide can be
precipitated, often appearing in a highly dispersed colloidal form. At lower pHvalues the oxide is soluble again and V 0 2
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:

complex-ions are formed (16). As a

result precipitation of the bulk of the vanadium ions calls for a final pHvalue between 3 and 4. At this pH-value the silica surface is negatively charged
as are the hydrated vanadiumoxide polymers. The mutual repulsion of the vanadiaand silica species prevents deposition of vanadia species onto the silica.
Therefore silica as a support is less suitable than the positively charged
alumina to get a thermostable, finely dispersed vanadium catalyst. Alumina,
however, is not stable in acid solutions with pH-values below about 3. With
these limitations in mind the preparations were planned.
The preparation of the reduced oxides, supported and not supported,
was performed by simple reduction in & hydrogen flow of the related vanadium
(V)-oxide catalyst at 500 to 550°C.
Catalyst V-A-l: Commercial vanadium(V)-oxide.
This product was obtained from J.T.Baker Chemicals.
Most important impurities: Cl

0.05%

CO 0.3%.
2-1
Specific surface area (BET,Kr): 8.2 m g
Catalyst V-B-2: Vanadium(V)-oxide on aerosil 200V

(V^Oc/SiO2).

Ammonium meta-vanadate was obtained from J.T. Baker Chemicals; most important
impurities: CO^ 2

0.3%, Cl" 1

0.005%, SO~ 2

12.68 g NH.VO, were dissolved in 1000 cc

0.01%.

water and 300 cc ammonia (0.005a).

To this solution, contained in a porcelain dish, was added a suspension of 90.16
g aerosil 200V in 750 cc water. The- dish was placed on a waterbath and under
stirring the water was evaporated at 70 C. The residue was dried at 100 C for
72 hours in air and the dried product was placed in a furnace and heated at
500°C for 17 hours in air. Next, the lumps were broken and sieved. The fraction
with diameter range 0.5 to 1 mm was selected. By BET(Kr) the total specific
surface was measured and turned out to be 132 m g

. The catalyst contained 8.9

weight % of V.O , as measured by TG.
Catalyst V-B-3: Vanadium(V)-oxide on alumina.
Ammonium meta-vanadate was obtained from J.T.Baker Chemicals; the alumina support
was obtained from The Harshaw Chemical Co, type Al-1401 P. The specific surface
area was 180 to 200 m g

.

In a round bottomed flask a suspension of 150g of alumina and 20 g of NH VO,
in 700 cc of water and 25 cc of ammonia (0.154 M) was heated to boiling. Next,
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under stirring and boiling, IsOO co of a solution of nitric acid (pH=l.l) was
injected with an injection rate of 3 cc min

. At pH 4.4 thé precipitation

started; at pH 4.15 addition of the acid was stopped, to avoid resolution of
the oxide and solution of the support. The residue was collected on a glass
filter type 17D4, thoroughly washed with water and dried for two hours at 120°C.
Atomic

adsorption Spectrofotoraetric analysis (AAS) gave a 7.06 weight

percentage of V 2 O

for the catalyst. A specific surface area of 128m g"

was

measured by BET(N„).

Catalyst V-C-4: Vanadivmi'III)-oxide.
This catalyst was obtained by reduction of catalyst V-A-l in the reactor of the
equipment for the measurement of catalytic activities. The reduction was performed
in a hydrogen stream of 100 cc min
surface area

at 500 to 550°C during 1 hour. The specific

measured by BET(Kr) proved to be 5.65m g~ .

Catalyst V-D-S: Vanadium (III)-oxide on aerosil 200V.
The preparation of this catalyst was conform that of catalyst V-C-4.
Catalyst V-D-6: Vanadium (III)-oxide on alumina.
The preparation of this catalyst was conform that of catalyst V-C-4.
Aerosil-blanc-1: Aerosil 200V.
The pure support was measured as a catalyst. This support was delivered from
Degussa and has a specific surface of 192m g
Aerosil-blanc-2: Suspended Aerosil 200V.
To have a base of comparison for the supported catalysts, the pure support, aerosil 200V, was treated like the supported catalysts without the presence of the
indium or vanadium salt. The thus prepared catalyst was dried at 250°C for 24
hours.

4. Techniques and procedures.

4-1. Equipment for catalytic activity measurements.

This equipment has been used with continuous flow experiments as well as in
pulse experiments.
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Schematically it consists of (see figure 2 ) :

A:

the gas supply

B:

the gas purification system

C:

the gas-mix and flowrate control system

D,E:two single-pass fixed-bed reactors, one with the catalyst to be studied,
one with a reference copper catalyst
F:

the sampling system

G:

the gas composition measuring system.

i

Figure 2. Scheme of the equipment for catalytic activity
measurements. A: the gas supply; B: the gas purification
system; C: the gas-mix and flowrate control system; D,E:
two single-pass fixed-bed reactors; F: the sampling system; G: the gas composition measuring system.

a. The gas supply.
All gases were supplied by •Loosco1, Amsterdam.
Specifications: nitrogen: N 2 99.4%, Ar 0.5%, O 2 0.05%
oxygen

: O

99% , Ar 0.6%, N„ 0.4%, H O

0.01%.

carbon monoxide : CO 99.5%.
Cylinder pressures (200 atm) were reduced to low pressures (2 to 3 atm) by means
of 'Safety Laboratory Pressure Ragulators', supplied by Loosco, Amsterdam.
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b. The gas purification system.
All gases were separately dried by a drying agent, supplied by 'The British
Drug Houses'. Specifications: Linde molar sieve type 4A cylindrical pellets
1/16

inch diameter, water vapour pressure: 0.01 torr at 1 g water/100 g

adsorbent; C O , absorption: 0.188g/g dissicant at 25°C (17). Nitrogen was
deoxygenated by a deoxygenating agent, supplied by Badische Analin und
Sodafabrik A,G., Catalyst

R-3-11 (BTS catalyst). Hydrogen was deoxygenated by

means of a 'deoxo'-catalyst (Baker, palladium on alumina)..
a. The gas-mix and flowrate

control system.

By means of this system it is possible to create and maintain a gasmixture of
a definite composition at a choosen tnass-flowrate. In addition, during operation,
it is possible to change the composition at constant mass-flowrate and the massflowrate at constant composition. In the system stepwise mixing of the gases
takes place. First CO and O- are mixed up to the desired partial pressure ratio.
Next, in two or three steps, this mixture is diluted with nicrogen. In figure 3
a scheme of the system is shown. It consists of a combination of pressure
controlers, flowmeters, needle-control valves, mix chambers, checkvalves and
tubings.Usually in the experiments a flow with the following specifications has
been used at 20 C and 1 atm: mass-flow rate : 50 cc min
partial pressure CO: 7.6 torr,
O_: 7.6 torr,
N 2 : 742 torr.
It was shown t.o be possible to vary the mass-flowrate at constant composition
between 10 cc min

to 200 cc min

. At constant mass-flowrates the composition

of the gas flow can be varied between the following limits;
pO,/pCO: 10 to 10" 1
-3
-2
(pO2+pCO) /pN 2 : 10
to 4.10 .
The last value only depends on the explosion-boundaries of the mixture.
d. The single-pass fixed-bed reactors.
The two reactors were both cylindrical tubes of quartz with an inside diameter
of 10 mm and a length of 60 cm, surrounded by a furnace. In figure 4 a reactor
and furnace is shown in cross>-section. The gas mixture entered the reactors at the
bottom and reached the catalyst beds through a quartz filter and a layer of
quartz wool of about 3 mm. On top of the catalyst beds another quartz wool layer
of about 3 mm was placed to hold the catalysts. To have the opportunity to
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i"7

3: The gas-mix and flowrate control system.
I,IX,III: flowcontrollers,Brooks Instruments, model 8600.
IV: flowcontroller , Brooks Instruments, model 8743.
1,2,3,5,7,9: flowmeters. Brooks Instruments, model 13578505, shorate 250, tube: R-2-25D, float material: glass.
4.6.8: flowmeters, Brooks Instruments, model 1357-8505,
shorate 250; tube R-2-25-C, float material: glass.
10,11,12,13: needle control valves, Brooks Instruments,
model 8502. 14,15,16,17: checkvalves, Brooks Instruments,
model 8522. A,B,C,D: mix chambers.

observe the catalysts during operation, the furnaces were cylindrical quartz
tubes, wound with heating wire with a total length of 6 meter and a
resistance of 20 ohm at 20°C. For the same reason

the furnaca isolation

consisted of two quartz tubes with inside diameters of 65 respectively 75 mm.
Temperatures up to 600°C could be reached. Chromel/alumel thermocouples were
situated just above the catalyst beds in the wool layers. The mV output was
measured by a Philips Micrometer, type PM 2436/02. Reactor D was loaded with
the catalyst to be investigated; reactor E was loaded.with 2 g of the BTS
catalyst, particle

size : 0.5-1.0 mm. This catalyst was maintained at 350 to

400°C. At this temperature CO is completely oxidized in excess oxygen
atmospheres.
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Figure 4. Cross-section of a
reactor with furnace.
1: reactor tube (quartz)
2: thermocouple
3: quartz wool layer
4: catalyst bed
5: filter(quartz)
6: heating wire
7: isolation(quartz)
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e. The sampling system.
In the continuous flow experiments samples of the gasflow out of the reactors
were analysed. In figure 5 the sampling system is represented.With this system
it has been possible to take samples of the gas passed through either of the
two reactors. On sampling gas leaving the first reactor, cocks 3,4,5 and 6
were opened and 1 was closed. After about 1 minute,(this time proved to be
sufficient to take a representative sample), the gas volume between cocks 4
and 5 was picked up in the carrier gas (N_) and led to the analyzer, by turning
cocks 4 and 5 at the same moment and closing 7, while cocks 3 and 6 previously
were closed

and 1 was opened. The gas mixture leaving reactor E was sampled

in an analogous manner. This system has the advantage that the samples contain
exactly equal volumes of the gas. This makes the measurement a relative one.
The degree of conversion is simply the ratio or the carbondioxide contents of

Figure 5. The sampling system. 1-7: cocks; a: reaction mixture after reactor D. b: reaction mixture flowing to reactor
E. c: reaction mixture after reactor E. d: reaction mixture
flowing to the chimney, e: the N

carrier, f: the N

carrier

flowing to the gas composition measuring system.
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the flow leaving reactor D and leaving reactor E.
f. The COp-eontent measuring system.
The C0„ analysis has been based on the change in conductivity of a diluted
aqueous solution of sodiumhydroxide, i.e. 1 g/l. ; caused by the uptake of
CO, from the carrier gas. As is well known, the rates of dissolution and
reaction of carbondioxide with water and even basic solutions is fairly slow.
For this reason a conductivity measuring eel was used as reported by Engelsman

I

•

et ut* (18). Two of these cells were applied as external resistances of a
wheatstone bridge, supplied by Philips, i.e.a high frequency carrier bridge,
type PR 9307. The carrier, stripped of its CO„ in the first eel was led via
a drying agent, MgClO., into the second cell. Both cells were placed in a
thennostated waterbath. The use of two cells minimizes the influence of
fluctuations in the flowrate and temperature. The change in conductivity was
registrated by a recorder. We made certain that complete oxidation of
carbonmonoxide in the

reactor E (reference) had taken place, so that the

change in conductivity caused by a sample from this reactor represented a
conversion of 100%. The ratio of the changes in conductivity of samples from
the flow leaving the two reactors D respectively E simply represents the degree
of conversion caused by the catalyst studied.
g. Procedures.
As has been mentioned, the equipment can be applied in several ways:
(i)

In continuous-flow experiments.
In this case a gas mixture with a definite composition was fed into the
reactors. The behaviour of the catalyst could be measured in three ways:
a. as a function of temperature at constant feed composition and massflowrate;
b. as a function of mass-flowrate at constant composition and catalyst
temperature;
c. as a function of feed-composition, i.e. partial pressures, at constant
temperature and flowrate.
By these procedures the activity of the catalyst was measured(a) and the
kinetics of a catalytic reaction

(ii)

was determined.

In pulse-feed experiments.
In stead of the reaction mixture, CO, O. and N_, a carrier was led into
the reactor and straight into the conductivity cells. At several places,
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i.e.before the first reactor, before the second reactor and before the
first eel, gas pulses were injected and directly analyzed without sampling.
This procedure is especially convenient when the catalyst is unstable in
the reaction mixture itself and a continuous flow causes a change in
activity that is to fast to measure.
(iii) In oxidation or reduction experiments pure 0 2 or H_ were led into the first
reactor, to oxidize respectivily to reduce the catalysts. To measure the
degree of disproportionation of CO over the catalyst, deposited carbon
was afterwards oxidized in a stream of pure oxygen or by oxygen pulsed
into a carrier (N ) while the formed C 0 2 was completely absorbed in the
conductivity eel.
(iv)

Pulses of pure CO

were injected into the carrier at different places of

the equipment for calibration and leak detection.

4-2. Thermal Analysis.

The measurements were carried out by means of
(i)

A TG-A Cahn R.H. electrobalance in combination with a Dupont 900 differential
analyzer, as described by Verdonk (19). Instead of a platinum sample holder
and suspension fibre we used quartz equivalents in view of the high
solubility of metallic indium, m.p. 156.61°C, in platinum.
Atmospheres: O_ : flowrate 25.5 cc min

at room temperature and 780 torr,

H 2 : flowrate 55.5 cc min"
O2 '• flowrate 28 cc min

at room temperature and 780 torr,
at room temperature and 780 torr.

All gases were supplied by Loosco and purified by the methods described in
section 4-1-b of this chapter.

In general heatingrates of about 5°C rain

and samples of about 8 mg were used.
(ii) A Thermoanalyzer 2, Mettler. Sampleholder: alumina type ME-935?3.
Atmospheres: Ar, for protection of the balance: 50 cc min"
temperature and 760 torr. This gas was

at room

also supplied by

Loosco. Purity: 99.997%.
ATfOj, and H-: 10 cc min

at room temperature and 760 torr.

'.'or purification and specification of H_ and 0 ? see section
4-1-b of this chapter.
In general heating rates of about 5 C min
Usually weight change was
a thermogram.

and samples of 70 mg were used.

plotted as a function of temperature or time in

Sometimes the change in weight was expressed in percentages
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of the original or final weight or as the degree of reduction or of (re)oxidation, respectively.

4-3. Equipment for sorption measurements.

For the determination of specific surfaces by means of physical adsorption of
N 2 at 77 K (BET) we used a Carlo Erba Sorptomatic, series 1800 (20). For most
of our experiments we used a self-built, conventional sorption apparatus,
applicable for physi-sorption as well as for chemisorption measurements.
Specifacations: pressures: 10
gages: 10
10
5.10

to 1000 torr
to 10

torr: a McLeod gage.

to 30 torr: a McLeod gage.
to 10 torr: Granvile-Philips pressure gage.

30 to 1000 torr: a calibrated mercury tube.
0. and N 2 0 were used in chemisorption studies; Kr was applied in adsorption
measurements at 78 K, especially in case of~the determination of small specific
surfaces. N_O and Kr were supplied by l'Air Liquide.
Purities: Kr: H 2 O{3ppm), N 2 (10ppm), O 2 (2ppm), H 2 (2ppm), Xe(lOppm), Ar(lppm),
C n H m + CO(3ppm).
N 2 O:
He, N , H

99.5%.

and O- were obtained from Loosco. For specifications see section

4-1-a of this chapter. Reduction and reoxidation of samples was performed in
two ways:

a. by a H_ respectively O

stream of 1 atm through the samples at

a definite temperature;
b. by a

definite amount of H

respectively 0- in the sample room

at a definite temperature, while water in case of reduction
was frozen in a cold trap (-78°C).
Sample temperatures in the range of -196 to 550 C could be choosen. Helium was
used for calibration. Sample weight usually was about 1 g.
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CHAPTER V
THE INDIUM-OXYGEN SYSTEM.

V-l.

INTRODUCTION.

Studies concerning the indium-oxygen system carried out before 1928
are highly contradictory. Besides In.,0,, the existence of a number of lower oxides
In

(e.g.

In

4°7i

7°n

and

In

4°3^

was

reported (1). Thiel et al. (2,3), however,

confirmed the existence of In O and InO only. These authors claimed to have prepared solid In O by reduction of In_O
Ï
I

ratio of exactly 2:1. The product

with hydrogen at 500°C to an indium-oxygen
was subsequently purified by sublimation in

vacuum. Klemm and Vogel (4), and Gastinger (5) confirmed the existence of solid
In

2°*

T

In,0

^ e v ^ i ^ n o t succeed to prepare InO. We shall discuss the existence of solid

later.
Gaseous In.O as a stable compound has been detected mass-spectrometri-

cally (6-9), by infrared spectroscopy(7,10,ll), and by electron diffraction (12,
13). In theses investigations In_O(g) was produced by heating In_O, or a mixture
of In and In 2 °3

up

to hi

9 h temperatures. The mass-spectrometric experiments

unambiguously indicated In 2 O and O

to be the predominant gaseous species in equi-

librium with pure solid In-O, at high temperatures. Thermogravimetric measurements
of Geus and Van Dillen (14) and of De Wit (15,16) on mixtures of metallic indium
and indium(III)-oxide

and indium(III)-oxide confirmed these observations. Weight

loss, measured when a partially reduced silica-supported indium(III)-oxide catalyst
was heated could be explained smoothly by the occurrence of the reaction:

[ll
De Wit (16) in his TG-experiments observed weight loss of a sample of pure,
unsupported, indium(III)-oxide at temperatures above 1200°C. He ascribed this
weight loss to the reaction:
In 2 O 3 (s)

+

In 2 O(g) + 0 2 <g)

He measured the oxygen-content of the gasphase by using a Topatron 8 Mass Analyser.
Between 900° and 1200°C in nitrogen atmospheres he observed a small weight loss,
which was attributed to the creation of vacancies in the oxide lattice. This
agrees well with the results reported by Shchukarev et dl. (9). Surveying the
literature we can conclude that the existence of In,>O(g) has been established
beyond doubt, whereas that of InO is most unlikely. Probably the InO (or In 2 O 2 )
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species measured in the mass-spectrometric experiments are formed only by fragmentation of the In_O(g) species in the apparatus.
The existence of In 0(s) as a bulk phase has never been demonstrated.
The earlier mentioned authors Klemm and Vogel(4) published an X-ray pattern of
their product purified by vacuum sublimation. A closer examination showed this
pattern to be a superposition of the pattern of indium(III)-oxide and of metallic
indium. This agrees well with our own X-ray measurements on partially reduced
In O . Klinedinst and Stevenson (17), however, concluded from the results of their
EMF-measurements that between 1123 and 1273 K solid In O is the stable phase.
These results are very doubtful: The procedure of their measurements indicates
that the measured system had not been equilibrated. In his review Brewer (18)
concluded from the data available in the literature that the solid supposed to
be In O(s) is a mixture of indium and indium (III)-oxide or a meta-stable phase.
We can agree with this conclusion.
With iron the presence of an unstable oxide has been established beyond
doubt. At temperatures below 570°C iron(II)-oxide is unstable with respect to
metallic iron and magnetite (Fe.OJ. Gulbransen and Ruka (19) nevertheless observed formation of iron(II)-oxide at the interface between iron and magnetite,when
iron was oxidized below 570 C. The thickness of the iron(II)-oxide layer varies
with the temperature. At higher temperatures a thicker oxide layer was found.
These authors observed that the adherence of the oxide layer to the metallic iron
was strongly affected by the presence of the iron(II)-oxide layer. In the absence
of iron(II)-oxide,

the oxide did not adhere to the metal.

We can analogously suppose that at the interface between metallic
indium and indium (III I-oxide In„0 car. be

present. Solid In.O is stabilized by

the presence of both metallic indium and indium(III)-oxide that are in contact.
The thickness of the In 2 O layer will depend on a number of experimental factors,
such as evaporation of the suboxide at elevated temperatures, oxidation of the
suboxide to indium(Ill)-oxide at lower temperatures, or decomposition into indium
and indium(III)-oxide. We shall present evidence that the disappearance of the
interfacial suboxide layer leads to a loss of adherence of metallic indium to
indium(III)-oxide.
Thermodynamic values of In 2 O 3 have been determined by calorimetric(20,21) and electrochemical measurements (17,22-25). Also the temperatures of
incipient reduction at definite hydrogen and water pressures have been used to
calculate the thermodynamic values (25-27). The results fairly agree- Chatterji
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and Vest (22) found the following relation between

AG° and temperature:

AG°(T) = (-215.550 + 72.36T' +_ 0.450) Koal mole"1
where T 1 is T/1000 and T the temperature in degrees Kelvin. In the literature
thermodynamic data about In2O are scarce and their reliability is low. Glassner
(28) suggested for the standard enthalpy of formation , A H ( In o,g,298) , a
''t
and for the standard entropy of formation a value of

value of -23 Kcal mole
-2 cal mole

degree

. Shchukarev (9) reported a value of -22.8 Kcal mole

for the standard enthalpy of formation; Burns (8) calculated from the results of
i

his mass-spectrometric measurements a value for Asf ( I(In_O,g,i050)
of +9.8
n
2°
cal mole" degree" . By TG we also measured the thermodynamic values. At tempe-

j.'

ratures in the range of 1000 to 1200K we determined the rate of weight loss of

p

a sample of partially reduced Znji

j-;

to that of Shchukarev (29) the equilibrium pressure of indium (I)-oxide was

in a stream of argon. By a method analogous

[

calculated at the different temperatures. From the p-T relation, the AG°(T) rela-

;-.

tion of In_0(g) was found:
AG°(In
AG°(InOgT)
51 - 2
23T'
3 T ' (Kcal mole"1).
2O,g,T) = -5.1

f?

In a separate paper we shall deal with this subject (14). For solid In.O no
reliable thermodynamic values have been reported (17,28).
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V-2.

INTERACTION OF INDIUM WITH OXYGEN AT 20° TO 180° C.

1. Introduction.

In spite of the extensive application of indium, its interaction with

l<

oxygen has scarcely been studied. Two groups of authors measured the thickness of
the oxide layer on vapour-deposited indium films during exposure to (atmospheric)
air at roomtemperature (1,2). In these studies the thickness of the adlayer was
determined ellipsometrically; The final thickness of the oxide layer was found to
be about 30A. Calculation of the thickness of the oxide layer from ellipsometric
data asks for a prior knowledge of the real or the imaginary part of the complex
refractive index of the oxide layer. As these parameters are not known, the thickness of the

I•
t-,

adlayer found ellipsometrically is not unambiguous. It is therefore

important to determine the thickness by an independent method.
Indium melts already at 156°C. Investigation of the oxygon sorption
at temperatures up to about 180°C consequently

enables us to compare the inter-

action with oxygen of a solid and a liquid metal. With other metals it has been
found that the extent of oxygen

sorption rises with the temperature. To assess

whether liquid indium displays a more extensive interaction with oxygen than the
solid metal, we shall compare the results obtained with indium with those published for aluminium. In contrast to indium , sorption of oxygen by aluminium
has been studied extensively

(3,4,5).

Oxygen sorption was measured volumetrically and gravimetrically.
With these techniques an accurate determination asks „for a specimen exposing a
large metal surface area per unit volume. Since indium melts already at 156°C,
a large specific surface area can only be obtained by using an inert support of
a large surface area that is thermostable. In this work indium hydroxide was
dispersed over a silica support of 200 m
obtained
about

per g. By reduction with hydrogen we

monocrystalline metallic indium particles displaying a mean size of

0.72 |J. The resulting indium - on - silica particles could be kept for

prolonged periods (e.g,16h) at 500°C without a marked

coalescent.

The surface of supported metal particles can be obtained in a highly clean and reproducible condition. The large surface - to - volume ratio of
the metal particles brings about that only a high

impurity content can appre-

ciably contaminate the surface. To reduce the indium (hydr)oxide the samples
are kept in flowing hydrogen at 500°C. Water is set free mainly in the first
stage of this treatment:.
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stage of this treatment. Wet hydrogen rapidly removes carbon from metals (6). In
the later stage of the reduction the hydrogen flow carries the water out of the
sample. Since the sample exposes a metal surface of some m , the surface is not
markedly contaminated from the gas phase even at residual gas pressure as high
as 10~

torr (7). Adsorption of residual gas molecules is, moreover, strongly

retarded by the low rate of transport through the porous support. Very reliable
results can be obtained with supported metal particles, as evidenced e.g. by the
work of van Hardeveld and van Montfoort (9) and of Martin and Iraelik (10).
As mentionad above, we measured the oxygen sorption also by means of
a sensitive thermobalance. As the balance could be equipped with a DTA set-up,
we did an additional experiment in which the thermal behaviour of a sample interacting with oxygen at 20 C was simultaneously investigated.

2. Experimental.

Volumetric adsorption experiments were done in a standard gas adsorption apparatus, having a base pressure below 10

torr. To determine the

gas pressure we used a sensitive membrane gauge (Granville-Phillips) that was
frequently calibrated against a MacLeod. A flow of hydrogen could be passed
through the cell containing the sample (1.992 g In-O^/SiCO .
In the gravimetric experiments a Mettler thermobalance TA-2 was used (10). The accuracy was about 10 Mg. The samples were kept in a flow of ultrapure argon to which hydrogen (previous reduction) or oxygen (sorption experiments) could be added. The argon was purified by passage through a column
filled with a copper - on - magnesium silicate adsorbent (BASF A C , catalyst
R-3-11, W-Germany). The copper adsorbent had previously been reduced in situ
by a flow of hydrogen at 150 C. Behind the copper adsorbent, which very effectively removes oxygen, two columns filled with molecular sieve (BDH Linde
Molecular sieve type 4A, 1/16" pellets) had been mounted to dry the argon. The
sieve had previously been dried

in situ at 330-360 C. The purity of the argon

was estimated by recording the weight of a reduced nickel - on - silica catalyst,
which adsorbs reactive impurities with a high sticking coefficient. Keeping the
nickel catalyst in the argon flow for 24 h

did not result into a measurable

increase in weight.
We carried out two different types of gravimetric experiments. In
the first an alumina crucible (diameter 1.6 cm,

height

2.0 era) contained the

sample of about 80 mg. With the second type a DTA set-up, consisting of two

platinum crucibles (diameter 0.5 cm, height 0.6 c m ) , was used. To record the
temperature difference sensitive Ni/NiCr thermocouples contacted the crucibles. The weight of sample and reference (dead-burnt alunina) was about 30 mg.
At the beginning of a

sorption experiment the oxygen partial pressure was ab-

ruptly increased to 80 torr. To correct for the difference in buoyancy we determined the effect on the apparent weight of changing to pure argon at the
[

end of a sorption experiment at every temperature.

Materials.

Indium hydroxide was deposited onto a silica carrier produced by
Degussa, W-Germany (Aerosil 200V, surface area 196 m

per g ) . Deposition was

done by injection of an indium nitrate solution below the level of a silica
suspension in a hydrolysing urea solution (11). During the injection the suspension was kept at 90°C and vigorously agitated. After filtration and drying
at 110 C the loaded carrier did not exhibit an X-ray diffraction pattern, which
indicated the indium hydroxide being deposited as a very thin layer into the
support.
The indium content was determined in the thermobalance. To convert
the indium precurser to In_O,, the sample

was kept in oxygen at 725 C (weight-

loss 4.57 % ) . This treatment equally did not result into the sample displaying an X-ray pattern. The indium content (19.7 weight % of the material calcined at 725°C) was calculated from the loss in weight on reduction witn hydrogen at 575 C (weightloss 3.95%). Prolonged treatment at this temperature did
not lead to a further decrease in weight. Total reduction required about 3 h.
The reduced material displayed the diffraction pattern of metallic indium having sharp diffraction maxima.
In the volumetric apparatus the sample was reduced in a stream of
hydrogen at 500 C for 4 h, after which the sample was evacuated at 500 C for
1 h. After cooling down to roomtemperature, the pressure was below 10

torr.

3. Results and discussion .

S.I. Metal surface area.

Samples of the specimens studied in the volumetric apparatus and
reduced for different periods in the thermobalance were investigated both in the
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scanning and in the transmission electron microscope. In the transmission electron microscope ultrathin sect ons were studied prepared after impregnation of
the evacuated samples with methylmetacrylate and polymerisation. Figure 1 shows
a scanning electron micrograph of the reduced material. It can be seen that almost sphericaliindium particles are dispersed over the silica support that has
a much smaller grain size. The symmetrical shape of the metal particles is due
to the indium being crystallized from liquid indium.

Figure 1. Scanning electron micrograph of indium on silica.
Spheres are indium particles; the silica particles are
strongly clustered. Magnification: 3400x.
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An accurate counting of the particles in the micrographs led to an
average dimension of 0.72 p. Both scanning and transmission micrographs showed
the above mean particle size. The particle size distribution is, however, not
narrow. As can be seen also in figure 1, most particles have a size between
0.6 and 0.9 U; a small fraction of particles with dimensions from 1.5 to 1.8 \i
appears to be present as well. The samples investigated had been reduced at
least for 4 h; longer reduction did not lead to an increase in the mean particle size.
From the micrographs (especially from those taken at a magnification above about 10.000) it is apparent that the contact area of the metal particles with the support is small. To calculate from the above mean particle size the metal surface area accessible to gas molecules, we assumed spherical particles to be present having a surface completely accessible to oxygen molecules.
With a mean particle size of 0.72p, the above assumptions led to a surface area
of 1.14 m

per g of indium. We estimate the accuracy of the mean particle di-

mension at 20%.

3.2. Volumetrio determination of the oxygen sorption.

Figure 2 shows the extent of oxygen sorption at 20°, 133

and 172°C

as a function of the oxygen pressure. Before each sorption experiment the sample
was reduced in flowing hydrogen and evacuated. The sorption isotherm measured
at 20 C contains experimental points recorded after the first reduction as well
as after the sample had been oxidized at temperatures up to 300 C and again reduced several times. The extent of sorption being exactly equal shows that the
indium particles are very thermostable. The first reduction had increased the
size of the metal particles so far, that their mobility over the surface of the
support has become very small.
At 20 C admission of the first dose of oxygen ( 1.251 ml STP per g of
indium) already led to an equilibrium pressure of 0.13 mmHg. After a rapid decrease the pressure fell slowly; the amount sorbed was taken when the rate of
—4
decrease of the pressure had become below 10
torr/min. A further increase of
the oxygen pressure brought about a limited increase in the extent of sorption.
The amount of oxygen taken up rapidly grew appreciably at higher
temperatures. The first dose admitted to the sample kept at 133°C was completely sorbed within 2 min. After the take-up that, proceeded

at a well measu-

rable rate, a very slow sorption at high temperatures was observed. As said
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Figure 2. Volumetrically measured sorption of oxygen by
indium on silica particles. Pretreatment see text.(O)
measured after reduction for 4 h at 500 C and evacuation
for 1 h at 500 C. ( • ) measured after many oxidations
(also at high temperatures) and reductions.

above the data of figure 2 have bee=-n taken when the pressure decreased at a rate below about 10

torr min

. keeping the specimen for 16 h at 133°C brought

about a decrease in the oxygen pressure from 2.67 to 1.66 torr, which corresponds to an increase in the extent of sorption of no less than 2.80 ml STP per
g of indium. When the rate of sorption is assumed to be constant during the 16
h, a value of 7.85 x 10

O^ molecules per min per g of

indium is obtained.

Figure 2 shows that the extent of both rapidly and more slowly sorbed oxygen
increased further when the temperature was raised to 172°C.
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3.3. Gravimetric determination of the oxygen sorption.

The gravimetric results have been collected in figure 3. In contrast
to the volumetric experiments the temperature of the sample was raised without
intermediate reduction. The gravimetric data differ from those obtained volumetrically in two respects: (i) The extent of sorption was considerably larger;
(ii) the rate of sorption was lower (the

time scale of figure 3 is h ) . The

extent of sorption , moreover, depended strongly on the shape of the crucible
used: With the platinum much more oxygen was taken up than with the alumina
crucible.
Sorption of a larger amount of oxygen at a lower rate is unusual.
Generally a larger sorption capacity leads to a higher rate of take up. With
highly porous materials, however, the transport of the reactive gas to the adsorbing surfaces can govern the rate of sorption. The high surface - to volume

ratio of small metal particles, moreover, can give rise to thermal

effects that profoundly influence the sorption process.

OXYGEN SORPTDN
(mlSTP/gln)

28

10

8

12

16

20

0

2C

TIMEW
Figure 3. Sorption of oxygen by indium on silica particles
measured gravimetrically(Mettier TA-2). Temperatures of the
crucibles during interaction with oxygen are indicated.
( O 9 • ) platinum crucibles.
( A
A
) alumina crucibles.
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In the volumetric experiments oxygen was admitted to evacuated samples. The difference in total pressure led to a fast laminar (Poiseuille) flow
of oxygen through the wide pores (width above about 1 p) of the sample. Hence
the limited number of oxygen molecules of a dose

was distributed rather ho-

mogeneously over the metal particles of the sample. This caused the

individual

particles to adsorb a small amount of oxygen per unit time. Consequently the
heat of adsorption set free per sec per particle remained small and could be
dissipated via the support at a small temperature difference.
In the gravimetric work the oxygen partial pressure of the gas
flowing over the crucible was abruptly raised to 80 torr. Metal particles at
the external surface

of the sample were consequently exposed to a high inciden-

ce rate of oxygen molecules. The resulting high rate of adsorption led to a
fast generation of thermal energy. The transfer of this energy to the support
did not proceed fast. As shown by the micrographs, the contact area between the
nearly spherical metal particles and the support was small. This could also be
concluded from the fact that a mild ultrasonic treatment in alcohol was sufficient to separate completely the metal particles from the support. The adherence of the particles to the support is therefore small. Provided the supply of oxygen molecules was sufficiently rapid, the increase in temperature
resulting from the slow transfer of heat to the support caused the particles
to take up more oxygen, which increased their temperature still more. As their
mean temperature during interaction with oxygen

appreciably exceeded 20 C,

the particles took up considerably more oxygen.
To

explain the low rate of sorption and the effect of

the shape

of the crucible used, we must consider the transport of oxygen more closely.
Since the total pressure was constant, oxygen had to diffuse through argon.
Whereas the turbulency outside the crucibles was sufficient to homogenize the
gas effectively, the gas was stagnant inside the crucibles. We therefore must
envisage transport through both the empty space of the crucibles and the pores
of the samples. With the large alumina crucible the sample of about 80 mg filled up only about 10% of the crucible volume. Before oxygen could reach the
sample, it had consequently been diluted during diffusion through argon. Though
the sample in the platinum crucible was smaller ( about 30 m g ) , it filled the
crucible volume almost completely. Shortly after admission of oxygen, the top
layer of the sample in the platinum crucible was exposed to an appreciably
higher oxygen pressure than in the alumina crucible. The resulting difference
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Figure 4. Simultaneous gravimetric and DTA measurement
during interaction of oxygen at 20 C with indium on
silica( Mettier TA-2). Platinum crucibles; DTA-signal
relative units.

platinum crucible took up much more oxygen within the first hour than that in
the alumina one.
A high oxygen pressure leading to a high rate of liberation of thermal energy should produce a marked rise in the temperature of the sample. We
therefore recorded the temperature difference between the sampla and the reference crucible during exposure to oxygen at 20 C. Figure 4 shows the differential

temperature and the increase in weight (time scale in m i n ) . It can be

seen that within the first minute the temperature increased considerably to
fall already after two min. The weight increased at a rate that decreased in the
same way as the differential temperature. The high rate of interaction was displayed by the particles at or near the external sample surface, which can be
reached easily by the admitted oxygen. As penetration into the pores proceeded
more slowly, the rate of sorption and, hence, the rise of the temperature de-
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ï
creased after 2 min.
To get a rough impression of the increase in temperature of the
sample, we compared the surface area of the DTA peak of figure 4 with that of
the crystallization of indium on cooling down from above 160 C. The sorption
energy liberated during the first 20 min was about 0.7 cal; if after dissipation throughout the support the heat would have remained in the sample, its
temperature should have been about 140 C. Owing to tht slow heat transfer to
the support, the mean temperature of the reacting particles ( a small fraction
of the metal situated at the external sample surface) must have been markedly
higher.
A comparison of figures 2 and 3 indicates that in both types of
gravimetric experiments a larger fraction of the metal than that present at the
external surface took up oxygen at a higher mean temperature. Figure 3 shows
that increasing the temperature from 20° to 130° and further to 172°C did not
appreciably raise the sorption of the sample in the platinum crucible. The
small effect of the temperature must be due to the metal particles

having re-

acted with oxygen at an elevated temperature during the 20 C experiment. As
oxidation of 1 g of indium to In_0, asks for 146.6 ml STP of oxygen, it can be
concluded that the indium was oxidized to a considerable extent in the run at
20°C. Also the sample in the alumina crucible showed a smaller dependence on
the apparent temperature than displayed in the volumetric experiments. In figure 2 the extent of sorption increases by a factor of about 8 when the temperature was raised from 20

to 172 C. The lower curve of figure 3 indicates an

increase by only a factor of about 3. Though the mean reaction temperature with
the alumina crucible was lower, it still markedly exceeded 20°C.
The low overall rate of oxygen sorption displayed after about 2h
combined with a high rate of sorption by individual particles is due to a plug
flow of oxygen through the pores of the sample. The drift

velocity of oxygen

molecules in the pores containing atmospheric argon was low. Consequently the
molecules could pass through a section of a pore only after the sorption capicity of the metal particles in that section had been reduced strongly. As a result the oxygen partial pressure in a pore fell to a negligable value over a
short distance. When saturation of the particles diminished their sticking
coefficient so far that the pressure gradient shifted, the next limited number of particles was exposed to a high oxygen pressure. Since the

boundary of

oxygen-rich gas migrated slowly through the pores, the overall rate of sorption
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was low, though the small amount of particles at the high pressure gradient
were reacting fast with oxygen.
With the alumina crucible diffusion through the empty volume and
the larger external surface area of the sample caused the boundary to be less
sharp than with the platinum crucible. The indium particles were hence oxidized to a much higher extent with the platinum crucible, where

the total up-

take at an apparent temperature of 20°C was no less than 55 ml STP of oxygen
per g of indium. The above shows that though supported metal particles offer
advantages, results obtained with these materials should be considered carefully.

Dell et at. performing a comparative investigation of oxygen sorption by

nickel powders and evaporated films observed analogous effects (13).

3.4. Comparison with data from the literature.
As said above two papers have been published dealing with an ellipsometric determination of sorption of oxygen by indium films (1,2). The results
are represented in figure 5. Ageev and Shklyarevskii admitted dry air to an indium film deposited onto glass. Using
ide layer,

n=2 for the refractive index of the ox-

they calculated the values indicated in figure 5 that increase li-

nearly with log(time).
posited onto

Eldridge

et at. oxidized an indium film, that was de-

sapphire, by pure oxygen of 1 atm. These authors calculated two

series of film thicknesses, one based on n=2.1 and another on

k=0 (2). They

reported their thicknesses calculated with n=2.1 to be of the order of 5A less
than those obtained by Ageev and Shklyarevskii over the whole range. Figure 5
shows, however , that after about
thickness found by Eldridge

lh the thicknesses are the same, while the

et at. increased more slowly.

To compare the ellipsometric data with the value found volumetrically in this work, we calculated from the extent of oxygen sorption and the
surface area of the indium particles the thickness of the oxide layer using the
-3
2
density of bulk

In

O
2

3 viz. 7.18 gem

. In table 1 the sorption per m

of indium

and the thickness of the oxide layer at temperatures below 180 C are collected.
As can be seen in figure 5, the thickness at 20°C as calculated from the volumetric data,

viz

22 A,

fits very well in the range obtained by the above

authors, viz. 15-28 A (Eldridge

et at.) and 10-35 A ( Ageev and Shklysrcvskii) .

The values obtained with k=0 are well below the thickness observed volumetrically ; we therefore believe that n=2.1 is to be preferred.
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Table I
Extent of Oxygen Sorption

Temp
°C

Sorption
ml STP/gln
molecules O /m In

Thickness Qxide
A

22

5. 74

5. 1 X io 1 9
13. 5 X 1 0 1 9

133

8. 94

21. 1 X io 1 9

90

172

16. 69

39. 4 X i o 1 9

169

260

24.45

57. 7 X io 1 9

247

318

35. 40

83. 5 X i o 1 9

357

20
a)
133

2. 14
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a) After the second stage
b) Aftor 16 h at 133°C (see text).

The exposures to oxygen used in the ellipsometric and in the volumetric experiments differed appreciably. Surfaces of aluminium , that reacts
analogously, display also three different stages in the interaction with oxygen (14 , 15 ) . The first monolayer is adsorbed very rapidly, after which the
next two or three monolayers are sorbed with a rate exponentially decreasing
with the amount of oxygen taken up. Finally oxygen is taken up much more slowly.
Huber and Kirk could clearly distinguish the first and second stage of the oxidation

using a quartz microbalance to measure the oxygen sorption (15).Eley

and Wilkinson stated that the third stage sets in when the mechanism changes
over to the classical Wagner mechanism (16) at a thickness that depends on the
temperature. On exposure of an aluminium film to dry air the above three stages are not apparent. With an aluminium film Ageev and Shklyarevskii recorded
also a linear thickness - versus - log(time)plot (from 6 to 18 A) as represented
in figure 5 for an indium film. Since we observed the thickness of 22 A at
the start of the third stage, which cannot be discerned in the ellipsometric
work, it is not possible to compare the thicknesses more accurately.

65

THICKNESS OXIDE
30
20

y

10
TIME^w

1

io

loo

1,000 nooo

Figure 5. Growth of oxide layers on indium.
Ageev and Shklyarevskii(1): indium film on glass
exposed to dry air; ellipsometric determination
( n = 2.0 ) .
—
Eldridge et al.(2); indium film on saphire exposed to pure oxygen( 1 atm ) ; ellipsometric determination ( n = 2.1 )
.__
Eldridge et al.O-): as above ( k = 0 ) .
_ _ _ —. this work: volumetric determination.

With vapour-deposited films dissipation of the heat of adsorption
generally does not present difficulties. As said above Dell et al.

did not ob-

serve thermal effects with nickel films in contrast to porous nickel powders
(13). Though the indium films had been exposed abruptly to high oxygen pressures, the thickness of the oxide layer was of the same order of magnitude as
in the volumetric experiments. The large sorption in the gravimetric experiments thus cannot be ascribed to the high oxygen pressure only.

3.5. Effect of the melting point of indium

(156.6°C).

In figure 6 we have plotted the logarithm of the thickness of the
oxide layer found volumetrically as a function of the reciprocal temperature.
We have used the thicknesses observed when the rate of sorption had fallen to
-4
-1
below about 10
torr min . Two thicknesses measured at higher temperatures

66

have been included; the experiments at higher temperatures will be dealt within a separate paper. As said above we shall compare the results obtained with
indium with those published in the literature for aluminium. In figure 6 data
of Cabrera and Hamon (17) and of Benard (4) have been plotted. Figure 6 shows that
the logarithm of the thickness of the oxide layer on aluminium

grows linearly

with a decreasing reciprocal temperature. Indium, on the other hand, shows
an abrupt rise

in the thickness of the oxide layer (from 70 A to 150 A at

156 C) on passing through its melting point.
Melting of the metal is not likely to affect the •

at the

oxide-gas interface nor the transport properties of the oxide xayer. Melting may
change the shape of the metal particles. Since in the volumetric work we exposed the liquid metal particles to oxygen after complete reduction, the particles did not melt during interaction with oxygen. A mechanical effect on the
oxide layer is hence also unlikely. We therefore conclude that the metal-oxide
interface determines the thickness of the oxide layer at which the rate of sorption sharply decreases.
At the metal-oxide interface dissociation of indium atoms from the
metal into the oxide layer and penetration of oxygen atoms or ions into the metal has been

envisaged (18). We do not feel that the rate of dissociation of

metal atoms from liquid metals is appreciably larger than that from solid metals.
The vapour pressure of metals does not increase abruptly at the melting point,
which indicates that the bonding energy of metal atoms to solid metals does not
deviate much from that to liquid metals. We shall therefore consider penetration of oxygen into the metal more closely.
Delchar and

Tompkins (19) refined the place-exchange mechanism

brought forward earlier ( 20, 14). studying the

interaction of oxygen with

nickel they found the rate of incorporation of oxygen into the metal to be a
12
factor of 10
lower than was to be expected for a process characterized by the
experimentally observed activation energy of 1 to 2 kcal mole" . To explain the
low rate the authors pointed out that the energy barrier a penetrating oxygen
atom has to cross, is strongly reduced by the metal surface atoms

contacting

the oxygen adatom carrying out concerted displacements outwards from the adatom. As the probability that three or four metal atoms move simultaneously over a considerable distance in the required directions is small, a low rate of
penetration displaying a low activation energy can be expected.
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Delchar and Tompkins derived their model for a nickel surface covered by about a monolayer of oxygen atoms. With indium the thickness of the
ccide layer at the start of the third stage is already 60 A at 133°C. NeverTompkins 1 model can be applied to the oxidation of indium.

theless Delchar and

As the time used in a sorption experiment does not vary appreciably, the thickness of the oxide layer can be taken to be proportional to the rate of uptake.
From the data of figure 6 activation energies of 0.8 kcal mole"
and 1.2 kcal mole

(below 156°C)

(above 156 C) were calculated. The activation energy is

hence of the same order of magnitude as that observed by Delchar and Tompkins.
At the melting point of indium, moreover, the amplitude of the thermal vibrations strongly increases, which considerably facilitates the penetration of
oxygen. As a result the concentration of oxygen atoms or ions at the metaloxide interface falls, which leads to an increased rate of migration of oxygen
through the oxide layer.

(og thickness (A)
3.0

melting
point In(156.6t)

2.0

1.0
'000^--,

0

1.0

2.0

3.0

4.0

Figure 6. Thickness of oxide layer as a function of reciprocal
temperature for aluminium and indium.
( O ) Aluminium; Cabrera and Hamon (17).
( • ) Aluminiumj Benard (4).
( X ) Indium; this work, volumetric measurements.
( A ) Indium; to be published.
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The rate of growth of the oxide layer sharply decreases at a thickness that is
therefore much larger with liquid indium. The effect of the melting point of
indium thus indicates that penetration of oxygen into the metal can strongly
influence the formation of oxide layers on metals.
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As has been explained earlier, we want to compare the catalytic activity for the oxidation of carbon monoxide of indiumoxides of a different oxygen
content. When phase transitions do not interfere, it can be expected that the
activity will rise at decreasing oxygen content. In this chapter we argued that
indium(III)-oxide is the sole solid oxide of indium that is stable. At the interface between metallic indium and indium(III)-oxide, however, a layer of a lower
i
)
i

indiumoxide may be present. Since oxidation of metallic indium leads to indium (Ill)-oxide contacting the metallic phase, interfacial layers of lower indiumoxides may be obtained by the oxidation of indium.

!

In the previous section we have dealt with the oxidation of indium
at temperatures below 180 C. After the take-up of a restricted number of monolayers of oxygen, the rate of sorption appeared to decrease strongly. It was demonstrated that the thickness of the rapidly fonaed oxide layer increases with
the temperature. Above the melting point of indium the thickness appeared to be
markedly larger. It is difficult to establish the structure of the surface layer
obtained on oxygen sorption. As mentioned by Lawless (21), the experimental determination of the structure of very thin oxide films is difficult. Though LEED
experiments have improved the knowledge of the surface structure of oxidized metal
surfaces, reliable data are rare in the literature. Whereas oxide films formed
at low temperatures on copper, nickel, zinc and iron are known to be crystalline,
the low temperature oxide film on aluminium has been showed to be amorphous (22).
Since the chemical behaviour of indium can be expected to be analogous
to that of aluminium, the oxide layer obtained on interaction with oxygen below
180°C is presumably amorphous. With aluminium formation of crystalline aluminium(IID-oxide (y-Al 2 O 3 ) has been observed above about 35O°C. Hart and Maurin (23)
established that the rate of nucleation strongly depends on the temperature and is
not markedly affected by the oxygen pressure. The experimental evidence indicates

.

formation of alumina crystallites that grow into the metal phase below the amor-

,

phous layer

(24). As growth of indium(ITI)-oxide crystallites in the same way

would not lead to exposure of intsrfacial lower indiumoxides to the gas phase,
;

it is important to investigate the mechanism of the formation of indium(III)-

i

oxide crystallites on indium more closely. An important difference with aluminium

'i

is that metallic indium is liquid above 156.6°C, whereas the melting point of

1

aluminium is 660°C. We therefore studied the extent and the rate of oxygen sorption
by small silica-supported indium particles at temperatures above 180°C. As before

70

V-"';ih'i'»'••'*'"':'-' ""'' '

!^vsMaas™^v**^wS^tt^;£Js'^

the measurements were carried in a volumetric apparatus and in a thermobalance.
We shall deal first with the volumetric experiments. Whereas at 360 C
no sharp drop in the rate of sorption was observed, the rate decreased sharply at
260

and 318 C. At 260 C the transition from rapid to slow take up of oxygen took

place after sorption of about 21 ml STP O /g In, which corresponds to a degree of
oxidation of about 14%. At 318 C the transition to slow sorption was shaiper and
situated at 36 ml STP O / g In, which corresponds to 25% oxidation. The rata at
360°C did not decrease to a low value after take up of 48 ml STP O /g In ( 3?%
oxidation).
From the time required to take up a dose, the rate of sorption could
be calculated as a function of extent of oxidation. As was to be expected the rate
measured at 260 C was appreciably lower than that at 318 C at all coverages.
Increasing the temperature to 360 C, however, led to a rate of sorption that was
lower than that found at 318°C. The rate observed at 360°C was only slightly
higher than that found at 260°C up to a sorption of about 15 ml STP 0 /g In (10%
oxidation), where the rate at 360°C dropped much more slowly than that at 260°C.
The fact that the rate of sorption before reaching the steady-state was lower at
360°C than at 318 C was unexpected. As far as we are aware, a rate of oxidation
of metals increasing with the temperature has always been reported in the literature. Since nucleation of crystalline indium(III)-oxide may strongly affect the
rate of oxidation, we first investigated whether

nucleation could proceed in this

temperature range.
Nucleation of crystalline aluminium(III)-oxide on aluminium has been
established by various experimental methods, one of them being the rate of oxidation as a function of time. A transiently higher rate of oxygen take up after
an initial period of a relatively low rate indicated nucleation of a crystalline
oxide. With aluminium the rate of oxidation was observed to be temporarily high
at temperatures from 450° to 550°C (Benard, (4), p.365). By other methods it was
established that formation of crystalline aluminium(III)-oxide only proceeds
rapidly at temperatures above 450 C (25, 26). In figure 7 the pressure during
oxygen sorption by metallic indium at 260 C is represented as a function of time.
Precisely as described in the above literature with aluminium the pressure
dropped more rapidly after 65.5 minutes to decrease again more slowly after about
2?

79 minutes. This indicates that nucleation of crystalline In_O

•4\
fci'..
•J.V

260 C from a previously formed amorphous oxide layer. The thickness of the amor-

takes place at

phous layer at the onset of nucleation was about 250 A.
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Figure 7. Nucleation of crystalline In O
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have been generated , the oxidation shows a

constant rate for extended periods. At 260°, 318° and 360°C the sorption showec".
a steady rate after, a take up of 25, 45 and about 50 ml STP 0 /g In, respectively.
At 205 C we measured a constant rate after oxidizing the metal for 32% at temperatures rising to 360 C. When the logarithm of the sorption rate was plotted
against 1/T the experimental points at 205 , 260

and 318 C appeared to give a

straight line. The activation energy calculated from the plot was 13.2 Kcal
—1
o
mole

( correlation 0.9993). Increasing the temperature to 360 C brought about

a larger increase in the rate of oxygen sorption than agreed with that at the
lower temperatures. The experimental points at 318

and 360 C led to an activation

energy of 24.8 Kcal mole
Earlier we found that the growth of the amorphous layer proceeds rather
easily ; an activation energy of the order of 1.0 Kcal mole
of crystalline In O

was observed. Growth

calls for a substantial higher activation energy. A larger

pre-exponential factor brings about that the growth of the crystalline oxide nevertheless dominates above 200 C, when nucleation has taken place. With aluminium it
was found that the crystalline oxide grows into the metal underneath the amorphous
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layer that remains unaffected as far as the present experimental evidence indicates. With indium we observed a change in mechanism at temperatures above 318 C.
This was evident from the initial rate of take up at 360°C being smaller than that
at 318 C, as well as from the change in the activation energy.
With indium, which is liquid above 156.6°C growth of crystalline
oxide into the metal is unlikely. The liquid will push the oxide crystallites
out of the metal phase. Though with aluminium the amorphous layer has been reported to remain stable in contact with a crystalline oxide, growth of the crystalline oxide at the expence of the amorphous layer has to be envisaged with indium.
A recrystallisation of the amorphous layer at a rate increasing with the temperature can lead to a complete disappearance of the amorphous layer at a sufficisntly high temperature. This asks for a rate of recrystallisation rising more
rapidly with the temperature than the rate of formation. The disappearance of
the amorphous layer leads to a more difficult incorporation of oxygen into the
crystalline oxide, which explains both the relatively low initial rate and the
high activation energy at 360 C.
To demonstrate the disappearance of the amorphous layer which should
bring about a denudation of part of the metal surface , we measured the oxygen
sorption by a sample that was previously exposed to oxygen at 360 C. The results
are represented in figure 8. It can be seen, that the metal took up about 48 ml
STP of oxygen per g In, which corresponds to an extent of oxidation of about

32%.

After evacuation the sample was cooled down to 20°C. Exposure to oxygen led to o
take up of 0.86 ml STP/g In.Raising the temperature of the evacuated sample to
140 C and exposure to oxygen led to sorption of 2.63 ml STP O_/g In, inclusive
the sorption at 20 C. A further increase in temperature to 205°C caused the
sorption to rise with a rate that decreased only slightly with total sorption.
Decreasing the temperature to 170°C after a total amount of about 53.4 ml STP/
g In has been taken up at 205 C did not rai.se the take up further.
In table II the take up of oxygen of indium having reacted at 360 C
with oxygen is compared with the sorption by pure indium.

As indicated by the

data of table II the ratio of clean indium is equal to that displayed by previously oxidized indium, covered by crystalline oxide particles.Since 140 C is slightly
above 133 C the agreement is very good. Comparison of the sorption of oxygen by
clean and by indium covered by crystalline oxide showed that 60% of the indium
surface was covered by oxide crystallites after reaction at 360°C. That the
amorphous layer is stable below 300 C is indicated by the fact that at 170°C no
oxygen was taken up.
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Figure d. Sorption of oxygen on metallic indium at 360 , 20°, 140°, 205° and
170 C respectively.

TABLE .1
Extent of Oxygen Sorption.

clean indium

previously oxidized
a t 360°C.
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temp

Sorption

(°CJ

(ml STP/g In)

133°C

5.74

,>o°c

2.14

140°C

2.36

20°C

0.86

Soiption at 133 /Sorption
at 20°C

2.68

2.74

It can be expected that the rate of oxygen sorption by indium partially covered by oxide crystallites depends on the extent of coverage and size of the
oxidic particles. At a high degree of oxidation the rate of oxygen take up will
be relatively low. We investigated the effect of the presence of oxide crystallites on the rate gravimetrically. It was observed that the rate measured at 205 C
of a sample previously exposed at lower temperatures to oxygen

was about the

same as that displayed by a sample previously oxidized at 360 C for 77%. When a
sample was oxidized at 345 C for 21%, it showed an initial rate of oxygen sorption
that was appreciably larger. During the intjraction at low temperatures with
oxygen the sample heated up to 205 C had been covered by an amorphous layer that .
impeded the oxygen sorption. The layer decreased the rate of take up at 205 C to
an equal extent as the large oxide crystallites formed at 360°C during oxidation
for 771.. When a sample was prpviously oxidized at 345°C for 211 a relatively large
clean indium surface area was exposed to oxygen at 205 c, which led to a very high
rate of take up.
The above experiments nicely demonstrate the amorphous layer to become unstable above about 350 C. The instability leads to crystallisation to In^O
during which a clean indium surface results. This contrasts with the observations
on aluminium that point to crystallites growing into the metal coverert by an
amorphous layer. The fact that indium is liquid during interaction with oxygen at
high temperature presumably brings about the formation of oxide crystallites
present on the metal surface. As a result we can expect that after heating up
to a temperature above 350 C and cooling the surface of the interface between
indium and indium(III)-oxide is exposed to the gas phase. We shall extensively
use these results in the next chapter , where the investigation of the activity
of the indium-oxygen system is dealt with.
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CHAPTER VI
THE ACTIVITY OF THE INDIUM-OXYGEN SYSTEM FOR THE OXIDATION OF CARBON MONOXIDE.

1. Introduction.

One of the objectives of this thesis is to investigate whether the
therraodynamic stability of bulk metal oxides can be related to their catalytic
activity. As mentioned earlier the stability of indiumoxides decreases with a
decreasing oxygen content. If the oxides are catalyzing the oxidation of carbon
monoxide according to the reduction-oxidation mechanism with the reduction as
the rate-determining step, we can expect that the activity will increase at a
lower oxygen content. In the preceding chapter we argued that the presence of
indium oxides of a lower valency is likely at the interface of indium and
indium(III)-oxide. We accordingly studied the activities of catalysts that contained both indium(IIl)-oxide and metallic indium. The catalysts have been prepared
by partial reduction of indium(III)-oxlde on the one, and by partial oxidation
of metallic indium on the other hand. As the catalysts contained two different
contacting phases, nucleation of new phases will not influence the catalytic activity of indium-indium (III) -oxic"" systems. Comparison of the activity of the heterogeneous catalysts with that of jjiare indium(III)-oxide and pure metallic indium
permits conclusions about the relation with the thermodynamic stability to be
drawn.
To get results that can be easily interpreted, we must be able to vary
the degree of reduction or of oxidation of a catalyst bed without affecting the
size and the stacking of the particles of the catalyst. When we start from pure
indium(III)-oxide,partial reduction can be carried without a marked change in the
catalyst bed. With a high degree of reduction, however, difficulties will arise
owing to the low melting point of metallic indium. As will become apparent below,
indium catalysts that have been oxidized slightly must be studied also. With metallic indium catalysts consequently, the use of supported catalysts is required. We
hence investigated both unsupported and supported indium(oxide) catalysts.
As we discussed in chapter IV the specific catalytic activity (the
activity per unit surface area of the active phase) may depend on the structure of
the surface. The structure of the surface, in turn, will depend on the preparation
method of the solid. Indium(III)-oxide can be produced by oxidation of metallic
indium; the resulting oxide does not contain markedly water. Since water can affect
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the catalytic activity of oxides, the use of a water-free oxide is attractive.
Production of a useful supported indium catalyst, however, generally asks for
precipitation of indium(III)-ions from an aqueous solution. We accordingly measured the activity of indiura(JII)-oxides prepared both by cxidation of metallic
indium and by precipitation fro a aqueous solution.
The experiments with differently prepared indium(III)-oxides are
followed by an investigation of the effects of partial reduction on the catalytic
activity. We next measured the activity of supported metallic indium catalysts
as a function of the extent of oxidation. The data on the sorption of oxygen by
indium and on the mechanism of oxidation dealt with in chapter V will te used to
develop a detailed interpretation of the experimental results.

2. The catalytic activity of pure indiumi III)-oxides.
The catalytic activity of three differently prepared irdium(III)oxides, viz. In-A-2, In-A-1, and In-A-3, was determined in continuous flow experiments. As described in chapter IV, catalyst In-A-2 had been produced by oxidation of metallic indium, and catalyst In-A-1 was a commercial Indium(III)-oxide
obtained from BDH . Catalyst In-A-3 had been prepared by precipitation

of indium

(III)-hydroxide from a homogeneous solution. This catalyst was previously dehydrated in a stream of nitrogen at 550 C. In table I the surface areas of the catalysts
before and after prolonged use in the catalytic reactor are represented. It can
be seen that the large particles of the oxide obtained by oxidation of metallic
indium did not markedly sinter. The oxide resulting from the dehydration of the
indiumhydroxide, on the other hand, sintered strongly; its surface area decreased
from 96 to 13 m g

. The commercial indium(III)-oxide showed a modest decrease in

surface area.
The weights of the: catalyst beds are also included in table I; the
flowrate used in the experiments was 50 ml min

. From the effects of the partial

pressures of carbon monoxide and oxygen, it was found that the oxidation was first
order with respect to carbon monoxide and zero order with respect to oxygen. The
dependence of the rate of the catalytic oxidation on the partial pressures points
to the reduction of the oxide to be the rate-determining step. This could also be
concluded from the rate of oxidation of indium and of reduction of indiumoxide.
As dealt with in chapter V the reduction of indium(III)-oxide sets in at about
340 C, whereas oxidation of indium was observed already at room temperature.
Oxidation of indium hence proceeds much more easily than reduction of indium(III)-
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THE SPECIFIC CATALYTIC ACTIVITIES OF UNSUPPORTED INDIUM(III)-OXIDE AT 400°C.

Catalyst

Weight

Spec.surf.area
before-after use
2-1
tm g )

In-A-1

0.99

9.6

In-A-2

1.01

3. 10~ 2 3. 10~ 2

In-A-3

0.52

96

6.2

13

Contact time
(min)

Spec, activity
Correl.
k
E
A
°
i)
. -i -2) (Kcal mole '
(mm m

0.013

2. 1x10

2b. 2

0.996

0.008

17. 9xlO9

25. 8

0. 999

0. 022

6. 7xlO7

17. 5

0. 998

oxide. Reduction of indium(III)-oxide to metallic indium during catalysis is,
however, very unlikely. If the catalytic reaction proceeds according to the
reduction-oxidation mechanism, formation of oxygen vacancies in the indium(III)oxide phase is likely. It can be expected that oxidation of the vacancies occurs
more rapidly than that of metallic indium. It is interesting to compare the
temperature where indium(III)-oxide shows a narked catalytic activity with the
temperature of incipient reduction.
In figure 1 the conversion of carbon monoxide is represented as a
function of the temperature for the above three pure indium(lll)-oxide catalysts.
The composition of the gas flow was 1 vol% CO, 1 vol% O , and 98 vol% N ; the
-1
flowrate was again 50 ml min . Besides the conversion of the reactor containing
indiumoxide catalysts, the conversion of the reactor without catalyst is also
indicated in figure 1 by curve (E) .The catalysts Ir.-A-l and In-A-2 displayed
a behaviour that nicely agrees with the temperature at which the reduction of
indium(III)-oxide was observed to start, viz. 340°C- The conversion of In-A-1
rose much more rapidly wir.h the temperature than that of In-A-2. The catalyst
'In-A-3, prepared by dehydration of indiumhydroxide precipitated from homogeneous
solution was, however, completely different; this catalyst appeared to be much more
active.
To compare the activities quantitatively, we used the above first order
dependence according to :
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Figure I. Conversion-versus temperature curves of the catalysts In-A-1
(0.99 g ) , In-A-2(1.0I g) , and In-A-3
(0.52 g) . E: The conversion of the
empty reactor. Normal flow conditions.

22

Figure 2. In k plotted as a funcion of
the reciprocal temperature, for the
catalysts In-A-1, In-A-2 and In-A-3.
(see also figure 1)

r

co
^co

dt
k

=

~

[•]

ln(l-x)
TS

and

k = kQexp(-EA/RT)

where x is the conversion, T the residence time of the reactants in the catalyst
bed ad S the total surface area of the active phase in the catalyst bed. We
expressed k in (m min

) . To calculate k, we used the surface areas after use

of table I. In figure 2 the k-values calculated from the above relation are
plotted as a function of 1/T. With catalyst In-A-2 we only used conversions
above 3%, as the effect of the correction for the activity of the empty reactor
is too large at lower conversions. To avoid effects of rates of transport, we
confined the conversions to 60% with In-A-3 and to 41% with In-A-1. As can be seen
from figure 2, Eq. I 3 I is very well obeyed.
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In table I the values obtained for the activation energy, E , and
the pre-exponential factor, k , are given, together with the correlation coefficients. It can be seen that the activation energies of In-A-1 and In-A-2 agree
within the experimental accuracy. The accuracy of the pre-exponential factor, k Q ,
is considerably less as usual. We believe that the difference of the k -values
of In-A-1 and In-A-2 as given in table I can be accounted for by the experimental
errors. Catalyst In-A-3 displayed both a low activation energy and a low preexponential factor. A simultaneous decrease in activation energy and pre-exponential factor has often been observed with heterogeneous catalysts; it has been
denoted as the compensation effect.
From the data of table I it can be concluded that the catalysts
In-A-1 and In-A-2 displayed the same surface structure and, hence, the same
mechanism. The more rapid rise in conversion with temperature of catalyst In-A-1
is due to its larger surface area. Since the reduction of the oxide started at
about the same temperature as at which the conversion of carbon monoxide was
marked, both catalysts presumably displayed the reduction-oxidation mechanism.
The catalyst In-A-3 exhibited a different mechanism. The surface of an oxide
obtained by dehydration of a hydroxide at not too elevated temperatures is likely
to contain an appreciable number of lattice defects. At these lattice defects
the presence of oxygen vacancies is likely. Interaction of the surface defects
with molecular oxygen will not remove the defects. Oxygen is presumably adsorbed
at the defects as (0

) , which rapidly reacts with carbon monoxide. In a very

extensive investigation, Teichner and coworkers (1) have demonstrated that
dehydration of nickelhydroxide in vaouo leads to nickel oxide that also shows a
strongly increased activity due to a limited number (about 8%) of reactive sites.
The low value of k

shown by catalyst In-A-3 also indicates that a relatively

small number of active sites brings about the high activity.
The results of this section clearly demonstrate the statement of
chapter IV that the specific catalytic activity of solids can considerably depend
on the surface structure. Whereas the X-ray patterns of the above three indium
(Ill)-oxide catalysts were precisely the same, the catalytic activity of one of
the catalysts is much higher.

S. The catalytic activity of partially reduced not supported indium (III) -oxide.

To investigate the effects of reduction on the catalytic activity of
indium (III)-oxide, we used the catalyst prepared by cxi.dntion of metallic indium.
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The crystallographic structure of this catalyst was very well defined. As said
above we carried out the reduction in the reactor. Measurements before and after
reduction and after reoxidation permitted to establish the effects very accurately. Hydrogen was used as a reducing agent instead of carbon monoxide, since
carbon monoxide can react to carbon and carbon dioxide. Carbon deposition on the
surface of the catalyst can profoundly change the catalytic behaviour.
A catalyst bed of 1.01 g of catalyst In-A-2 was used. In a first
experiment the catalyst was slightly reduced (5 min at 345 C in a flow of hydrogen) . The temperature of 345 C is just above the temperature at which the onset
of the reduction was recorded in the thermobalance. After reduction the catalyst
was cooled down to room temperature, the hydrogen flow was replaced by a flow of
1 vol* CO, 1 vol% 0_ and 98 vol% N

at a rate of 50 ml min

. The activity of the

catalyst is represented in figure 3. When the temperature was raised, the reduced
catalyst exhibited an activity much larger than that of the original indium(III)oxide as can be seen in figure 3. From about 420 C on, however, the conversion
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rose appreciably

slower with increasing temperature. When the temperature was

decreased, the activity was again about the same as that of the not reduced
indium(III)-oxide. The activity of the catalyst kept at 530 C did no longer
depend on the direction of the change in temperature.
The catalyst was reduced much more severely by keeping for 10 min in
a flow of hydrogen at 550 C. The activity of the catalyst after this treatment
is shown in figure 4 together with that of the slightly reduced and the not reduced catalyst. The higher degree of reduction evidently had stabilized the increase
in activity. Whereas the conversion of the slightly reduced catalyst did not
appreciably grow above about 450 C, that of the heavily reduced catalyst attained
100% at about 530°C. Cooling down the catalyst from about 530°C had an effect on
the conversion that was opposite to that on the slightly reduced catalyst: Now the
conversion was markedly higher when the temperature was decreased.
The experiments of figures 3 and 4 demonstrate that the presence of
metallic indium profoundly affects i-.he catalytic activity of indium(III)-oxide.
The slightly reduced catalyst (the color changed from yellow into gray by the
reduction) contained a number of very small metallic indium particles. The excess
of oxygen in the gas flow was sufficient to reoxidize the small metal particles
rapidly. Above about 400 C the metallic indium content of the catalyst rapidly
decreased and the activity went back to that of the pure oxide. In the more strongly reduced catalyst rather large metallic indium particles were present. The metal
particles were evident from the X-ray diffraction pattern of the reduced catalyst.
As has been shown in chapter V, it is difficult to oxidize rapidly larger indium
particles at temperatures up to about 550 C. The stability of the heavily reduced
catalyst hence is due to the stability of its metallic indium content.
It is obvious to ascribe the higher activity of the reduced catalyst
to the presence of metallic indium surfaces. When an indium metal surface has a
higher activity, transformation of a fraction of the indium(III)-oxide surface
into a metallic indium surface will lead to a considerably higher activity. This
explanation meets, however, with difficulties. It must be expected that the surface area of metallic indium that was exposed in the strongly reduced catalyst was
markedly larger than that in the catalyst reduced at 345 C. Both reduced catalysts
exposing an equal metallic indium surface area is rather unlikely. We have, moreover, to account for the increase in activity that the heavily reduced catalyst
displayed on cooling. Finally, we refer to figure 1 that shows that the activity
of indium(III)-oxide can vary considerably. The variation in activity brought
about by reduction is still much smaller than that displayed by differently

S3

prepared indium(III)-oxide catalysts. We therefore cannot exclude a priori an
effect on the indiumox.».-ie. The conversion-versus-temperature curve of the heavily
reduced catalyst almost coincides with that of catalyst In-A-1. Above we could
ascribe the higher activity of the catalyst In-A-1 to its larger surface area. An
increase in surface area of catalyst In-A-2 brought about by the reduction did
not occur. Within the experimental accuracy the surface area was the same. A
reversible increase and decrease in surface area as suggested by the activity of
the slightly reduced catalyst is, moreover, improbable.
To get more insight in the origin of the increase in activity we
calculated the activation enargy and the pre-exponential factor from the conversion of the strongly reduced catalyst. In figure 5 the values of Ink have been
plotted against the reciprocal temperature. To calculate the k-values we used the
9 —1
total surface area of catalyst In-A-2, which amounted to 0.03 m g . Figure 5
shows that the k-values obtained at increasing temperatures follow an Arrhenius
equation with a high accuracy. The activation energy, E , was 17.9 Kcai mole
and the pre-exponential factor, k ,was
9 - 1 - 2
°
3.2x10

min

m

. At a decreasing tempe-

rature the Arrhenius plot was not straight.
A straight line through the points up to
(1/T)=
led to an activation
energy of 17.9 Kcal mole
ar.d a pre9
-1 -'
exponential factor of 3.8x10 min ia ,
values that agree with those calculated
from the plot at rising temperatures
within the experimental error. Below
about 420 C the Arrhenius plot indicates a change in the mechanism of the catalytic reaction. To get a rough estimate
of the kinetic constants in this temperature region, we calculated the activation
energy and pre-exponential factor £rom a
linear extrapolation of the curve of
figure 5. The result was E =9.8 Kcal
Figure 5 Ink as a function of
the reciprocal temperature of
the heavily reducea catalyst
In-A-2. See figure 4.
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TABIE II
KINETIC PARAMETERS OF PURE AND PARTIALLY REDUCED INDIUM(III)-OXIDE.

Kcal mole-1

° -1 -2

min m

In-A-1

26. 2

2.1 x 10

In-A-2

25. 8

17.9 x 10

In-A-3

17.5

6.7 X 107

Increasing temp.

17.9

3.2 x 10

Decreasing temp.

17. 9

3.8 x 109

Pure InjO,

Reduced

In

9

2°3

Final stage

9.8

9

x 106

In table II the above kinetic parameters are compared with the values
obtained with pure indium(III)-oxides. The data of this table show that at temperatures above about 420 C the reduced catalysts displayed an activation energy
that agrees with that of the pure indium(III)-oxide prepared from indiumhydroxide.
This suggests that the indiuiaoxide surface was modified by the presence of metallic indium to a state resembling that of the pure indium(III)-oxide prepared by
dehydration of indium(III)-hydroxide. Though the accuracy of the pre-exponential
factors is less than that of the activation energy, it is sufficient to state
that the pre-exponential factors calculated for the reduced catalysts were of the
order of those observed for the catalysts In-A-1 and In-A-2. The pre-exponential
factors therefore indicate that the presence of metallic indium brought about a
surface density of defects that was appreciably larger than that at the surface
of dehydrated indiumhydroxide . The conversions shown in figure 1 for the catalyst
In-A-3 and in figure 4 for the reduced catalyst In-A-2 do not agree quantitatively
with both catalysts displaying the same mechanism. The surface areas of the catalysts in the reactor differed _iy a factor of about 400, while the pre-exponential
factors were different by a factor of about 50. These values lead to a number of
active sites with the catalyst In-A-3 that exceeded that with the reduced catalyst
by a factor of about 8, which seems to be too low to account for the large difference in conversion.
The final proof that the increase in activity by reduction was due to
a modification of the indium(III)-oxide and not to a rapid reaction on a metallic
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indium surface must therefore be a determination of the activity of a metallic
indium surface. This will be dealt with in the next section, in which we shall
also offer an explanation of the increase in activity of a partially reduced
catalyst on cooling. To conclude this section we shall consider the effect of

k
r'-

reoxidation of a partially reduced indium(III)-oxide catalyst.
Figure 6 shows the conversion of the heavily reduced catalyst kept in
a flow of oxygen at 500°C for the number of hours indicated. The flovrate of
oxygen was 50 ml min

, the pressure 1 atm. It can be seen that the activity

decreased very slowly. In figure 7 the conversion at 500 C is plotted as a function of the time the catalyst had been kept at 500°C. After 742 h the activity
of the catalyst dropped below the value of the not reduced catalyst. Investigation
of the catalyst after this, treatment in the light microscope learned that the
catalyst still contained a nufnher of indium metal particles. The metal particles
were very large; some particles had a diameter of no less than 0.25 mm. The adherence of the metal particles to the underlying indiumoxide was poor. The parti-
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Figure 6. Conversion-vs-temperature curves

Figure ?. Stability of the conversion

after different periods of oxygen treat-

at 500 C of heavily reduced catalyst

ment at 500°C.

In-A-2 with respect to oxygen treatment at 500 C.(See also figure 6 ) .
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cles were almost spherical and had a small contact area with the oxide.
The results obtained with the partially reduced indiumoxide can be
explained by assuming that contact of indium(III)-oxide with metallic indium
leads to dissolution of an excess of indium atoms or ions in the surface of the
oxide.The resulting nonstoiohiometry

of the indium(III)-oxide surface causes

the high activity. At a low degree of reduction the nonstoichiometric indium
atoms, or ions of a lower valency, are rapidly oxidized. The small indium particles of a slightly reduced catalyst are dissolving fast into the indium(III)oxide, where they can maintain the excess of indium atoms at the surface for
a short period only. With a severe reduction the higher metal content can keep
the excess of indium atoms at the surface constant for a prolonged period. Keeping
the catalyst at 500°C in oxygen leads to migration of the indium particles over
the oxide surface owing to which the particles sinter strongly. As the large
indium particles have a relatively small contact area with the oxide, the
transport of indium atoms from the metal into the indium(III)-oxide goes much
more slowly. The resulting drop in the density of nonstoichiometric indium atoms
at the surface causes the activity to decrease gradually. The activation energy
of the reaction slowly increases. After 86 h

a curved Arrhenius plot was obtained

which displayed an activation energy of 18.8 Kcal mole

. The activation energies

after 126 h and 234 h were 19.8 and 19.9 Kcal mole" , respectively.

4. The catalytic activity of silica supported indium and indiumoxide catalysts.

The preparation of the silica-supported indiumoxide catalyst had been
described in chapter IV. The reactor was loaded with 0.98 g of the catalyst In-B-4,
which had previously been dried at 250°C. As can be seen in figure 8 the activity
of the catalyst was between that of In-A-3 and In-A-1. The activity of the catalyst
went down on

keeping at 500°C in a flow of nitrogen for about 40 h. In figure 8

the conversion of the stable catalyst is also represented. It is evident that
the treatment at 500°C decreased the activity of the catalyst considerably.
The decrease may be due to sintering, which leads to a drop in the
active surface area. The treatment at 500 c C brought about a decrease in the
(total) BET surface area from 155 to 117 m g

. O n the other hand, it is more

likely that dehydration at 250 C led to an oxide having a nonstoichiometric surface like the dehydrated indium hydroxide catalyst In-A-3. At 500°C the lattice
•i •

defects were annealed owing to which the oxide showed a lower activity analogous
to that of In-A-1 and In-A-2.There must, however, be a markedly different struc-
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500°C.
(O • D A
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( V T ) after 43 respectively 223h
more in oxygen at 540°C.

ture . The supported indium(III)-oxide did not exhibit an X-ray pattern, neither
before nor after the treatment at 500°C. The difference is also evident from the
activation energy of 22.7 Kcal mole
m

min

and the pre-exponential factor of 1.3 x 10

. We hence can conclude that only a small fraction of the indium ions

displayed an activity analogous to that of bulk indium(III)-oxide.
Reduction of the supported indiumoxide catalyst led to formation of
large metallic indium particles. The X-ray diffraction pattern of the reduced
catalyst showed sharp diffraction maxima of metallic indium. As mentioned the
mean particle size had been determined electron microscopically. The surface
area as calculated from the mean dimension was 1.14 m

per g of indium. Figure 9

shows the conversion measured with the reduced catalyst. It appears that metallic
indium has a high activity. The conversion-versus-temperature plot approaches
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the curve measured with catalyst In-A-3, that had a relatively large active
surface area. A straight Arrhenius plot led to an activation energy of 14.4 Kcal
mole

and a pre-exponential factor of 1.8 x 10

m

min

. Comparison with the

data of table II shows that metallic indium has a different activity than nonstoichiometric indiumoxide. With metallic indium the activation energy is modestly lower and the pre-exponential factor is lower too. The data obtained with

y

metallic indium consequently substantiate the explanation of the increased
activity owing to partial reduction of indium(III)-oxide.
The conversion after reoxidation of the supported indium particles
at 500 C in a flow of pure oxygen are also represented in figure 9. As is to be
expected the activity dropped when the indium particles were oxidized. In table
III the kinetic parameters are collected. For comparison we included also some
values determined during the reoxidation of the non-supported catalyst In-A-2.
After 86 h at 500 C the non-supported catalyst showed an activation energy
slightly larger than that of the nonstoichiometric indium(III)-oxide. The
Arrhenius plot consisted of two straight lines. Below 375°C the activation energy was 18.1 Kcal mole

, which was presumably due to a remaining fraction of

nonstoichiometric oxide. Longer treatment brought about a further increase in
activation energy. After being reoxidized for 19 h at 500 C the supported catalyst still contained metallic indium as was evident from the Arrhenius plot that
was curved. At higher temperature the catalytic oxidation was dominated by the
nonstoichiometric oxide, while at lower temperatures the metal surface determined
the activity. Longer reoxidation caused the activation energy to rise to 19- 20
Kcal mole

, values that were also calculated with the non-supported catalyst.
Investigation of the activity of indiumoxide catalysts had been under-

taken to establish whether lower indiumoxides show a higher activity as is to be
expected from the thermodynamic stabilities of indiumoxides. There are reasons to
suppose that at the interface between metallic indium and indium(III)-oxide lower
indiumoxide can be present. Though evidence has been obtained that indium(III)oxide containing an excess of indium and, hence, displaying a mean lower valency
of indium, has a higher activity than stoichiometric indium(III)-oxide, the
activity of pure metallic indium was of the ca: ••? order of magnitude.
The evidence obtained after reoxidation of the strongly reduced nonsupported indium(III)-oxide indicates, however, that the stability of a lower
indiumoxide at the interface between metallic indium and indium(III)-oxide depends
on the temperature. As mentioned in chapter V the reason to postulate the presence
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TABLE III
KINETIC PARAMETERS DURING REOXIDATION OF METALLIC INDIUM.

E
A
Kcal mole-1

7 -1 -2
min
m

Non-supported In-A-2 '
reoxidized for 86h at 500°Cb'

18. 1

1.2 x 10
,8
6.6 x 10'

126h at 500 C

19. 8

1.7 x 10

234h at 500°C

19. 9

1.1 x 10 9

18. 8

supported In-B-3
completely reduced

14. 4

1.8 X 10

reoxidized for 19n at 500°Cb'

17. 2

9.2 x 10 7

250h at 500°C b)
43-223h at 540°C

14. 8

1.3 x 10 6

e

3.8 x 10 7

19. 1

8.9 x 10 6

20.

a) see figure 6.
b) curved Arrhenius plot.

of a lower indiumoxide at the interface deduces from observation with oxidation
of other metals. Another instance is the copper-oxygen system, where copper(I)oxide is between the metallic copper and the copper(II)-oxide phases. At elevated
temperatures the lower indiumoxide may dissolve more rapidly into the indium(lll)oxide than it is generated by oxidation of metallic indium. Removal of the lower
indiumoxide from the interface causes a considerable decrease in adherence of the
metal to the indium(III)-oxide phase.
In view of the above we only can expect to observe a marked activity
due to lower indiumoxide when the interface between indium and indium(III)-oxide
is (i) at a low temperature and (ii) sufficiently exposed. As dealt with in
chapter V indium(III)-oxide nucleates only at high temperatures from an amorphous
oxide layer covering metallic indium. Since at high temperatures the amorphous
layer is likely to cover the metal-indium(Ill)-oxide interface, the lower indiumoxide surface will not be exposed to the gasphase. In chapter V we demonstrated
experimentally that keeping an amorphous oxide layer at low oxygen pressure at a
high temperature leads to nucleation of indium(III)-oxide at the expence of the
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amorphous layer. As a result the
indium metal surface is partially
CONVERSION

denuded. We hence can expect

/oo

exposure of the interface to the
gasphase by short excursion of an
indium surface covered by an
amorphous oxide layer to a temperature where nucleation is fast.
In figure 10 the results of such
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an experiment are represented. The
supported indium catalyst after
being measured at temperatures up

I

to 315 C was kept for 1 minute
200

at 500°C in the flow of the reactants

TEMPX

(1 vol% CO, 1 vol% O , 98 vol% N 2 ) .
There after the catalyst was rapidly

Figure 10. conversion-vs-temperature curves of catalyst In-C-5.
( O ) the fresh reduced catalyst
( 9 ) after one temperature pulse (see text)
( A ) after 21h at 500°C in oxygen
( Q ) after 23h at 500°C in oxygen
;• ) after 70h at 500°C in oxygen.

cooled down to room temperature and
the activity as a function of temperature was recorded. Figure 10 shows
that this treatment brought about a
pronounced increase in the activity.
The high activity was, however, not
stable. Above about 220°C the conver-

sion dropped to that of the metallic indium catalyst before the treatment at 500°C.
As discussed above this is to be expected because the thickness of the amorphous
layer will rapidly grow above about 200°C. This brought about a rapid screening
of the external surface of the metal-oxide interface.
The time the external interfacial surface remained accessible from
the gasphase was found to depend on the number of temperature pulses. We kept
the supported indium catalyst after a temperature pulse of one minute at 500 C
at a constant temperature at 315 C and recorded the conversion as a function of
time. We obtained a characteristic time by extrapolating the initial linear decrease in conversion to the steady-state conversion. The characteristic time
appeared to decrease strongly to remain constant after the fourth temperature
pulse. The dependance on the pulse number was due to the surface density of
indiua(III)-oxide nuclei. At a low density of the nuclei the denuded indium
metal surface area was large. Since the take up of oxygen at 300 C was shown to
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be rapid in chapter V, the feed rate of oxygen into the reactor was determining
the growth rate of the amorphous layer. With a large metal surface area the
built up of the oxide layer took a considerable time. The small indium metal
surface at the equilibrium density of oxide nuclei could be rapidly covered by an
amorphous layer of a thickness sufficient to cover the interfacial surface.
That the external surface of the interfacial lower oxide was covered
by an amorphous oxide layer was also evident from the following experiment. After
the catalyst was kept for 1 minute at 500°C, its temperature was lowered to 315°C,
while the gasflow was simultaneously changed in pure nitrogen. Whereas in the
usual reaction mixture the conversion started to decrease after 170 minutes, the
catalyst could be kept in the pure nitrogen flow for at least 16 h without showing
a decrease in conversion. To measure the conversion the usual reaction mixture was
admitted to the catalyst for short periods only. When no gaseous oxygen was present the amorphous oxide layer could not be formed.
From the conversions of figure 10 we calculated the rate-constant as
a function of temperature. Plotting Ink versus 1/T led with a high accuracy to
a straight line. From Arrhenius plot an activation energy of 8.0 Kcal mole
a pre-exponential factor of 9.1 x 10

m~ min~

and

was obtained. The pre-exponential

factor was calculated based on the metallic indium surface area which is doubtless
too large. As was predicted from the tbermodynaiiic data the lower indiumoxide
displayed a very high activity;the exp sure of the surface of lower indiumoxide
led also to the increase in conversion displayed by the heavily reduced catalyst
on cooling down from about 500°C (figure 4 ) . at 500°C the amorphous layer is
decomposed into crystalline indium(III)-oxide. The resulting denudation of the
metallic indium led to the increase in conversion. As indicated in table II
extrapolation of the curved Arrhenius plot resulted in an activation energy of
9.8 Kcal mole"

and a pre-exponential factor of 9.3 x 10 . Though these values

are relatively high due to the extrapolation they agree remarkebly well with the
values obtained with the supported indium catalyst.
The experiment of figure 4, however, indicates that after decomposition
of the amorphous layer the apparent activation energy was still 17.9 Kcal mole"
and the pre-exponential factor 3.8 x 10

m

min

at temperatures down to 430°C.

This is due to the fact that the catalytic reaction is dominated by the modified
In.O,-surface at higher temperatures owing to the high value of the pre-exponential factor. Only at low temperatures the low activation energy in the temperature dependent factor caused the high activity of the lower oxide that had a small
surface area to be apparent. The relatively high pre-exponential factor of the
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nonstoichiometric indium(III)-oxide surface also brought about that the metallic
indium present in the heavily reduced catalyst did not markedly influence the
conversion. The activation energy of metallic indium being only slightly lower
than that of nonstoichiometric indium(III)-oxide did not compensate for the
difference in pre-exponential factor and surface area.

5. Conclusions.

The experiments dealt with above permit to develop a detailed and
consistent picture of the mechanism of the catalytic oxidation of carbon monoxide
over indiumoxides. The pure indium(III)-oxides appear to display a reductionoxidation mechanism with exception of the catalyst prepared by dehydration of the
indiumhydroxide (In-A-3). With the latter catalyst an associative mechanism on
vacancies stabilized at lattice defects is likely. As predicted from the thermodynaiuic stabilities the activity with the reduction-oxidation mechanism is larger
with lower indiumoxides. As mentioned in chapter III steady regeneration of oxygen
vacancies can lead to a quasi-stationary

activity with the associative mechanism.

When a metallic indium phase shares a sufficiently large contact area with
indium(III)-oxide, generation of vacancies by transport of indium atoms from the
metal into the oxide can proceed at a rate required to keep the concentration of
vacancies at the oxide surface constant. The above results nicely show

how

sorption data and catalytic experiments can be combined in the set up of
a detailed interpretation of catalytic phenomena.
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CHAPTER VII
THE VANADIUM - OXYGEN SYSTEM.

1. Survey of the literature.
•{•

The vanadium-oxygen system is very complicated. The literature
dealing with this system contains a number of problems that have not yet been
settled. In this work we confine ourselves to the V 2°3~ V 2°5 P a r t

o f

the system.

The simple oxides within this range of composition are VS> , V , 0 4 and V.,0,.
Apart from these oxides existence of two ranges of oxides has been extablished.
Magneli (1.2) discovered one of these ranges, which has the general formula
V 0_ .. The other range has the general formula V 0_
. Below,the different
n 2n-l
m 2m+l
oxide phases are summarized:

VANADIUM
OXIDES

V,0,

v.o„

v,o5 MO, vso, v,a v,o„ v,
VO,
V«0o V 3 0,

v,o,
The existence of phases between V _ 0 , and V,0., and between V„0. and V_0_ has
been demonstrated by the non-variancy of binary systems with three phases at
isothermic conditions (3-6). From these results reliable thermodynamic values
can not be calculated, since oxygen dissociation pressures in these ranges can
neither be assessed by direct measurement nor be conveniently established by
binary CO-CO

or H -H,0 buffer mixtures.

Preparation of pure intermediate oxides can only be performed by
heating stoichiometric mixtures of V O and

V,0

and/or V o, at high tempera-

tures (800-1000 C) for periods up to several months (7-12,28). It has been found
that intermediate oxides can too ba obtained by reduction of V_O

by orgar ic

molecules such as propene, naphthalene or benzene (13-15). Although the
existence of intermediate vanadium oxides during reduction of e.g. V 2 °5b
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hydrogen, sulphurdioxide or hydrocarbons has unequivocally beeri established
only mixtures of V-0 , V 0,,, V 0^ and/or V,,03 has been found by X-ray techniques.
The phase composition of these mixtures will depend on the degree of reduction
and the temperature (12,16-18). Bando et al. (19-22) prepared single crystals
of the V 0_

. series with n= 3-8 by a chemical transport reaction using TiCl

as the transport agent. Although the existence of V 0 1 ? has been reported
(4,19,23,24), recent investigations uf Charlu and Kleppa (9) show that values of
n=8 are very improbable. For the V O_

. series the oxides with m=3 and m=6

have been demonstrated to exist (11,12,25,26). The existence of V Ü , reported
by Wilhelmi and Walterson (27) has been termed doubtfull in a discussion by
Casalot (11). The composition v 4 Og(OH)

is more likely.

Between the composition of V O

and VjO , and V , 0 4 and V O

a

continuous change in composition is thermodynamically unstable. Going from
V 0^ to V.O. and from V.O, to V.O, a change in total composition of the vanadiumoxygen system is always realized by decomposition into intermediate phases. This
is shown in the phase diagram of the vanadium-oxygen system as reported e.g. by
Kosuge (23). The intermediate oxides have strongly related lattice structures.
This relationship can be described in terms of shear struotures (29). The
vanadium oxides can be considered to be built up of more or less deformed
octahedra, joining corners, edges and/or faces. Oxygen vacancies, generated
by oxygen loss of a particular vanadium oxide are eliminated by a change in the
coordination of negative ions along a specific crystallografic plane, while the
coordination of the positive ions remains (deformed) octahedral. In figure 1
the transformation of V,0_ into V,0., as reported by Fiermans et al. (30) is
shown. The V.O,, structure can be obtained by introduction in the V.O C lattice
(010) planes with a shear-vector b = 1/b 11301 at each third (010) plane and
removing the vanadyl oxygen from this plane. In the figure the octahedra are
idealized. From the shear model it can be understood that phase transition of
a higher oxide into a lower oxide is mainly equivalent to a shortening of a
specific V-V distance or an increase in the number of short V-V distances. This
can give rise to "clusters" of vanadium ions with probably strong cation-cation
interactie .1. Exposure of these lower oxides with strong cation-cation interaction to carbonmonoxide or hydrocarbons leads to carbondeposition or even
formation of vanadium-oxy-carbides (31), because of the high stability of the
latter.
In chapter III we described the importance of the width of the
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Figure I. Projection on the c-plane of the idealized V_0
structure with and without a (010) shear plane,
b = 1/6

130|

. This figure is reproduced from ref.30,
2 5
M.N.Colpaert, P.Clauws, L.Fiermans, J.Vennik, Surf.Sci.,
36, 513(1973).

nonstoichiometric range of a compound for its possibilities as a catalyst. From
a survey of the literature, concerning the vanadium-oxygen system, it can be
concluded that at least at temperatures below 300 C, the solid phases with
compositions between V„0

and V,0., as well as V„0. and V-0

itselves have

narrow homogeneity ranges. It is therefore most probable that below 300 C a
phase transformation calls for nucleation. As we described, this may strongly
affect the catalytic behaviour of the system.
As we discussed in chapter II, the bondstrength of oxygen is also
important and can even determine the catalytic activity, when nucleation and
phase transformation do not interfere. The thermodynamic values of the vanadium
oxides have been measured in two v.'iys, viz. determination of the phases coexisting
at equilibrium and bomb calorimetry. Starcing from V_O

and V„O , or V„0

and

V2C>5 the equilibrium phases were determined at oxygen pressures from 10
10

atm

to

at temperatures from 1200-1700K (6,32-34). As has been mentioned

before, the reliability

of thermodynamic values based on experimental data

from these measurements is low. Moreover, extrapolation to lower temperatures
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TABLE I
7?he e n t h a l p i e s of transformation per gmatom
0 . values from r e f . 9 , T.V.Charlu et at. ( 9 ) .

reaction
(Kcal/1/2O2>

v 2 o 2 • V2 O 2

2°3 *

1/2 O2

4 V3O5r

1/2 0 2

5V

1/2 O 2

3V

4°7'

6 V 5 O 9 • 1/2 O 2
4V

6°11 *

V

8°15*

3V 2 O 4

= v2o3

-

73

-

37

4V

-

29

-

29

3°5.1
* 3V4O7
•

- 91

2V

5°9

5v

- fe°11
fe°15

1/2 O 2 1 3V

-

20

1/2 O2 - 4V 2 O 4

-

56

-

32

-

30

• 1/2 O 2

• V 6°13
1/2 O 2 = 3/2V 2 O 5

T.V. Charlu. O.J.KIeppa, High Temp. Sci.^.260(1973)
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Figure 2. Enthalpies cf formation
of vanadiumoxides per gmatom 0.
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Values from T.V.Charlu et dl. (9).
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is hazardous. Other investigators used bombcalorimetry to determine the
thermodynamic values (e.g.35,36). In

figure 2 the values of the enthalpies of

formation, expressed per gmatom of oxygen are shown.In table I the enthalpies
of transformation per gmatom oxygen transferred are listed. These values are
derived from the values reported by Charlu and Kleppa (9). Both ranges of
values show that the stability of oxygen decreases with a decreasing vanadiumoxygen ratio.
It can be concluded that, when phase transformation (nucleation)
does not interfere, the activity of the vanadium oxides in catalytic oxidations
proceeding via

the reduction-oxidation mechanism decreases with the oxygen

content.

2. Thermogravimetric Analysis of

Vanadium oxide Catalysts.

At the end of the preceding section we concluded that the catalytic
activity of the vanadium oxides for oxidations via the reduction-oxidation
mechanism should fall when the oxygen content decreases, if nucleation does not
interfere. To investigate whether rapid nucleation of intermediate oxides proceeds
when V„O 5 is reduced to V 0 0 , and V„O, is oxidized to V„0 , we used thermogravimetry. This technique enables us moreover to measure the temperatures of the start
of rapid reduction and (re)-oxidation. As we explained in chapter II these temperatures may be important for the discrimination between the reduction-oxidation
and the associative mechanism.
The experiments with unsupported vanadiumoxide were done in the
Cahn- duPont apparatus. Figure 3 shows the change in weight of unsupported
vanadium oxide during heating, first in pure hydrogen and next in pure oxygen.
Previous to the reduction the sample, 7.874 mg, was subjected in an oxygen
atmosphere to a temperature program of 4 C min

up to 600 C. The sample was

kept at this temperature for 2 hours and next cooled down . The total change in
weight caused by loss of water was 58 pg (0.74%). In hydrogen the temperature
was raised at a constant rate of 5.4 C min

. Weight loss caused by the

reduction started at 456 C. Before this temperature was reached a weight change
of 22 yg was observed, caused by loss of water taken up earlier from the gas
flow during cooling. At 610 C constant weight was reached. The weight loss
caused by reduction was 1396 ug. This is within 1% the weight loss that
corresponds to complete reduction to V 0

In figure 3 the weight loss is

expressed as degree of reduction and plotted as a function of temperature.
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Figure 4. Thermogram of the reduction

figure 3. Thermograms of the
reduction of unsupported V O

of silica supported vanadium(V)-oxide.

and

oxidation of the resulting V-,0..Weight

Sample weight: 8590 pg. Heating rate:

change expressed in degree 01 reduc-

6.1°C min" 1 .

tion, V 2 O 5 = OS., V 2 O 3 = 100%. Sample
weight 7.874 mg. Heating rate: 5.4°C

Reoxidation of the thus obtained V O

was carried out next analogously in an

oxygen flow. From figure 3 it can be concluded that reoxidation set in at 140 C.
Before this temperature was reached weight loss of 40 |ig

( H O ) was measured.

Up to 600 C where constant weight was reached, the weight increased by 1370 yg.
This amount is within 0.5% of that calculated to transform V

^ into V 2 0

from

the weight of the dried sample after the first oxygen treatment.
In figure 4 the thermogram of the reduction of a sample of silica
supported vanadium(V)-oxide, catalyst V-B-2,is shown. The measurement was done
in the Cahn-duPont combination, the sample weight was 8590 ug and the rate of
heating was 6.1°C min~ . In the figure the weight loss is plotted in yg. The
interpretation of the thermogram meats with difficulties because of the overlap
of two processes. The first is the dehydration of the sample, which brings
about a continuous loss in weight in the complete range1 of the temperature
program. The second process, the reduction, which leads also to a weight loss
proceeded only at higher temperatures. From the thermogram we concluded that
the reduction started at about 300 C and was completed at least at 600 C. A
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total weight loss of 390 ug was observed. From a linear extrapolation of the
first part of the curve in figure 4 we estimated the weight loss due to
reduction to be 125 pg. This implies that the weight of the dry and not reduced
sample was 8325 ug. The above data lead to a vanadium (V)-oxide content of 8,5%.
During cooling of the reduced sample a weightgain of 47 ug was observed. This
gain was presumably caused by reoxidation of the reduced sample by water of
the gas flow. The relatively high water content of the gas flow in the CahnduPont apparatus could not be reduced.
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Figure 5. Thermogram of the (re)-

Figure 6. Thermograms of the reduction

oxidation of reduced silica

and cooling of two samples, 9.185 mg

supported vanadium(V)-oxide (see
o
-1
figure 4 ) . Heating rate: 6.1 C min

and 6.398 mg, of alumina supported
vanadium(V)-oxide. Heating rate:
5.3°C min" 1 .

Next the sample thus obtained was reoxidized. The thermogram of this
reoxidation is shown in figure 5. The weight gain is plotted in Ug, the heating
rate was 6.1°C min

. As can be seen, reoxidation started already at room tempe-

rature and was complete at 35O°C. A weight gain of 86 lig was observed. This means
that the total weight of reoxidation was 86 + 47 = 132 Ug. Prom these date the
vanadium content expressed as the amount of vanadium(V)-oxide per g of catalyst
can be calculated to be 9.1%. From a number of reduction and reoxidation experiments the mean vanadium(V)-oxide content was found to be 8.9 + 0.2%.
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Figure 7. Thermograms of the reoxida-

Figure 8. Thermograms of the reducti-

tion of the reduced samples of alumi-

on of two samples of alumina supported

na supported vanadium(V)-oxide catalyst.

vanadium(V)-oxide, 73.92 mg and 76.90

Heating rate: 5.3°C min ~ .

mg. The two reduction curves of figure
6 are contained also: The extent of
the shift of these curves is vizualised in the figure.

Interpretation of the reduction and reoxidation of the alumina
supported catalyst was much more difficult. The experiments showed in figure 6
were done in the Cahn-duPont apparatus. Previous to the reduction of the first
sample, 9.185 mg, the
min

sample was subjected to a temperature program

of 5.3 C

up to 640 C in a flow of oxygen. Up to this temperature a weight loss of

4.58% was observed. During cooling some water uptake occurred (1.26%). Subsequent
treatment in a flow of hydrogen was done with a heating rate of 5.3°C min

, up

to 776 C. During cooling of the sample to room temperature water was taken up
again and the sP-iple weight attained 96.1% of its original weight. The reoxidation of the reduced sample is shown in figure 7. A

weightgain

of 1.24% was

measured. At 500 C constant weight was reached. The heating rate was 5.3°C
. -1
A second sample of this catalyst was treated analogous to the first
sample. Sample weight was 6.398 mg. Heating in oxygen caused a weight loss of
4.92% up to 609 C. During cooling in oxygen some weight was taken up(0.45%). In

101

figure 6 the thermogram of the reduction and the subsequent cooling are shown.
Though these two curves run below those of the alumina supported sample first
measured, the shapes of the two sets of curves are almost identical.Shifting
the second two curves to higher percentages gives almost total overlap with the
first two. The reoxidation after cooling of the reduced sample resulted in a
weightgain of 1.14%. The thermogram of the reoxidation is shown in figure 7.
The rate of heating was 5.3 C min
For the determination of the first reduction temperature a number
of samples was measured also in the Mettler apparatus. In this apparatus the
water content of the gasflow can be suppressed to low values ( 50 ppm), which
permits a better discrimination between dehydration and reduction. A first
sample of 73.92 mg was heat-treated in an oxygen/argon mixture(10% oxygen) with
a heating rate of 5°C min

up to 608°C. A weight loss of 5.34% was observed.

Up to this temperature a weight loss of 5.29% took place. After prolonged heating
at 608 C for a period of one hour, sample weight was 94.66%. During cooling to
room temperature no weight uptake could be observed. Subsequent reduction was
performed in a mixture of 10% hydrogen in argon. The thermogram of this
experiment is given in figure 8. The temperature was raised to 890 C with a rate
of 5°C min

. Up to this temperature the sample weight decreased to 92.91% of

its original value. Prolonged heating at 890 C decreased this to 92.79%. During
cooling a small weightgain

was observed, i.e.0.21%. The sample '

T the

hydrogen/argon mixture at this temperature slowly adsorbed water. After 9 hours
sample weight reached 93.15% of its original weight.
A second experiment in the Mettler apparatus was done . 76.90 mg
of the alumina supported catalyst was heated in a flow of oxygen up to 600 C
with a rate of 5 C min

. A total weight loss of 5.65% was observed. During

cooling in oxygen a weight uptake of 0.28% was observed. Heating the sample thus
treated in the hydrogen/argon mixture up to 608 C caused a weight loss of 1.39%,
i.e.,at 608°C the reduced sample weighed 93.24% of its original weight. With
respect of the dried sample reduction caused a weight loss of 1.11%. This value
agrees well with the weightgain observed when the reduced sample is reoxidized
again in a flow of oxygen and argon (10% oxygen, 90% argon). Reoxidation up to
610°C with a heating rate of 5°C min"

caused an uptake of 0.98%. The thermogram

of the reduction and the cooling curve are also shown in figure 8. Together with
the two sets of reduction and cooling curves measured in the Mettler apparatus,
the two reduction curves of the samples measured in the Cahn-duPont apparatus
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are plotted in figure 8. It can be concluded from this figure that these reduction curves overlap very well with the Mettler-curves when the Cahn-duPont curves
are shifted to an extent as indicat 3 in the figure.
From the thermograms of the reductions measured in the Mettler apparatus it may be concluded that reduction of the alumina-supported vanadium(V)oxide catalyst started between 350 and 400 C. Reoxidation was observed already
at room temperature. When 1.24 weight % was taken as the weight of reduction
respectively reoxidation the vanadium(V)-oxide content of the catalyst is 7.04%.
From AAS measurements the V_O_ content was determined to be 7.06%.
Conclusions.

"
In our measurements no indications were found in the thermograms

for the appearance of intermediate phases between V 2 O_ and V_O

during reduction

and reoxidation in a dynamic temperature program. Other investigators studied
these processes

at isothennic conditions. Our results are in contrast to those

of Roiter and Yuza (37). They reduced V„O_ in a circulation apparatus at 498 C
anr observed during reoxidation of V o, a delay in the rate of reaction at a
total composition of V.CK. Schmitz-Dumont and Woitaz (16) reduced V.,0. to ^„0,
in a dry stream of hydrogen at isothermal conditions at temperatures between
650° and 790°C. They observed induction periods before the reactions started.
Other authors (e.g.13) reported the formation of intermediate phases when V„Owas treated by hydrocarbons and SO, (38). We assume that the behaviour of V„0_
on reduction is strongly affected by the particle size as was reported by Tilley
and Hyde (39), specially the thickness of the particles along the c-axis. On the
other hand, the presence of carbon at the surface and in the bulk of the ox .3e
also influences appreciably the behaviour of the oxide towards reduction
processes (30). As we shall see, carbon deposition onto reduced V.O,. is
highly probable when the catalyst is treated with CO or hydrocarbons.
From our TG experiments we conclude that during the catalytic
experiments with our vanadiumoxide

catalysts no nucleation problems occur.

To discriminate between the two oxidation mechanisms we list the first temperatures of reduction and reoxidation in table II.

I
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TABLE II
The first temperatures of reduction and reoxidation.

catalysts

first red.temp.

2°5- V 2°3
v 2 o 5 /sio 2 -v 2 o 3 /sio 2

first reox.temp.

V

<20°C

<iboc
S. Deteimination of the specific surface area of the vanadium catalysts.

3-1. Introduction.

As we discussed in chapter IV it is necessary to know the spaci :ic
surface area of the active component of a catalyst to be able to express the
rate of the catalytic reaction per unit of active surface area. For the determination of the specific surface area of the active component a reactant must
be used that reacts with the surface of this component only. With the vanadiumoxides interaction with oxygen can be used, provided the interaction remains
restricted to a limited number of atomic layers at the surface.This implies that
in this section our interest lies at the non-equilibrium side of the oxygendissociation-sequence .
As we described in chapter II and chapter III, the sorption of
oxygen is accompanied by charge transfer from the catalyst to the oxygen species.
This implies that when sorption is used as a method for the determination of
surfaces, oxidizable metal ions or atoms must be available at the surface to ^an
extent sufficient for an accurate determination. For metals and oxides like MnO
and CoO this is no problem (40,41,42,43,44,57,58). To get a sufficiently extensive reaction vanadium(V)-oxide catalysts previously must be reduced to a lower
oxide. Molecular oxygen and nitrous oxide were used as reactants.
The extent of sorption is a function of temperature. During sorption
heat is liberated. When the sorption reaction proceeds rapidly and dissipation
of the heat is slow, a rise of temperature can occur. This can lead to a still
higher uptake as we described in chapter V-2 for the interaction of oxygen with
indium. Because of the high initial rate of oxygen sorption, low oxygen pressures
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must be applied. The surface area occupied by a sorbed oxygen molecule depends
on whether it dissociates or not. (01
&
than 2(0

)

will take up a smaller surface area
S

) . Below 200 C N»O is adsorbed dissociatively onto an oxide surface

according to the following reaction (e.g.40):
(o'1) + N (g).
N 2 O(g)
+
5

£•

Only dissociated oxygen species are formed under these conditions. Moreover,
N_O reacts less rapidly than oxygen. The rise in temperature will be small
consequently. However, it is also reported that thu extent of oxygen sorption
from nitrous oxide strongly depends on the temperature and the pressure. Scholten
et al. described the interaction with copper (40) and silver (41), Geus et al.
(42) with nickel surfaces, and Stone ét al. (43) with CoO.
As we mentioned above it will not be possible to assess the coverage
in terms of monolayers, which prevents a direct determination of the surface area
from the extent of interaction. To avoid this problem we therefore calibrated the
oxygen sorption: We determined the surface area of the unsupported vanadiumoxide catalyst independently by krypton adsorption using the BET theory. From the
amounts of O

f'

taken up and N„0 decomposed by the not supported catalyst, the

surface area per molecule of oxygen sorbed was determined. These values were used
to calculate the surface area of the active component (vanadiumoxide) per g of

fc;

catalyst.
In the next section we shall report the results of our measurements
of the sorption of molecular oxygen and of oxygen from nitrous oxide by unsupported, as well as silica- and alumina supported catalysts previously reduced.
Oxygen sorption onto the unsupported and silica supported catalysts was measured
as a function of temperature. Oxygen sorption onto alumina supported vanc-.dium(III)oxide was measured at -78 C . The extent of oxygen take up from nitrous oxide was
determined at room temperature only.

3-2. Experimental.

The volumetric sorption experiments were done in the standard sorption
apparatus, described in chapter IV. For an extensive description of the procedure
of oxygen sorption we refer to chapter V-2. Here we shall deal with the procedure
of nitrous oxide adsorption.
The kinetics of dissociative adsorption of N O cannot be inferred
from the pressure changes; for each molecule of N O one molecule of N. is produ-
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eed. If only dissociative adsorption takes place, no pressure change can be
observed. To determine the amount of dissociated N O , it is therefore necessary
to remove the undecomposed N O from the gas phase. This was done by condensation.
The residual pressure is due to nitrogen that results from the dissociation o£
N O . To condens the remaining N O , the trap of the apparatus was immersed into
CO,(s) and aceton(l) at -78°C, after the catalyst had interacted with N O for
known periods. After 5 minutes the pressure could be measured and the amount
of oxygen taken up was calculated after correction for the volume at -78 C. When
the total pressure during exposure to N O was below the pressure equivalent to
the admitted amount of N_0, non-dissociative adsorption occurred besides decomposition. The amount of non-dissociative adsorption was calculated from the
difference between the pressure measured at room temperature and the pressure
corresponding to the total amount of N_0 admitted. The pressure of N n 0 just
before cooling was calculated from the following relation:
EV

i = V da

where £v

i

N O and V

+ V

nda

+

V

g

is the total amount of N„0 admitted, V
£

da

dci

is the amount of decomposed

is the amount non-dissociatively adsorbed N 2 0 . V

NjO in the gas phase, all amounts expressed in ml STP. From V

is the amount of
the pressure of

N,0 simply can be calculated.
Materials.
The following vanadiumoxide

catalysts have been investigated:

(i)

vanadium(V)-oxide, not supported (catalyst V-A-l).

(ii)

vanadium(V)-oxide on silica, catalyst V-B-2, containing 8.9% V.O..

(iii) vanadium(V)-oxide on alumina, catalyst V-B-3, containing 7.06% V„O_.
For an extensive description of the preparations and specifications we refer to
chapter IV.
Reduction of the catalysts was performed in situ in a stream of dried
hydrogen for 4 hours at 500-550°C. After reduction the sorption vessel was evacuated at the same temperature for one hour. Then the sample was cooled down to
the measuring temperature. By reduction catalyst V-A-l was transformed into
catalyst V-C-4, catalyst V-B-2
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into V-D-5 and V-B-3 into V-D-6.

3-3. Results.
Sorption on unsupported vanadiumi'III)'-oxide.
Figure 9 shows the extent of oxygen sorption at -78 C and of dissociative and non-dissociative adsorption of N 2 O at 20°C. The weight of the sample
was 5.756 g. The initial uptake

of oxygen was very rapid. The first dose

(1.459 ml STP) was adsorbed within 1 minute. With the second dose (1.451 ml STP)
equilibrium was reached at a pressure of 0.313 torr after 11 minutes. Admission
of two more doses hardly led to an increase of oxygen sorption. at saturation
the extent of sorption was 0.46 ml STP per g.
The dissociation of N-0 appeared to be a very slow process. In figure
10 the extent of dissociative and non-dissociative adsorption is shown for the
first dose (1.340 ml STP) as a function of time. In the second dose equilibrium

N 2 O d0 (20*C)

(2O'C>

0

40

60

120
«0
200
TIME (MINUTES)

240

280
•

320

Figure 3.Sorption of oxygen and nitrous

Figure 10. Sorption of N 2 0 as a function

oxide onto vanadiura(III)-oxide,catalyst

of time. Sample specification see figure

V-C-4; ( O ) sorption of oxygen at -78°C,

9. ( A ) N 2 O pressure (torr),

( A ) da of N 2 o at 20°C,

( O ) da of N O in ml STP per g of V 2 0 ,

(•) nda of N 2 0 at 20°C.

( D ) nda of N O per g of V 2 0 , in

Sample weight 5.756 g V 2 O 3 ;BET surface

ml STP.

5.65 m 2 g - 1 .
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Figure 11. Sorption of molecular oxygen

Figure 12. Fast oxygen sorption on

on not supported vanadium(III)-oxide as

not supported V O

a function of time. The sorbed amounts

reciprocal temperature.

as a function of

in ml STP per g of V 2 O 3 . At -78°, 23°
and 115 C total sorption time is plotted.
For the curve at 155 C sorption of one
dose is taken.

was reached after 1,000 minutes after decomposition of 0.43 ml STP per g of
V-O,. A third dose (1.327 ml STP) only resulted in a slightly higher coverage
with non-dissociatively adsorbed N O , i.e. from 0.032 to 0.063 ml STP per g of
V

2°3Prom these results it can be concluded that oxygen sorption at -78 C

proceeds very fast, whereas dissociative adsorption of N O at 20°C is a slow and
activated process. This agrees with the observations of Scholten et at. with
Cu(40) and Ag(41). With copper these authors reported an apparent activation
energy of 7 Kcal mole"

at a coverage 9=0, which increased to 46 Kcal mole

0=1.0. For Ag these values are 7 Kcal mole"

at

at 6=0.15 and about 22 Kcal mole

at 8=0.30. For CoO Stone et at. (43) reported a value of 6.6 ± i Kcal mole" .
As can be seen in figure 9 there is a considerable non-dissociative adsorption
of N_O on V 2 O,. Figure 10 shows that the extent of non-dissociative adsorption
depends on the pressure.

i,
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In figure 11 the sorption of molecular oxygen at different temperatures on unsupported V,0, is represented. The take up of oxygen per g of
V 2 O 3 is plotted as a function of time. The corresponding pressures (torr) are
indicated between brackets. We investigated the interaction at -78°C, 23°c,
115°C and 155°C. The experiments of figure 3 started with the reduced and evacuated catalyst that interacted at -78°c with oxygen. After saturation at this
temperature the catalyst was evacuated and heated up to 23 C. Next the sorption
of oxygen at this temperature was recorded. After evacuation the sorption was
measured at the following higher temperature. In contrast to the data

obtained

at lower temperatures, the take up at 155 C has been plotted as a function of
the time of interaction of the dose admitted.
The results of figure 11 demonstrate that at -78 C the sorption
attained equilibrium. At 23°C equilibrium could not be established within the
measuring time, at 115°C, on the other hand, the rate of oxygen uptake strongly
-4
decreased already after 20 minutes to a value of 4.7 x 10
ml STP per minute;
this is about 0.02* of a monolayer per minute. At 155 C bulk oxidation took place
which agrees with the results of our TG measurements.
At -78°C, 23°C and 115°C the initial rates of sorption were high, to
decrease strongly at increasing take up. In figure 12 the amounts of oxygen
rapidly sorbed are plotted against 1000/T. To obtain the extents of fast sorption,
the flat part of the curves of figure 3 have been extra polated to time zero.
Since the take up of these amounts of oxygen required interaction times that were
about equal, we can consider the extent of sorption to be proportional to the
rate of take up at the different temperatures. From the data of figure 12 an
apparent activation energy can be calculated of 0.3 +_ 0.1 Kcal mole
Sorption on supported vanadium (III)-oxide.
In figure 13 the oxygen isotherm at -78 C and the dissociative and
non dissociative sorption of N O on silica supported V_0, are shown. The amounts
are plotted in ml STP per g of V„0 . The total sample weight is 4.139 g. Every
extent of sorption from N„O was measured 2 hours after admission of a dose,except
after the last dose, where the sorption time was 16 hours. The values of the
doses were 0.511, 0.508, 0.503 and 0.501 respectively. Again it may be concluded
that dissociative sorption of N O is a slow process. After the two hours of the
first three doses the rate of the interaction was still appreciable. This brings
about that the sorption from the final dose is higher than suggested by the
experimentally observed values of the first three doses.
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Figure 13. Sorption isotherms of oxygen

Figure 14. The rate of sorption of

and N O at -78

molecular oxygen on silica suppor-

and 21°C respectively on

silica supported vanadium(III)-oxide.

ted vanadium (III)-oxide at -78° ( O ) .

Sample weight 4.139 g. The sorbed amounts

21° (A), 96°(D) and 170°C(X).

are expressed per g of ^'-jO., •

The amounts sorbed are expressed in

( O ) oxygen (02) sorption at -78 C.

ml STP per g of V O .

( D ) dissociative sorption of N 2

(21°C)

( O ) non dissociative sorption of N 2 0 (21°C)
( A ) summation of dissociative and non dissociative sorption of N_0

When the curve through the first three experimental points is extrapolated to the
pressure of the final measurement,it appears that the decrease in non dissociative
sorption is almost the same as the difference in dissociative sorption with the
extrapolated value. We assume that sorption again takes place in steps as mentioned before. Summation of the two sorbed forms should have to result in a "normal"
sorption isotherm. In figure 13 this isotherm is constructed.
In figure 14 the sorption of molecular oxygen per g of V 0^ on the
silica supported catalyst is plotted as a function of time at -78 , 21 , 96

and

170°C. Previous to each sequence of experiments at a definite temperature the
catalyst was reduced as described before. It turned out to he convenient to use
a sorption time that was the time ( in minutes) necessary to take up at least
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95% of the dose injected. At -78° and at 21°C the change of fast into slow sorption was rather abrupt. At 96° and at 170°C the change was more gradual. We may
conclude that at least at temperatures higher than 96 C bulk oxidation took place;
this is in agreement with the results of our TG measurements. Bulk oxidation also

ï

takes place at much lower temperatures with this supported catalyst than with
not supported '••£>•}•

The amounts of fast oxygen sorption again can be found by extrapolation of that part

of the curves where the sorption was slow to time zero.

The extent of sorption at -78°, 21°, 96° and 170°C turned out to be 17.4, 34.2,
47.1 and 53.0 ml STP per g of V ^ .

In figure 15 these amounts are plotted as a

function of reciprocal temperature; when we assume again that these amounts
would have been sorbed in the same time, these amounts can be estimated to be
proportional to the rates of take up at the different temperatures. Prom the
data of figure 15 an apparent activation energy can be calculated of 0.4 +_
0.1 Kcal mole"
To get

an indication of the amounts of N O and 0^ that could react

with the alumina supported vanadium catalyst some supplamentary experiments were

-PN!O
02

04 06

08 10

Figure IS. Fast oxygen sorption on silica

Figure 16. Dissociative and non

supported V „ 0 3 as a function of recipro-

dissociative sorption of N 2 0 on

cal temperature.

alumina supported V2°3 (catalyst
V-D-6).

Ill

performed. 0.721 g of this catalyst, i.e. V O

on alumina,was exposed to N„O

at 21°C. Five doses were admitted with values 0.500, 0.499, 0.496, 0.493 and
0.490 ml STP respectively. In figure 16 the sorption isotherms of both dissociative and non dissociative sorption are plotted. Sorption time per dose was
2 hours, except at the last dose. There a sorption time of 16 hours was taken.
The most peculiar observation was the extent of non dissociative sorption being
large if compared with that of the dissociative sorption. After the fifth dose,
the amounts taken up were 8.24 and 7.72 ml STP per g of V O

for non dissocia-

tive and dissociative adsorption.
Next the sorption room was evacuated for two hours and cooled down
to - 78 C. Then two doses of molecular oxygen were injected. The first dose
(1.053 ml STP) was rapidly sorbed till a pressure of 0.122 torr was reached.
After the second dose (1.048 ml STP) equilibrium was attained at a pressure of
0.934 torr. The total amount of oxygen taken up was 24.24 ml STP per g of V O,.

3-4. Discussion and conclusion.

The purpose of the measurements described in this section was to
get information about the surfaces of the active components of the different
catalysts. When we survey the results of the oxygen sorption experiments we may
conclude that for not supported V O

sorption is restricted to the surface layers

up to at least 115 C. For silica supported V O, this temperature is lower; at
96 C already bulk oxidation takes place. From figures 12 and 15 it may be concluded that fast oxygen sorption on supported and not supported V O, proceeds with
equal activation energies, which indicates that there is no difference between
the two processes. Perhaps it is somewhat surprising that no change in the
activation energy is observable going from the lower temperatures to the higher
temperatures of the ranges. We might have expected such a change as a consequence of the change in oxygen species formed during the sorption going from
one temperature to another. The rate determining step is presumably the charge
transfer from the interior of the catalyst to the adsorbed oxygen species:

(e)
(e)

2(0

The other possibility of course is that in the whole temperature range oxygen is
sorbed under formation of one species. We may assume that in this case this
species will be (O
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) , see chapter II. The low energy of activation for oxygen

sorption already was predicted and reported by other authors (43,45,46) and is
for vanadium(III)-oxide of the same order of magnitude as that of the sorption
of molecular oxygen on supported indium metal as we describeJ in chapter V-2.
When we next come to the sorption of N O ,

we must remark first that

this sorption turned out to be more complex than was expected. Non dissociative
sorption was earlier observed c.q. indicated or assumed by a number of investigators (46,47-53) but never to an extent as we did observe here. Based on the
evidence from literature, we conclude that in a first step a N O molecule is
adsorbed non dissociatively and reversibely, before it captures an electron from
the oxide and dissociates:
N

(N20>

2°
)

(N

(e)

< N 2°" 's
N 2 (g) + (o

2°

The experimental data suggest that (O

)

is sorbed on the same sites as ( N 2°' s -

From literature we can also conclude that the stability of N O
(54,55). We may therefore expect that the dissociation of (N20

is very low
)

is a very

fast process. On the other hand, the high "steady-state" concentration of non
dissociative sorption of N O indicates that the charge transfer may be the ratedetermining step.
For the determination of the surfaces of the active component of the
different catalysts we shall compare N O sorption at room temperature with oxygen
sorption at - 78 C. In table III the amounts of sorbed

.^ygen respectively nitrous

oxide per g of catalyst are listed. For the N,,0 sorption non dissociative,
dissociative and total sorption are given. The interpretation of the N O

sorption

in terms of surfaces is difficult. For the two types of sorption there seems no
relation present with the oxygen sorption, nor is this the case with the total
amount of sorption. Probably it has to be concluded that also on V 0,, whether
or not supported, no raonolayer coverage is formed at room temperature (40,43,56).
We therefore prefer the sorption from molecular oxygen as a base for the calculation of the surface of the active component. The sorbed amounts at - 78 C are
0.45, 1.46 and 1.66 ml STP for the not supported, the silica supported and the
alumina supported catalyst, respectively. When we assume that the species formed
on

sorption from molecular oxygen by all catalysts resulted in the same oxygen

species, calculation of the surfaces of the active component is simple. The BET
2 -1
(Kr) surface of not supported V.,0, was 5.65 m g . For the silica supported
catalyst this leads to an active surface area of 18.3 i g" . For the alumina
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catalyst the active surface area is 20.8 m g~ . In the next chapter on these
bases the specific catalytic activities will be calculated.
TABLE III
The amounts of sorption

of N,0 at 21°C and

O 2 at -78°C and 21°C per g of catalyst.

C)

(-78°C)

0.440

0.06

0.50

0.45

0.70

0.610

0.21

0.82

1.46

3.13

0.455

0.485

0.94

1.66

x)

a) The amount of dissociative sorbed N_0 .
b) The amount of non dissociative sorbed N O .
c) Total mount of N O sorbed.
x) No equilibrium reached in measuring time.
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CHAPTER VIII
THE CATALYTIC OXIDATION OF CARBON MONOXIDE OVER VANADIUMOXIDES.

1. Introduction.

Vanadium(V)-oxide mostly promoted is much used as a catalyst in
oxidation reactions. Besides the oxidation of sulphur dioxide (1-5), it catalyzes
the oxidation of a large number of organic compounds to useful products (6-18).
Mars and Van Krevelen (6) investigated the oxidation of benzene, toluene,
naphthalene and anthracene over promoted (potassium, molybdenium) vanadiumoxide
catalysts. Based on this work they proposed the reduction-oxidation mechanism.
Unpromoted vanadiumoxide catalysts display a similar behaviour. It
turned out that vanadium(V)-oxide catalysts must at least contain a considerable
amount of V

-ions to give a stable activity. Simard et at. (9) investigated the

oxidation of o-xylene at 400 C. These authors showed the catalyst displaying a
stable activity to consist of mainly V_O, and V O

. Starting with a fresh V-O_-

catalyst it took about 3 hours before the catalyst attained chis stable activity
in 1.1% o-xylene in air. When the o-xylene content was increased to 3.3%, the
catalyst was reduced to chiefly V O. and V»O,. These phases were less active
for the oxidation reaction.
Korneichuk, Ustrakova and Skorbilina (19) oxidized naphthalene at
400 C over

coarse V O

crystals with a low specific surface area (0.3 m g

).

During the first 2.5 hours of operation the activity was low as well as the
conversion to phthalic anhydride. After this initial period, the activity and
also the selectivity to phthalic anhydride rose, at first gradually and later
more suddenly. After 30 hours of operation the catalyst bed contained 8% V^O..
These experiments show that formation of a new phase occurred and even was
necessary to get a high selectivity and activity.
This was shown more quantitatively

by Colpaert (20) for the oxi-

dation of propene and butene on the (010) surface of V,0 . The results indicated
that vanadium(V)-oxide equilibrated in oxygen showed no catalytic activity at
400 C. Selective oxidation was observed only after an incubation period, the
length of which depended on the partial pressure of the oxidizible compound.
After the incubation period the catalyst contained V.o.,.When, however, reduction
to V, 0 4 occurred, complete oxidation to C 0 2 and H„O took place. When the propene
content was decreased to 0.8%, the V O
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(010) plane did not show oxidation

, .

;-

\

V''••'•" ""

activity at all

after 24 hours. With this propene content a temporary increase

in temperature to 450°C led to a stable activity at 400°C. When the catalyst was,
however, reoxidized, the activity was annihilated. To become active again, the
catalyst thus treated requixed no temporary raise in temperature. This is evidently
connected with the polycrystalline V O
crystalline V„0

formed at the reoxidation. This poly-

is reducible at a lower temperature.

That the particle size may be important was also reported by Tilley
and Hyde (21). These authors studied the reduction of ^2°s

in the

° P t i c a l micro-

f. :

scope. They found that the dimensions of the V 2 O 5 -crystal in the crystallographic

in-

c-direction were determining the rate of the reduction process. Thin plates of
V 2 O_ showed the largest extent of reduction. An analogous dependence on the
dimensions of the particles was found by Farkas et at. (22) for the isotopic
oxygen exchange in the temperature range of 400

to 450 C.

Phase transformation into lower oxides at the surface of V~0

was

most extensively investigated by Fiermans and Vennik (23-26). The LEED pattern
of a freshly cleaved surface showed no deviation from the bulk crystallografic
structure. The (010) surface was inert to exposure to air, argon, oxygen, hydrogen
and carbon tetrachloride of 10

torr. Bombardment by electrons of the LEED beam,

however, brought about a transformation of the surface iTito the V^-C. ^ structure.
Whereas heating of clean surfaces in

UHV up to 550 C did not show phase-

transition, contamination with carbon brought about a considerable increase of
the rate of the surface reaction with respect to the bulk diffusion. This of
course can be of importance for the catalytic behaviour of the catalyst (see
chapters II and III).
The catalytic behaviour of vanadium(V)-oxide has also extensively been
studied in the oxidation
2CO + 0„

+

of hydrogen (27-29) and carbon monoxide (30-34) , i.e.,

2CO-,

In these investigations the central question was whether the oxidation reaction
occurred via the reduction-oxidation mechanism or not. As we discussed in chapters
II and III/ this is for a given catalyst determined by the reaction conditions.
Evidence for the reduction-oxidation mechanism at higher temperatures used
(

450 C ) , is the almost indentical temperatures at which the catalyst showed
1R

activity for the CO and H, oxidation on the one, and
R3

O -exchange via mechanism

(see chapter II) on the other hand (22,35-41). These investigations as well as
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that of Kera and Hirota (41) showed that above about 450 C all oxygen-ions of
the oxide participate equivalently in the exchange.
The activity of the lower vanadiumoxides was already briefly mentioned above. Generally it was observed that reduction of the oxygen content of the
catalyst caused an increase of the catalytic activity relatively to that of the
VjO- phase. As we discussed in chapter VII, the bond strength of oxygen increases
when its content decreases (42-45). Based on the correlation as explained in
chapter II, we can expect a decrease in activity with a decrease in oxygen
content. As we reported above, a decrease in activity was observed when V,O, (9)
or V 2 O 4 (20) was formed in the catalyst bed. Whereas Simard et al. (9), Stasevich
et at. (17) and Shaprinskaya (18) concluded that: V,O., was the active phase,
Andreikov (14) concluded that V , 0 7 was the active vanadiumoxide.
Surveying the literature we can conclude thai; although the nature
of vanadiumoxides has been extensively studied, no unambiguous answer has been
given up till now to several problems. First of all there is the decision about
the mechanism. Boreskov reported (e.g.33) the change of the associative mechanism
into the reduction-oxidation mechanism to be complete at 590 C. Other authors got
evidence for the reduction-oxidation mechanism at lower temperatures (30). Also
1 ft
O -exchange experiments point to reduction-oxidation. We shall deal with

the

this problem for V O. as well as for the lower vanadiumoxides. The second and very
important problem concerns the rate of phase transformation during catalysis. The
TG experiments gave no evidence for the
chapter VII).

occurrence of a nucleation barrier (see

In the literature the importance of the crystallites size was

indicated. We shall also deal with this problem. By the use of different supports
and preparation conditions we can study the influence of the particle size on
catalysis. This, of course, will be highly connected with the ideas we developed
in chapter III. Last but not least it was indicated (23) that impurities like
carbon may considerably influence the properties of the catalyst. Because of the
thermodynamic instability of all hydrocarbons (except CH

and CH..OH) and of CO,

we must consider carbon deposition,in particular with the reduced vanadiumoxides
because of the high catiir cation interaction.

2-1. Non supported vanadiumoxides.

The catalytic activity of the non supported vanadium(V)-oxide as
measured in continuous flow experiments is represented in figure 1. The flowrate
into the reactor that contained 1.02 g of catalyst V-A-l,was 50 ml min~ , the
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Figure 1. Conversion of unsupported V o

Figure 2. Conversion-versus-pulse

as a function of temperature. Catalyst

number at 550 C of catalyst V-C-4.

V-A-l, weight of catalyst 1.02 g. Feed,

Pulse composition? 1% CO, 99% N ,

see text.(O) fresh catalyst, ( 0 ) cata-

1 atm, 293 K. Pulse volume: 10 ml.

lyst kept for 42 h at 500°C in nitrogen.

Sample obtained by reduction of
0.4 g of catalyst V-A-l .

composition of the feed was 1 vol % CO, 1 vol % O , and 98 vol % N_, and the total
pressure was 1 atm.

Figure 1 shows that the activity of the catalyst is small.

A marked conversion was only observed above about 450°C; above about 600°C the
conversion is still below 20 %. Keeping the catalyst for 42 h at 500°C in a flow
of nitrogen did not affect its activity . In the thermogravimetric experiments the
onset of reduction was observed at a temperature of 456 C. This agrees with the
temperature at which the activity sets in. The effect of the temperature

on the

activity and rate of reduction consequently point to the reduction-oxidation
mechanism.
The dependence of the reaction rate on the partial pressures of carbon
monoxide and oxygen also agrees with the reduction-oxidation mechanism. At a
fixed flow rate of 50 ml min

the partial pressures of carbon monoxide and oxygen

were varied from 3 to 12 torr. The rate was found to be first order with respect
to carbon monoxide and zero order with respect to oxygen. The thermogravimetric
experiments showed that reoxidation proceeds much more rapidly than reduction.
At 600 C therefore a rapid reoxidation and a rate-determining reduction by carbon
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monoxide and, hence, a first order with respect to carbon monoxide must be
expected.
To study the effect of a reduction of the oxygen content to vanadium
(III)-oxide, we reduced 0.4 g of catalyst V-A-l

in situ in the reactor in a

flow of hydrogen. Reduction led to the catalyst V-C-4. Next a flow of dried
nitrogen (flowrate

75 ml min

) was passed through the catalyst bed that was

kept at 550°C. The reaction of the vanadium (III)-oxide with pulses of carbon
monoxide was first investigated.
The conversion of pulses of 10 ml of 1 vol% CO and 99 vol% N

flowing

through the vanadium(III)-oxide catalyst kept at 550 C is represented in figure
2. The conversion was calculated as
CO, (observed)
conversion
CO (admitted)
Figure 2 shows that 5 or 6% of the carbon monoxide was converted into carbon
dioxide; the conversion did not depend markedly on the pulse number. After the
8 carbon monoxide pulses indicated in figure 2, pulses of pure oxygen (10 ml,
1 atm) were admitted to the catalyst. The conversion of the carbon monoxide to
carbon dioxide as a function of the amount of oxygen admitted to the catalyst
is represented in figure 3. The conversions of about 6% measured before oxygen was
admitted to the catalyst are also included in figure 3. It can be seen that the
conversion of carbon monoxide decreased steadily with the amount of oxygen
admitted to the catalyst.
The reoxidation of the catalyst proceeded strongly inhomogeneously.
The reduced catalyst was black, whereas the oxidized catalyst had a yellow colour.
When the catalyst was partially reoxidized, a sharp transition between the
yellow and the dark-blue part of the catalyst could be seen. On admission of a
pulse of oxygen the boundary moved to the top of the catalyst bed. The sticking
probability of oxygen on the not completely reoxidized vanadiumoxide was about
unity. This can be concluded from the fact that the conversion of carbon
monoxide was negligible after pulsing 50 ml of oxygen. The calculated amount of
oxygen required to convert 0.330 g of V_0, into V,O 5 is 52.9 ml of oxygen. Since
a rapid take up of oxygen was observed in the thermogravimetric experiments
already from 140 C on, the high efficiency of oxygen in reoxidation at 55O°C
is plausible.
Whereas the catalytic behaviour of vanadium(V)-oxide agreed with
the reduction-oxidation mechanism, that of vanadium(III)-oxide completely deviates
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at 550°C, catalyst V-C-4.

\ atm, 293K. O 2 ~pulse: Pure oxygen

ved after a pulse of oxygen and the

1 atm, 293K. See also figure 2.

amounts of C O 2 equivalent to the deposited carbon from the disproportionation.

from the expected pattern. Since the reduction was shown to be rate-determining,
a catalytic activity decreasing with the bonding energy of lattice oxygen is
predicted. Though the oxygen bonding energy drops when vanadium(III)-oxide is
oxidized to vanadium(V)-oxide, the conversion of carbon monoxide falls to a
negligible

value as shown in figure 3.
From the literature dealt with in chapter VII, however, it appeared

that carbon is strongly bonded to lower vanadiumoxides. We therefore have to
consider also the disproportionation of carbon monoxide according to
2CO

•+•

C + COn

The carbon produced in this reaction is stabilized by

strong interaction with

vanadium(III)-oxide. When disproportionation of carbon monoxide proceeds at the
vanadium(III)-oxide surface, a carbon atom should be left in the catalyst for
every carbon dioxide molecule produced. The presence of carbon atoms deposited
into the vanadiumoxide can be demonstrated by admission of oxygen, which will
rapidly oxidize the carbon to carbon dioxide.
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In figure 4 we compare the amount of carbon dioxide, measured on
admission of a carbon monoxide pulse, with the amount produced by admission of
an oxygen pulse. Triangles indicate the integral number of umoles carbon dioxide
measured after the number of carbon monoxide pulses given between parentheses.
Circles show the integral amount of carbon dioxide observed after a total amount
of pulse-wise added oxygen, which is given by the horizontal axis. Admission of
oxygen brought about production of carbon dioxide. The data of figure 4, moreover,
demonstrate that the amount of carbon dioxide measured on admission of carbon
monoxide agrees within the experimental accuracy with the amount of carbon dioxide
evolved on exposure to oxygen. Figure 4 shows that a pulse of 10 ml of oxygen did
not suffice to oxidize the carbon deposited after 8 carbon monoxide pulses
completely. After one more pulse of carbon monoxide a total amount of 25 ml of
oxygen oxidized the carbon present in the catalyst completely. The next pulses
of carbon monoxide partly disproportionated in the upper part of the catalyst bed,
which was still reduced. Increasing the amount of pulsed oxygen to 50 ml led to
an evolution of carbon dioxide that equals the amount observed after addition of
carbon monoxide.
The above experiment demonstrates that the conversion of a pulse of
pure carbon

monoxide added to vanadium(III)-oxide was not due to reaction with

oxygen of the oxide. Reaction of carbon monoxide with the reoxidized catalyst
could neither be observed at the experimental conditions of the pulse experiment;
figure 3 shows a non-measurable conversion by the completely reoxidized catalyst.
We hence can conclude that the rate of the oxidation reaction according to the
reduction-oxidation reaction is very small. With the reduction-oxidation mechanism
the overall reaction can be divided into two steps proceeding separately. To
investigate whether the associative mechanism can play a role with the reduced
vanadiumoxide catalysts, we must admit the two reactants carbon monoxide and
oxygen simultaneously.
Figure 5 shows the conversion when a carbon monoxide and oxygen pulse
is admitted to 0.75 g of the vanadium(III)-oxide catalyst. The conversion turned
out to be appreciably large1: than that brought about by disproportionation
(figure 2 ) . Whereas about 12% of the pulsed pure carbon monoxide was converted
into carbon and carbon dioxide, a conversion to carbon dioxide of about 40% was
observed when c.tygen and carbon monoxide are pulsed together. The oxygen that was
not used in the oxidation of carbon monoxide, reoxidized the catalyst, which
caused the slow decrease in the conversion. After 9 pulses the catalyst was kept
at room temperature for 16 h in stagnant nitrogen. Presumably it took up some
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of the gas mixture as a function

catalyst V-C-4. Catalyst sample prepa-

of the oxygen content of the

red by reduction of 0.75g of catalyst

catalyst. See also figure 5.

V-A-l.

oxygen from water vapour, which decreased the conversion to 25 to 30%. The
experiments represented in figure 5 show unambiguously that an associative
mechanism is operative with a reduced vanadium oxide catalyst. To investigate
the effect of reoxidation we reoxidized the catalyst by oxygen pulses of 10 ml.
Figure 6 shows the conversion of the catalyst as a function of the
degree of reoxidation. The experimental points of figure 5 are indicated at
0 ml of oxygen pulsed. It can be seen that the conversion of the carbon
monoxide steadily decreased, until at 100 ml of oxygen the conversion was again
negligible. To reoxidize the catalyst completely 99.1 ml of oxygen was required.
Figure 6 consequently shows that the associative mechanism can only be observed
with the reduced catalyst.
Above it was mentioned that a partially reoxidized catalyst bed
displayed a sharp boundary between the reoxidized and.the still reduced catalyst.
As a result it could be expected that, the oxygen of a carbon monoxide and oxygen
pulse was rapidly consumed in the reoxidation of vanadiumoxide and the oxidation
of carbon monoxide. After the oxygen of a pulse had been consumed, the remaining
carbon monoxide could disproportionate in the upper part of the catalyst bed.

123

w.

OXIDATION OF DEPOSITED CARBON
ON

REDUCED

V 2 O 5 AT

550 *C

Og pulse 10 cc
(latm, 293K)

CO

formed
after c^
pulse

40
60
80
Tiount O 2 pulsed (cc}-

m

co+o 2
v2o5

2C0—-C+CÖ2

NO REACTION

Figure 7. Oxidation of deposited

FigiAJce 8. Zones in the reduced catalyst

carbon on reduced V_O C at 550 C

bed when, after a number of pulses of
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the usual mixture, one pulse more of

oxygen.

the mixture is admitted.

This is experimentally demonstrated by the experiments represented in figure 7.
In this figure the quantities of carbon dioxide observed after the oxygen pulses
that are also indicated in figure 6 are represented. It is apparent that most
of the carbon was deposited in the upper part of the catalyst bed and, as a
result, reacted only to carbon dioxide after reoxidation of the lower part of
the catalyst bed. Figure 8 schematically pictures the chemical reactions that
proceeded in various parts of the catalyst bed. As the main part of the carbon
produced by the 19 pulses of figure 5 had been deposited in the central part of
the catalyst bed, the evolution of carbon dioxide as shown in figure 7 shows
a sharp maximum.
The above experiments have shown thf.t vanadium(V)-oxide displays the
reduction-oxidation mechanism, where vanadium(III)-oxide oxidizes according to
the associative mechanism. Since the number of oxygen vacancies at the surface
of the catalyst decreases by the concurrent reaction of the oxide with gaseous
oxygen, the high activity belonging to the associative mechanism is not stable.
Continuous flow experiments confirmed the above explanation.
In figure 9 the activity of vanadium(III)-and vanadium(V)-oxide

!
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Figure 9. Conversion-versus-terapera-

Figure 10. The conversion-versus-time

ture curve of the catalysts V-A-l

curves of catalyst V-C-4 at 550 C after

and V-C-4. See also figure 10.Origi-

warming up the catalyst in the reaction

nal sample weight: 1.09 g of catalyst

mixture .See figure 9.

V-A-l. Normal flow conditions.

catalysts are compared. A flow of 1 vol% CO, 1 vol% O 2 , and 98 vol% of N 2 was
passed through a bed containing 1.09 g of catalyst V-A-l with a flowrate

of 50

ml min~ . By reduction in the reactor the vanadium(III)-oxide catalyst V-C-4
was obtained. Figure 9 clearly shows the considerable difference in activity of
the vanadium(III)-oxide displaying the associative and the vanadium(V)-oxide
displaying the reduction-oxidation mechanism. Since the activation of lattice
oxygen is not a prerequisite with the associative mechanism, the activity of
vanadium(III)-oxide set in already at about 350°C.
That the activity of the associative mechanism is not stable, is
demonstrated by figure 10. After the temperature of the catalyst had been raised
to 550°C, which took about 25 min, the temperature was kept constant and the
conversion was determined as a function of time. Figure 10 shows the conversion
to pass through a maximum, after which the activity gradually approximated a
conversion of about 15% that was measured with the vanadium(V)-oxide catalyst.
In a second experiment heating up to 550°C while measuring the activity took
about 35 min. Now the maximum was less pronounced, though the general appearance
of the curve remained unchanged. The maximum in figure 10 will be explained at
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the end of this chapter.
We

finally have to deal with the two lower curves of figure 10.

These curves were measured with a catalyst that had been reoxidized by a
continuous flow of carbon monoxide and oxygen in nitrogen. During the beginning
of these experiments, the oxygen was completely taken up by the vanadium(III)oxide and carbon monoxide in the very first section of the catalyst bed. In the
remainder part of the catalyst bed, disproportionation of carbon monoxide led to
the deposition of carbon. The low oxygen partial pressure of the gasflow was
insufficient to oxidize the deposited carbon. Reduction with hydrogen neither
removed the carbon. As a result the vanadium{III)-oxide was poisoned by carbon,
which led to the low activity indicated in figure 10. A high activity was again
obtained, when the catalyst was previously oxidized in a stream of pure oxygen
and next reduced.

2-2. Siliaa-supported vanadiumoxides.

The catalytic activity of the vanadium(V)-oxide catalyst v-B-2, which
was dispersed on silica as a support, is given as a function of the temperature
in figure 11. A constant flow of 50 ml min

of 1 vol% CO, 1 vol% O. and 98 vol%

N ? was passed through the catalyst bed that contained 0.62 g of catalyst. Figure
11 comprises both the conversions measured with the catalyst that was kept for
48 h at 500 C in a flow of nitrogen and the conversions found after the catalyst
had been reduced and reoxidized many times. From the agreement of both sets of
data it can be concluded that the silica-supported catalyst was very stable.
As shown in figure 11, the activity became marked at a temperature
that was slightly higher than with the non-supported catalyst. At a temperature
of 480 C the conversion was still negligible. The onset of the catalytic activity
at a temperature appreciably above the temperature where incipient reduction was
observed in the thermogravimetric experiments is remarkable. Though the deviation
from the straight line in figure 4 of chapter VII was observed already at 350 C,
it is possible that, the start of the reduction is indicated by the rapid increase
in the rate in weight loss at 400°-450°C. The deviation from the .'.inear weightversus-temperature curve may be due to an increase in the rate of dehydration at
about 350 C and the steep increase in weight loss at about 450 C to the start
of the reduction.
The effects of the partial pressures of carbon monoxide and oxygen was
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sition 1% CO, 99% N 2 , 1 atm, 293K.

as usual.

Catalyst V-D-5 was obtained by reduction of 0.62 g of catalyst V-8-2.

studied analogously to the experiments with the non-supported vanadium(V)-oxide.
Either the carbon monoxide or the oxygen pressure was varied at a constant space
velocity. The orders with respect to carbon monoxide and oxygen appeared to be
the same as found with non-supported vanadium(V)-oxide, viz. one with respect
to carbon monoxide and zero with respect to oxygen. The orders of the reaction
hence point also to a reduction-oxidation mechanism with the supported catalyst.
The activity per unit surface area of vanadiumoxide

will be dealt with later.

The activity of supported vanadium(III)-oxide was also studied.
A catalyst bed containing 0.62 g of vanadium(V)-oxide (catalyst V-B-2) was reduced in flowing hydrogen at 550 C during 1 h. Next the hydrogen was substituted
by nitrogen, the flowrate of which was fixed at 120 ml min

. The interaction of

pure carbon monoxide with the reduced catalyst was investigated first by injecting
carbon monoxide pulses (5 ml 1 vol% CO, 99 vol% N_, 1 atm, 293K) into the nitrogen
stream. The conversion of carbon monoxide is represented in figure 12. In agreement with the reaction equation given in figure 12, we calculated the conversion
from:
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2 C 0 2 (observed)
conversion =
CO (admitted)
As is to be expected, carbon is also deposited onto the supported
catalyst. The carbon deposition was demonstrated by reaction with pure oxygen
to carbon dioxide. The reactivity of the carbon present in the supported catalyst
i'.v

was, however, much lower than that in the unsupported catalyst. The quantity of

j.'

carbon dioxide calculated from the carbon dioxide produced on admission of carbon

|',:

monoxide pulses could only be obtained by keeping the catalyst at 550 C for 100

|'

to 200 min in a flow of pure oxygen. We believe that the low reactivity of carbon

f-.

deposited onto supported catalysts is dus to the small volume of the vanadium (III)-

,:

oxide phase. With the non-supported catalys1: that has a small surface-to-volume

i-

ratio , the carbon could easily be accommodated into the bulk of the sesquioxide.

!••'

Formation of stable solid vanadium oxycarbides has been experimentally demonstra-

l

ted (46). With the small particles of the silica-supported catalyst, on the other

p

hand, the solid was rapidly saturated and pure carbon grew out of the oxycarbide.
The growth of carbon obtained by decomposition of acethylene to carbon filaments

p.
v
!,'

and platelets out of small nickel particles has been reported by Baker et al.
(47,48). Oxidation of the carbon at the surface of the transition metal oxide that
catalyzes the reaction proceeded much more rapidly than that of the carbon

y

filaments or platelets that had grown out of the oxide particles. The migration of

i-

carbon through the bulk of the oxycarbides is rapid at S50°C.

i.
j.-'

Simultaneous admission of carbon monoxide and oxygen to the reduced
catalyst led to oxidation according to the associative mechanism. Figure 13 shows

'

the results of three different pulse experiments. The initial conversion obser-

p,

ved in the first run is high, viz. about 30%. In contrast to the conversion of
figure 12, the conversion of figure 13 has been calculated according to
CO 2 (observed)
conversion =
CO

(admitted)

[•]

When we want to compare the conversion by disproportionation and by oxidation by
gaseous oxygen on the same basis, the conversion by disproportionation amounts
to 20% in the units of figure 13. The oxidation was hence appreciable when carbon
monoxide and oxygen contacted the reduced catalyst. Nevertheless the difference
in the rate of oxidation according to the associative mechanism and of the disproportionation is much smaller than observed with the non-supported vanadium(III)oxide. The decrease in the conversion of carbon monoxide proceeded also much more
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rapidly with the supported gas. The successive doses of carbon monoxide and oxygen
diluted with nitrogen decreased the activity of the non-supported vanadium(III)oxide slowly; doses of pure oxygen had to be used to lower the conversion considerably. With the supported catalyst, on the other hand, the diluted doses brought
about already a relatively rapid decrease in the conversion.
Whereas with most reactions accelerated by solid catalyst, the exposed
active surface area only determines the catalytic activity, the total volume of
catalytically active material appreciably affects the activity by the associative
mechanism. Since at 550°C the mobility of oxygen through the bulk of the vanadiumoxide is high, oxygen vacancies are rapidly generated at the surface by diffusion
of oxygen into or of vanadium ions out of the bulk of the oxide. With the small
particles of the supported oxide, the bulk is quickly saturated, owing to which
the regeneration of the surface vacancies required in the associative mechanism
ceases. The small amount

of vanadium(III)-oxide in the catalyst bed, viz. 0.053 g,

was quickly oxidized, which led to the rather steep decrease in the conversion
shown in figure 13.
The poisoning by carbon resulting from the disproportionation of
carbon monoxide also gave evidence of the fast reoxidation of the vanadium(III)oxide catalyst.

In figure 13 the results of two runs of pulse experiments carried
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out with the hydrogen reduced catalyst of the first and second run, respectively,
are also represented. The decrease in activity is much smaller than observed with
the non-supported catalyst in figure 10. Disproportionation of carbon monoxide
could occur only when the oxygen of a dose had been completely consumed. With
the non-supported catalyst the capacity for absorbing oxygen was sufficiently
large to give rise to a considerable disproportionation of carbon monoxide. The
supported catalyst was oxidized so rapidly, that an extensive contact of carbon
monoxide in the absence of oxygen with the vanadium(III)-oxide was prevented.
As a result, the formation of carbon and, hence, the drop in activity owing to the
poisoning by carbon remained limited. Figure 13 indicates that the carbon deposited during the second run had even a negligible effect on the activity.
The results of two flow experiments with the supported vanadium(III)oxide catalyst are represented in figure 14. Again the rapid oxidation of the
supported catalyst is apparent. At a flow rate of 50 ml min

, the non-supported

catalyst was oxidized after 80 to 100 min, whereas the supported catalyst was
oxidized already after 10 to 20 min. The larger activity according to the associative mechanism was also displayed by the supported catalyst as can be seen
from figure 14. Both in figure 10 and in figure 14 the initial conversion is
larger than that of the steady state by a factor of about 3 to 4. A shallow minimum in the activity of the supported catalyst was observed after the amount of
oxygen required to oxidize the catalyst had been fed to the reactor. Since oxygen
was also used in the oxidation of carbon monoxide, the vanadium(V)-oxide did not
yet contain the equilibrium oxygen content,

while the contribution of the asso-

ciative mechanism had become very small owing to the lack of oxygen vacancies.
Activation of the oxygen of vanadium(V)-oxide that is slightly oxygen-deficient
is not likely, which led to a slight dip in the conversion. As said above the
oxidation of the non-supported catalyst took place at a rather narrow front
migrating through the catalyst bed.Consequently the temporary dip in the activity
of the catalyst displaying the reduction-oxidation mechanism was present in a
small layer of the non-supported catalyst only, which brings about that the
shallow minimum in the conversion is not present in figure 10.

2-3. Alumina-supported vanadiumoxides.
A catalyst bed of 0.71 g of alumina-supported vanadium(V)-oxide
(catalyst V-B-3) was used to measure the activity of this catalyst. To a nitrogen
flow of a rate of 50 ml min

different quantities of carbon monoxide and oxygen

were added. The conversion is represented in figure 15. It can be seen that the
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. conversion did not depend on the partial pressure of carbon monoxide that varied
from 3.5 to 11.5 torr and of oxyger. that varied from 7 to 12 torr. This shows
that the reaction was first order with respect to carbon monoxide and zero order
with respect to oxygen, as had also been observed with the non-supported and
silica-supported catalysts.
The experimental reaction orders point to a reduction-oxidation
mechanism also with the alumina-supported catalyst. The onset temperature of the
catalytic activity also indicates this mechanism. As dealt with in chapter III,
the thermogravimetric experiments showed the start of the reduction at 350 C
which agrees nicely with the temperature of about 300 C, where the conversion
became marked. We can conclude that both the not-supported and the aluminasupported vanadium(V)-oxide catalyst displayed
incipient reduction by hydrogen and

coinciding temperatures of

catalytic oxidation of carbon monoxide.

To investigate the reaction of carbon monoxide over vanadium(III)oxide, 0.71 g of catalyst V-B-3 was reduced at 500 C in a flow of hydrogen.
After changing the flow first to pure nitrogen, the nitrogen was next replaced
by nitrogen containing 1.0 vol% CO. The conversion of the carbon monoxide on
the catalyst kept at 540 C is represented in figure 16. It can be seen that the
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conversion of carbon monoxide dropped rapidly to a low level of about 3%. Even
after passing the carbon monoxide containing nitrogen for some hours over the
catalyst, 'no measurable evolution of carbon dioxide could be observed on admission of pure oxygen. It hence must be concluded that vanadium(III)-oxide applied
homogeneously to alumina did not bond markedly carbon. Deposition of vanadiumoxide as a thin layer onto alumina consequently affects strongly the reactivity
of its surface, since both the activity for carbon monoxide oxidation strongly
rises and the activity for carbon monoxide disproporttionation becomes negligible.
The small steady-state conversion of figure 16 could not be ascribed
to the disproportionation of carbon monoxide, as said above. It was demonstrated
that the conversion of carbon monoxide is due to reaction with water according to
CO + H 2 0

C0 2

The reaction with water was demonstrated by pulse experiments with 0.71 g of catalyst V-B-3, which was reduced in a flow of hydrogen. After reduction a flow of
dried nitrogen was passed through the catalyst bed at a rate of 120 ml min
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To the catalyst kept at 560 C a number of pulses of pure carbon monoxide (0.1 or
0.2 ml, pure CO, 1 atm) was admitted by injection into the nitrogen flow. The
conversion of the carbon monoxide is given in figure 17. The conversion was about
30%. Addition of a pulse of 3 ml of pure oxygen did not lead to evolution of
carbon dioxide. Figure 17 shows that the conversion of carbon monoxide rose to
35% by the oxygen treatment. In figure 17 it is also indicated that the aluminasupjxjrted vanadium(V)-oxide catalyst converted a pulse of carbon monoxide for
about 43%. When the nitrogen used as a carrier gas was not dried before entering
into the reactor, it had a water content of about 1,000 ppra. The nitrogen containing 1,000 ppm of water led to an appreciably higher conversion of carbon
monoxide.
When a continuous flow experiment was carried out with carefully
dried nitrogen, the water content of the catalyst decreased rapidly. The effect
of the decreasing water

content is shown in figure 16, where it can be seen that

the conversion sharply drops with the water content. Besides reaction of carbon
monoxide with water, the oxygen of the much more easily reducible alumina-supported catalyst can oxidize carbon monoxide at 560 C. We ascribe the high conversion
shown in figure 17 by vanadium(V)-oxide and the rise in conversion after oxidation
by 3 ml of pure oxygen to additional oxidation by oxygen from the vanadiumoxide.
Since pure carbon monoxide did not react over alumina-supported
vanadium(III)-oxide in the absence of water, we could easily establish whether
this catalyst displays also the associative mechanism. The results of two duplicate continuous flow experiments are given in figure 18. The high activity of
the catalyst permitted a reaction temperature of 400 C only. As indicated in this
figure a nitrogen flow containing 1 voli CO and 1 vol% O. was passed through the
catalyst bed at a rate of 50 ml min

. Figure 18 shows that the conversion in-

creased with the time the catalyst was exposed to the flow. The behaviour of the
alumina-supported catalyst hence sharply contrasted with that of the not-supported
and the silica-supported vanadium(III)-oxide catalysts, that displayed a steep
decrease in conversion with increasing exposure to oxygen. A rise in conversion
with extent of reoxidation agrees precisely with what is to be expected for
vanadiumoxides from the reduction-oxidation mechanism. As said above the bonding
energy of lattice oxygen decreases with an increase in oxygen content. The catalytic activity, which is with these catalysts determined by the bond strength
of oxygen provided no phase transitions interfere, should therefore rise with the
oxygen content. Evidently, phase transitions do not affect the catalytic action
of the alumina-supported vanadiumoxide.
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We conclude this section dealing with
the catalytic activity of aluminasupported vanadiumoxides by a consideration of two pulse experiments, represented in figure 19. The catalyst bed
CONVERSION
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Figure 19. The conversion at 530 C

is about the same as found in a

as a function of the amount of the

continuous flow experiment that had

reaction mixture pulsed.

been brought into the steady state.
Admission of a pulse of 5 ml of pure

oxygen, however,raised the conversion to about 45%.
The conversion was not affected by the relatively small variations
in the oxygen pressure given in figure 15 (7 to 12 torr). The effect of the oxygen dose displayed in figure 19 indicates, however, that the oxygen content of the
alumina-supported catalyst was markedly affected by an appreciable change in
oxygen partial pressure, as for instance from 7.6 to 760 torr. That the oxygen
partial pressure determines the activity was ascertained by an experiment with
a vanadium(V)-oxide catalyst. The lower curve of figure 19 represents a pulseexperiment where the flowrate was 150 ml min

. It can be seen that a number of

successive pulses of oxygen and carbon monoxide increased the conversion. Since
the oxygen pressure of the nitrogen carrier was very small, the oxygen content
remained during the initial small pulses considerably below the level obtained
when a flow containing 1 vol% of oxygen was continuously passed over the catalyst.
A large pulse brought the activity at a value that approached that of the continuous-flow experiment. Owing to the higher flowrate, it was more difficult to
raise the oxygen content of the vanadium(V)-oxide catalyst to that of the
continuous flow experiment than that of the reduced catalyst.
When the formation of oxygen vacancies does not call for phase

134

transition or a considerable increase in free energy of the homogeneous phase,
the bonding energy of oxygen is likely to be continuously varying. This is in
contrast with the behaviour of bulk vanadiumoxides where the separate, welldefined crystallographic phases lead to discrete oxygen bond strengths. A
varying bonding energy should lead to an oxygen content dependent on the oxygen
pressure and, hence, to a catalytic activity increasing with the oxygen content.

S. Discussion.
3-1. Comparison of the specific activities of the catalysts.
As has been mentioned in chapter IV, the catalytic activity per unit
mass of solid is not an unique property of the solid compound. The above results
with vanadia catalysts clearly demonstrate this statement. The differences in the
catalytic activities of the vanadium(V)-oxide catalysts are apparent from figure
20. Whereas the alumina-supported vanadium (V)-oxide showed already .-.; marked
conversion at 300 C, the non-supported and the silica-supported vanadium (V)oxide catalysts were active only above 450 C.
Since the specific surface area of solids, especially when they are
dispersed on highly porous supports, can vary by a factor of 10
pronounced differences in activity of figure 20 could

to 10 , the

be due to variations

in the active surface area in the catalyst bed. We therefore compare the activities at 550 C of the three vanadium(V)-oxide catalysts per unit mass and per
unit surface area. The specific surface areas of the two supported catalysts
were dealt with in chapter VII,- we used here the data based on the sorpticn of
oxygen. The specific activities have been collected in table I.
The data of this table show that the activity per g of vanadiun(V)oxide strongly varied. It can be seen that dispersion onto a support not always
leads to an increase in the specific activity: Dispersion onto silica brought
about no change, while dispersion onto alumina even raised the activity per unit
mass to 103.5. The activities per unit surface area are more indicative of the
nature of the catalytic process.This activity was about equal for the non-supported and the silica-supported catalyst, which is in line with the analogous
behaviour of the conversion with the temperature of these two catalysts as shown
in figure 20. The alumina-supported catalyst, on the other hand, showed an activity
per unit surface area that was appreciably higher. That the reduction-oxidation
properties of this catalyst were different, could already be inferred from its
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TABLE I
CATALYTIC ACTIVITIES OF VANADIUM (V)-OXIDE CATALYSTS AT 550°C.

Catalyst

Weight
g

Conversion
*

Contacttime
...
(mm)

Spec.Surf.Ar.
Activity
2-1
. -1 -1 . -1 -2
mg
mm g
mm m

V-A-1

1.02

5-7

0.024

8 .6

2.1-3.0

V-B-2

0.62

8

0.046

18 . 3

2.92

V-B-3

0.71

77

0.020

20 . 8

103.5

0.24-0.33
0.15
4.98
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and V-B-3.

the dimensions of the vanMiumoxide
phase and another mainly considering

the interaction of vanadiumoxide with the surface of the alumina support.
In the introduction, it was mentioned that Tilley and Hyde (21) have
found that the transition to lower

vanadiumoxides was more rapid when the dimen-

sion of the crystallites in the c-direction was small. As dealt with in chapter
IV the aj'raijia-supported catalyst was prepared by precipitation of vanadium(V)-
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ions onto the surface of a suspended alumina support. Since the negatively charged
precipitating vanadium(V)-species strongly adhered to the positively charged alui '\

mina, the preparation procedure presumably led to a thin layer of vanadiumoxide
on the alumina.

The absence of vanadiumoxide particles of a considerable dimensi-

on of this catalyst was acertained by investigation in the scanning electron microscope. The characteristic shape of vanadium(V)-oxide particles could not be seen
in this catalyst. The findings of

Tilley and Hyde (21) may be used to explain a

rapid phase transition with the very thin layer.
The alumina to which the very thin vanadium(V)-oxide layer adheres can,
on the other hand, influence the properties of the vanadiumoxide. An effect on
the stability of different vanadiumoxide phases must especially be envisaged. The
interaction of vanadium(V)-oxide with alumina has been investigated. Brandt (49)
prepared aluminium ortho-vanadate, A1V0

, by heating a precipitate from an

aluminium nitrate solution with ammonium vanadate in an evacuated quartz tube at
600°C. Alternatively she kept a mixture of alumina or aluminium nitrate with the
equivalent amount of vanadium(V)-oxide in a porcelain crucible at 680°C. Above
this temperature, the compound decomposed into vanadium(V)-oxide and alumina.
Milligan et al. (50) were not able to obtain aluminium vanadate by keeping a
mixture of alumina and vanadium(V)-oxide for 2 h at 750°-1000°C. At 650°C King
and Suber (51) observed a partial conversion of alumina and vanadium(v)-oxidï
in a "solid solution", while Shafer et at. (52) prepared aluminium vanadate by
mixing solutions of vanadium(v)-oxide in nitric acid with aluminium nitrate &nd
heating the precipitate obtained by adding dilute ammonia to 300°-600°C.

Fink

(53) finally, showed the reaction between alumina and vanadium(v)-oxide to proceed
only in the temperature range 600 -650 C and to remain limited. The X-ray
diffraction pattern he obtained was

completely different from that published

by Shafer et al. Though the literature is not completely conclusive, the evidence
points to a rather limited interaction between alumina and vanadium(V)-oxide .
When, however, the contact area between the two phases is large, a more rapid
reaction to aluminium vanadate may proceed. We hence cannot exclude the possibility that the alumina-supported catalyst containing mainly vanadium(V)-ions
consisted of a surface aluminium vanadate. The weight loss

on reduction and

the gain in weight on reoxidation for the transitions indicated below are the
same:
V

2°5

2A1VO 4

••

V2O3 + O2

-»•

A1 2 O 3 .V 2 O 3 + O 2

It can , however, be questioned whether a decussion is reasonable about the
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structure of a

monomolecular layer of vanadium (V)-oxide on alumina to be a

surface aluminium vanadate or not.
Interaction of vanadium (III) -oxi"ie with alumina is more intensive.
Vanadium(III)-ions dissolve into a-alumina with formation of a solid solution.
The preparation and investigation of a solid solution of vanadium (III) in
a-alumina has been described, for instance, by Callaghan et at. (54) . We therefore can conclude that the vanadium(III)-oxide phase will be stabilized by contact
with an alumina lattice. We do not believe that the stabilization is appreciable
only with a corund lattice and not with a "y-aliunina lattice, which was the
structure of the support we used.
Most probable is that the above both factors are cooperating. A thin
layer of vanadiumoxide will more rapidly change its structure, especially when the
newly formed structure is stabilized by the substrate onto which it has been
applied. The stabilization of the lower vanadiumoxid^ by the alumina, consequently
led to the completely different catalytic behaviour of the alumina-supported
catalysts. When the phase transition is no longer rate-determining, the activity
pattern predicted from thermodynamic considerations wao observed. At least with
vanadiumoxides therefore the properties of surface and bulk are intimately connected.

3-2. Catalytic activity of reduced non-supported and silica-supported vanadiumoxides.

The difference in the activity of the non-supported and the silicasupported vanadiumoxide on the one, and the alumina-supported vanadiumoxide on
the other hand, has above been rationalized. We now shall consider the high
catalytic activity of the reduced non-supported and silica-supported vanadiumoxide more closely. Pulse experiments showed the elevated activity to be due
to an associative mechanism. ESR-measurements on silica-supported vanadiumoxide
that have been published in the literature will be used in the interpretation of
our results.
In chapter II we mentioned the results of Kazanskii and co-workers.
These authors investigated silica-supported catalysts that contained 1 to 2.4
wt% of vanadiumP',-oxide. To observe ESR-signals due to adsorbed oxygen species
they had to reduc-j the catalysts previously. Reduction was done by a brief (15
min) exposure to hydrogen at 500 C or by a prolonged evacuation at temperatures
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above about 450 C. After the hydrogen reduction the catalysts were evacuated. As
dealt with earlier(O
the ESR-signal of(O
(O

}

)
)

leads to an ESR-signal displaying three g-values, while
has one g-value. Whereas on exposure to oxygen at 77K

was observed only, (O

)

was found besides (O

)

at higher temperatures.

The reactivity of both adsorbed oxygen species was also established.
Kaaanskii and co-workers found that (O
hydrogen. (O

)

did not react with carbon monoxide and

) , on the other hand, appeared to be very reactive; already at 77K,

it reacts rapidly with carbon monoxide and hydrogen. Since molecular oxygen has
been shown to be able to react to(0

)

at a reduced vanadiumoxide surface, it is

obvious to ascribe the high activity of the associative mechanism to formation
of (O

) . The rate of the associative mechanism will be connected with the concens
-1
-1
tration of (O ) , which will depend on the stability of (O ) . Kazanskii and
S
- I s

co-workers have shown that the stability of (O

)

at temperatures above about

573K is low. Admission of oxygen to a reduced catalyst kept at 573K led to a
transient (O
at (O

) -signal that rapidly disappeared. To stop the reaction of oxygen

) , the reduced catalysts were exposed to oxygen at 573K only for some

minutes, after which they were evacuated for 2 or 3 min and rapidly cooled down
to 77K. Since the catalysts displayed only a signal of (O
after this treatment, demonstrates that (o

}

)

and not of (O? )

is slightly more stable than

In dealing with the stability of adsorbed oxygen species, it is difficult that the mechanism of the reduction and oxidation of vanadiumoxides has not
been elucidated as yet. During reoxidation of vanadiumoxides either vanadiumions
migrate to the surface or oxygen-ions move from the surface into ;he bulk. It
has not been established unambiguously what species migrates. As far as evidence
is available, the electrons in lower vanadiumoxides are not free, but bonded to
those vanadiumions that are situated at oxygen vacancies, or at shear planes.
We here assume that migration of vanadiumions of a lower valency migrate to the
surface, though we have no reasons to reject the migration of oxygenions.
We now shall argue that the stability of(O

)

and (O

)

depends

on the mobility of the lower charged vanadiumions. Though Kazanskii et aZ.did
not determine the surface area of their vanadiumoxides, the degree of reduction
and the quantity of oxygen taken up, we assume that most of the oxygen vacancies
at the surface of their reduced catalysts were isolated. This assmption is based
on the mild reduction conditions they used. Oxygen molecules will rapidly react
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with the vanadiuraions of lower valency present at the oxygen vacancies to (0
Reaction to (0

) .

)

requires another vanadiumion of a lower valency. Owing to the
-1
oxygen vacancies being isolated, reaction to (0 ) calls for migration of
s

vanadiumions

of a lower valency together with its vacancy . The mobility of the

vacancies is at 77K too low to lead to a marked amount of (0
The formation of (0

)

) .

at 195K points to a mobilization of vacancies

at this temperature. This agrees with our results on the adsorption of oxygen by
vanadium(III)-oxide dealt with in chapter VII. Since the extent of reduction in
our experiments was much higher, the initial concentration of vanadiumions of
lower valency is sufficient to give rise to adsorption of about a monolayer of
_2
O
. Sorption of more oxygen requires migration of vanadiumions of a

oxygen as

lower charge. For oxidation beyond about a monolayer, we obtained an activation
energy of 0.3 Kcal mol

. The experiments described in chapter VII indicate that

the mobility is marked already at 195K in agreement with the observation of
Kazanskii et at.
In figure 21 a schematic picture of the above is represented. It
can been seen that at temperatures where the mobility is high, rapid reaction of
oxygen to O

(lattice) proceeds. The fast reaction explains the associative

mechanism observed experimentally. When oxygen alone is admitted to the reduced
catalyst, it will be taken up into the lattice rapidly as the inactive 0
When a pulse of carbon monoxide is dosed after the oxygen pulse, the active
oxygen species (O

)

has completely been converted. When, on the other hand,

carbon monoxide and oxygen are

simultaneously admitted to a reduced catalyst,

the carbon monoxide can react with the

(O

)

that has above 5 7 3 K a small, but

finite, lifetime. In figure 22 we describe schematically the reaction. In this
figure we indicate how a double vacancy at the surface can survive several
reactions with gaseous oxygen molecules by a rapid reaction with carbon monoxide.
The condition of the surface displaying the associative mechanism according to
figure 22 is indeed not stable, as is reflected in the decrease in the activity
experimentally observed.
The rate of the decrease in activity strongly depends on the size of
the vanadium(III)-oxide particles and the previous treatment of the catalyst, as
is evident from the completely different decrease in activity shown by the nonsupported and the silica-supported reduced catalysts. The distances over which
the vanadiumions of lower valency had to migrate within the small silica-supported
particles are short, which explains the rapid deactivation. With the much larger
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non-supported vanadiumoxide particles the situation is completely different.
During the gradual increase in temperature to 550 C, the time-averaged rate of
the supply of oxygen from the gas phase was larger than the time-averaged rate
of migration of vanadiumions of a lower charge from more interior parts of the
large particles to the surface layer. When the temperature was raised to 550 C,
the rate of migration of vanadiumions became much larger than the supply of
oxygen molecules, that did not depend on the temperature. The higher mobility
at 550 C led after some minutes to a higher concentration of oxygen vacancies
at the surface and, as a result, to a maximum in the activity-versus-time curve.
The height and position of the maximum will obviously depend strongly on the
experimental conditions.
Using published results of ESR-experiraents, we have been able to
account for the experimentally observed activity of reduced vanadiumoxide catalysts in detail. Analogous ESR-results have been obtained with a number of other
metal oxides. We therefore believe that the results dealt with here have a more
general implication. In the final chapter we shall put the above discussion in
a wider perspective.
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CHAPTER IX
GENERAL CONCLUSIONS

As dealt with in chapter II the literature distinguishes two different
mechanisms of catalytic oxidation. With the reduction-oxidation mechanism oxygen
of the catalyst reacts with the oxidizable compound, while in a separate step
gaseous oxygen reoxidizes the catalyst. In the associative mechanism gaseous
oxygen reacts without exchange with oxygen from the catalyst. As mentioned, the
catalytic activity in the reduction-oxidation mechanism is generally considered
to depend on the thermodynamic stability of the reduced and oxidized bulk compound.
This can only be true if the stability of the bulk and the surface are closely
connected and if no new phases have to nucleate. Our results indicate, that also
with the reduction-oxidation mechanism the reactivity of oxygen plays a more
decisive role than the thermodynamic stability.
That the reactivity of oxygen of the catalyst dominates the activity
can be concluded from the coincidence of the onset of bulk reduction and catalytic
activity that was apparent in a number of our experiments. With indiumoxide transition to metallic indium should occur at a pH /pH.O of at least 10

as present in

the Mettler apparatus at a temperature of about 240 C, according to the thermodynamic data. Increasing the temperature with the rate of 5 C min

we observed,

however, marked reduction only at 340°C. With vanadium(V)-oxide the difference
between the reduction temperature predicted thermodynamically and observed experimentally is much more pronounced. Transition to V 0, should proceed below room
temperature, whereas a marked rate of reduction was found only at about 450°C with
bulk V 2°5'

We

hence can conclude that kinetic factors are determining the rate

of reduction in the temperature range where we studied the catalytic activity
and the reduction.
It can be expected that the reactivity of hydrogen and carbon monoxide
differ appreciably if

activation of these molecules is rate determining . Since

we observed the onset of reaction with both molecules at the same temperature,
activation of oxygen of the catalyst is the rate-determining step. In the literature it has been well stabilshed that oxygen present as <o" )

displays a very

high reactivity. The evidence was dealt with extensively in chapter II. We therefore conclude that activation of oxygen of the catalyst to a reactive state,
presumably O

is determining both the reducibility and the catalytic activity.
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When oxygen of the catalyst is in equilibrium with gaseous oxygen
a considerable number of oxygen molecules per second is leaving the oxide while
the same number of oxygen is incorporated into the oxide. Since both desorption
of oxygen from the solid and accommodation of oxygen into the solid must proceed
via species such as (0, ) and (0
£ s

) , a perhaps small, but finite concentration
s

of these species must be present at the surface at equilibrium conditions. When
the gas phase contains molecules that can react rapidly with the intermediate
oxygen species, catalysis according to the reduction-oxidation mechanism will
be observed.
The evidence we obtained points to a reoxidation that proceeds more
easily than the reduction. With V O

the reoxidation was found to be determined
-1
,

by migration in the solid displaying an activation energy of 0.3 Kcal mole
whereas with indium the activation energy was about 1.0 Kcal mole

. At tempera-

tures as low as about 150 C a rapid reoxidation was observed. This indicates
that the activation energy to convert O (g) into (O ) is considerably lower than
S
-2
-1
that for (0 )
.
into (O ) . The higher rate of reoxidation observed expe-Lci.1—t J L C G

S

rimentally explains the zero order with respect to oxygen that was found both
with indium- and vanadiumoxides.
Our experimental results demonstrate that the reactive species are
not fundamentally different with the reduction-oxidation and the associative
mechanism. With the associative mechanism the transition from (O

)

to (0

)

is impeded. This leads to a concentration of reactive oxygen species that is
larger than that corresponding to the thermodynamic equilibrium concentration.
With indiumoxide we found that the rate of the transition can be limited by
lattice defects. Indiumoxide prepared by dehydration of indium(III)-hydroxide,
displayed a stable high activity. In O

prepared by oxidation of metallic indium

does not contain many lattice defects. When we introduce vacancies into this
oxide by slight reduction, we obtained the same activity which was found however
to be stable only as long as the vacancies could be replenished from metallic
indium. With the defect free In 2 0

the annihilation of oxygen vacancies is not

kinetically restricted, in contrast to that of the highly porous indiumoxide
_2
from indium hydroxide. With vanadiumoxide the transition into (O )
was rapid
in our catalysts. We consequently could not establish a stable catalytic activity displaying the associative mechanism. A continuous transport of oxygen vacancies to the surface was required to maintain the activity at the high level.
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Equilibration of gaseous with lattice oxygen calls for a finite range
o£

nonhomogeneity

of the oxide phase or for the presence of two coexisting

phases of a fixed composition. In the latter case an intimate contact between
the two phases permitting a rapid transition from one phase into the other is a
prerequisite.Our experiments with the indium-oxygen system have demonstrated the
importance of the contact area clearly. When metallic indium particles adhere
strongly to indiumoxide a high activity was found. When severe oxidation has
destroyed the interfacial layer containing lower indiuraoxides / the phase transition was strongly impeded and the catalytic activity of the oxide approaches the
activity of the metal-free oxide.
Also with vanadiumoxides phase-transitions appreciably affect the
activity . The transition to lower oxides is difficult with bulk V„0 . As a
result reduction and catalytic activity can only be found at temperatures where
the oxygen content of the homogeneous oxide can markedly vary. When a lower oxide
has been obtained by reduction at high temperature, the heterogeneous system
shows a high activity but only as long as the system is heterogeneous. The phase
transition can be influenced either by the dimensions of the oxide crystallites
or by interaction of small crystallites with a support. When V„0

was deposited

onto alumina the release of oxygen was facilitated.This brings about both reduction and stable catalytic activity at a relatively low temperature.
As mentioned in the beginning of this thesis/ we selected a metaloxygen system that displayed an increase and a system showing a decrease in
thermodynamic stability with oxygen content. We have shown that, provided nucleation of new crystallografic phases does not interfere, the thermodynamic
stability is related to the catalytic activity. With equilibrated oxides that
contain a small number of defects the bulk stabilities could be used to correlate
the catalytic activities displayed by the surface. With other oxides the results
obtained

appear to be applicable also. With ironoxides the activity of a-Fe O

and y-FejO, was found to be equal , while that of Fe O
catalyst contained

was lower (1). When this

contacting Fe,O. and Y-Fe^O.,, *.1*° activity was appreciably

higher. As has to be expected the high activity was displayed only as long as
the catalyst contained two phases.
As dealt with by Hougen (2) fruitful research on the activity of
solids calls for a combination of a relatively large number of experimental
techniques. Hougen stated that the lack of collaboration among university
departments on these problems had brought about, that progress had been made at
a discouragingly slow rate. He remarked that industrial research in this field
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has necessarily been highly collaborative with sciei.cists assigned to the many
separate problems combining their efforts toward a more complete understanding
behaviour. We believe that the results of this thesis underline Hougen's statement. Progress in scientific methods and instrumentation has permitted to
combine successfully the required number of different techniques that has led to
a detailed explanation of the mechanism of CO oxidation on oxide catalysts.
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SAMENVATTING.

Het centrale probleem in de katalyse is het vinden van een katalysator met de geschikte eigenschappen zoals aktiviteit, selektiviteit en thermische
stabiliteit. Het theoretisch voorspellen van de optimale katalysator voor een
bepaalde reaktie is nog steeds niet mogelijk en het selekteren van katalysatoren
vindt veelal nog

door middel van "trial and error" plaats.

Het ontbreken van een theoretische basis leidde ertoe dat er een aantal benaderingsmodellen werden ontwikkeld. Een van deze modellen blijkt bizonder
suksesvol te zijn. In deze benadering wordt de katalytische aktiviteit gekoppeld
aan de stabiliteit van het "instabiele oppervlakte k^raplex", dat tijdens de
katalytische reaktie aanwezig is. De stabiliteit van dit oppervlakte komplex is
weer gekorreleerd aan die van de overeenkomstige buikverbinding. Door Balandin
werd dit model "theoretisch" uitgewerkt , hetgeen leidde tot de bekende vulkaankurve-achtige relatie tussen aktiviteit van de katalysator en stabiliteit van
de oppervlakte komplexen.
Het nut van de benaderingsmodellen

is, dat er in een aantal gevallen

een goede selektie van katalysatoren kan. plaatsvinden. Ook f en wellicht juist
door de beperkte toepasbaarheid van de modellen blijkt een klassifikatie van
katalysatoren, bereidingswijzen, reaktie typen en mechanismen noodzakelijk. Toch
zijn in de katalyse nog steeds vele begrippen slecht gedefinieerd en onduidelijk.
Het doel van het in dit proefschrift beschreven onderzoek is na te
gaan of de katalytische aktiviteit van metaal oxiden in oxidatie reakties kan worden gekorreleerd aan de thermodynaraische stabiliteit van de bulk oxiden. Hiertoe
wordt de oxidatie van koolmonoxide door moleculaire zuurstof als een test reaktie
gebruikt. Om redenen, welke in de hoofdstukken II en IV worden gegeven, beperken
we ons onderzoek tot twee metaal-zuurstof systemen: Het systeem indium-zuurstof
(In-In„O-,) en een deel van het systeem vanadiura-zuurstof (V-O-j-V-O-) «
Alvorens dieper op het onderzoek in te gaan wordt in hoofdstuk II
een beschouwing gegeven over enkele algemene, voor het onderzoek relevante
aspekten van katalytische oxidatie reakties. Centraal in deze beschouwing staan
de twee

in de literatuur voor deze reakties beschreven mechanismen: Het reduktie-

oxidatie mechanisme en het associatieve mechanisme. In de literatuur worden deze
twee mechanismen

beschouwd als konkurrerend en elkaar uitsluitend. In hoofdstuk

II zullen we een nieuw koncept introduceren, dat ons in staat stelt de twee
mechanismen af te leiden van een gemeenschappelijke basis. We ondersteunen het
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koncept met gegevens uit de literatuur. De konsekwenties van het koncept voor de
korrelaties in de heterogene katalyse worden in het laatste deel van het hoofdstuk
besproken.
Gedurende het verlopen van de katalytische (oxidatie) reaktie moeten
oppervlak en bulk beide een aanzienlijke koncentratie aan vakatures bevatten. In
hoofdstuk III gaan we nader in op de stabiliteit van bulk oxiden; de konsekwenties
van het afwijken van de stoichiometrische samenstelling worden daarbij besproken.
Verband wordt gelegd tussen de breedte van het stabiele niet-stoichiometrische
gebied en de katalytische aktiviteit. De invloed van de vorming van een tweede
fase op de "steady-state" aktiviteit wordt in de beschouwing betrokken.
In hoofdstuk IV kwantificeren we het begrip katalytische aktiviteit
en ontwikkelen we enkele theoretische en praktische voorwaarden voor het vergelijken van de aktiviteiten van verschillende katalysatoren. Tevens worden de organisatie en planning van de experimenter en de bereiding en klassifikatie van de
katalysatoren beschreven. Uitgebreide aandacht krijgen ook de gebruikte meetapparatuur en de gevolgde meetprocedures.
In hoofdstuk V geven we allereerst een kort literatuur overzicht over
het indium-zuurstof systeem. Centraal hierbij staat de thermodynamische stabiliteit van de indiumoxiden. Vervolgens beschrijven we onze experimenten betreffende
de interaktie van zuurstof en indium metaal en worden de resultaten uitgebreid
besproken.
In hoofdstuk VI beschrijven we ons onderzoek naar het katalytisch gedrag van het indium-zuurstof systeem. Bij de verklaring van dit katalytisch gedrag
spelen de resultaten van het sorptie onderzoek , behandeld in hoofdstuk V, een
zeer belangrijke rol.
In hoofdstuk VII wordt eerst een kort literatuur overzicht gegeven
over het vanadium-zuurstof systeem voor zover dat in het kader van het katalytisch
onderzoek relevant is. Verder is het hoofdstuk geheel gewijd aan de interaktie
van zuurstof en stikstof(I)-oxide met gereduceerde vanadium(V)-oxide katalysatoren.
Doel van dit onderzoek is vooral het bepalen van het specifieke oppervlak van deze
aktieve komponent, aangebracht op een drager.
De beschrijving van het onderzoek naar het katalytisch gedrag van
vanadiumoxiden vindt plaats in hoofdstuk VIII. Uitgebreid wordt ingegaan op de
verkregen resultaten. Een nieuw, gedetailleerd, reaktie schema wordt gegeven.
In hoofdstuk IX geven we tenslotte een diskussie over de algemene
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implikaties van de resultaten van het katalytisch onderzoek in het licht van de
gedachten, zoals ontwikkeld in de hoofdstukken II en III.
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