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Volcano Relationships in Catalytic Reactions on Oxides
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It has been shown that the existing data on the oxidation of earbon monoxide,
decomposition of hydrogen peroxide, and the isomerization of butene on oxide cata-
lysts can be extended—an interpretation very similar to that involved in the Sabatier-
Balandin views on heterogeneous catalysis. In each case, the plot of electroactivity
against the appropriate representation of metal-oxide bond energy, for a series of

oxides, yields a voleano-shaped curve.

INTRODUCTION

One of the principal interpretative guide
lines in heterogeneous catalysis was intro-
duced by Sabatier (f) and developed by
Balandin (2). According to the Sabatier-
Balandin (to be abbreviated as S-B in the
following discussion) views, if a formation
or a rupture of, e.g., a metal-oxide, M-O,
bond is involved in the critical stage of a
heterogeneous eatalytic reaction on an oxide
catalyst, the activity exhibited by a series
of oxides would be related to their M-O
bond energies in a voleanic manner, ie., a
maximum in energy with increasing bond
energy should be observed. As a direct con-
sequence of the voleano relationship, it fol-
lows that on one arm of the volcano, the
activity increases with increasing M-O
bond energy; whereas on the other arm,
the activity decrcases with the increasing
M-O bond energy.

It has been shown previously that vol-
cano relationships are exhibited by the
available data on the catalytic decomposi-
tion on N,O (3), catalytic oxidation of
toluene (4), benzene (5) and ammonia (6)
on a series of oxide catalysts. The object of
the present paper is to explore whether the
existing data on the oxidation of carbon
monoxide, on the decomposition of H.O,
and on the isomerization of butene can lend
themselves to interpretations in terms of
the volcano relationships.

Tue MaGNITUDE OF THE M-QO
Boxp ENERGY

It should be briefly mentioned here, fol-
lowing previous expositions of the subject
(3-8), that the magnitude of the M-O bond
energy may be represented by the heat of
formation per equivalent (exothermic),
—AH,, values if the bond formation or fis-
sion involved is:

MO@®) - M(®) + O(G). o))

Here, S and G refer to the solid and gas
phase, respectively.

The enthalpy per equivalent, of reaction
(1), (AH,)., is:

(AH). = —AH, + K. (2)

Here, K is a constant and is equal to 118/4
= 29 keal, 1.e,, it is the heat of dissociation,
per equivalent, of the oxygen molecule.

If the bond formation or rupture involved
critically in the catalytie reaction is

MO(S) - M(G) + 0(G), 3)

the M-O bond energy would be given by
the heat of atomisation per equivalent, i.e.,
AH, . .n/eq. Although, it is more appropriate
to assume that reaction (1) is the bond
formation/rupture involved in the catalytic
oxidation, reaction (3) is also assumed to
represent the magnitude of the bond energy
in some discussions (7). It will be shown
that irrespective of the quantity (i.e., either
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—AH,. or AH,.m/eq) chosen to denote the
M-O energy, voleano-shaped relations are
observed for the catalytic reactions to be
considered here. It should be emphasized
that the discussion of Eqs. (1) to (3) and
their significance is purposely presented
here in a brief form only, since previous
publications (3-8) examine these matters
in somewhat more detail.

It is #mportant to emphasize here that in
the catalytic reactions on oxides involving
the formation/rupture of M-O bonds, the
fission of the bonds does not usually proceed
all the way to give metal M either as solid
[i.e., Eq. (1)] or as gas [ie, Eq. (3)]. In
other words the oxide involved in the cata-
lytic reaction is usually not reduced to its
metallic state as is implied by Egs. (1) and
(3). More often than not, the catalytic
oxidation/reduction on an oxide merely in-
volves a change in its stoichiometry by a
type of reaction such as the following:

AH
MA0.(Y) == M,.0.1(Z) + 15 O, 4)

where the higher phase oxide Y is reduced
to the lower-phase oxide Z with the liber-
ated oxygen atom being utilized in the
catalytic oxidation [ie., the forward reac-
tion in Eq. (4)]; in the backward direction
of reaction (4), the oxygen contained in the
gaseous reactants oxidizes the lower-phase
oxide Z to its initial state, i.e., the higher
phase oxide Y. In other words a mere
change in the stoichiometry of the oxide
catalyst is involved. However, in principle,
the reaction (4) is not much different from
the corresponding reaction (1) because the
enthalpy change in reaction (4) is:

AH, = 2(—AH, + K). 6))

In other words the reaction (4) involves
exactly the same bond breaking (or mak-
ing) as that in reaction (1) except that the
enthalpy change is twice in value; this is
because the bond breaking being considered
in Eq. (4) is per oxygen atom whereas that
in reaction (1) is as per equivalent [through
Eq. (2)]. If the enthalpy changes (ie., the
value of the bond formation/rupture in-
volved), both in reactions (1) and (4) are
taken in their normalized form, i.e., as per
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equivalent (neither per mole, nor per atom
but as per atom-equivalent), the two values
would become identical and will be given
by Eq. (2). What one is trying to stress
here is that whether the oxidation/reduction
of the oxide catalyst in the catalytic reac-
tion leads to a change of stoichiometry
[1.e., Eq. (4)] or a complete decomposition
{or formation) of the oxide [as in reaction
(1)], the energetic quantity representing
the bond energy, when taken in its normal-
wed form, is the same, i.e., as that given by
Eq. (2). Hence —AH, values of the oxide
catalysts are valid representations of the
M-O bond energy for the transformations
either those in reaction (1) or (4).

Similarly for the case in which the M~O
rupture/formation follows the path de-
seribed in Eq. (3), it becomes immaterial
(as far as the normalized (per equivalent)
values of the appropriate bond energy terms
are concerned) whether the oxidation-re-
duction in the catalytic reaction leads to a
change in stoichiometry of the oxide or its
complete dissociation into M and O.

With the foregoing comments in mind,
one may now explore whether the various
reactions being considered here exhibit vol-
cano-shaped relationships or not, when the
measure of M-QO bond is denoted either by
~AH, or by AH,im/eq. This examination
is carried out in the next sections.

TaE OxipATION OF CARBON MONOXIDE

The relative order of activity exhibited
by various oxides towards the oxidation of
CO as reported by Dowden, Mackenzie and
Trapwell (9) is presented in Table 1 to-
gether with the —AH, and AH,.om/eq values
for the oxides (10). The previous interpre-
tation (9) of this activity was in terms of
semiconductivity of the oxides, ie., the
three types (n-type, p-type, insulating) of
oxides showing three distinct orders of ac-
tivity. An alternative interpretation in terms
of the voleano plots may be put forward,
however. In Fig. 1, the order of activity has
been plotted against the —AH, values of
the corresponding oxides. A voleano rela-
tionship is clearly obeyed if one ignores the
point for HgO. On the ascending (i.e., left)
arm of the volcano, decreasing activity is
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TABLE 1
CataLyYTic AcTiviTY OF OXIDES
ror THE CO OxipaTion®

Activity —AH, AH g om/€q
Oxide order? (kecal) (kcal)
CoO 15 28.6 108.9
Cu0 14 20 130.8
NiO 13 29.2 109
MnO, 12 31.0 77.3
CuO 11 18.8 88.9
Fe,03 10 32.1 95.6
ZnO 9 41.6 86.8
CeO, 8 75 (Ce0) 132 (Ce,01)
TiO, 7 56.4 1141
Cr,0, 6 45 106.6
ThO. 5 73 122
Zr0, 4 65.4 131 .4
V:0s 3 37.3 91.5
HgO 2 10.8 47 .8
A0 1 65.3 122.1

« For sources of these data, see text.
b Decreasing activity.

associated with increasing M-O bond en-
ergy (i.e., higher —AH, values) ; this would
indicate that the rate determining-step
(r.d.s.) in the CO oxidation on these oxides
is probably the fission of the M-O bond in
Eq. 1 (4, §). On the right arm (i.e., the de-
scending branch) of the volecano, increasing
activity with increasing —AH, values is
observed so that the r.d.s. on ALO,, ZrO.,,
ThO, and CeO is, most likely, the formation
of the M-O bond as in Eq. 1 (4, §) (see
below, however). These bond formation/
rupture processes may, alternatively, lead
to the change in the stoichiometry of the
oxide catalyst as pointed out in the discus-
sion of Eq. (4) above.

It should be noted that in the S-B vol-
cano plots, a marximum in activity is pre-
dicted with increasing bond energy,
whereas the reverse situation obtains in
Fig. 1. Conceptually, however, the S-B plots
and the voleano in Fig. 1 are quite similar
since in both cases, activity increases with
increasing M—O bond energy on one arm of
the voleano whereas the opposite trend oh-
tains on the other arm. It should be men-
tioned here that voleano plots exactly simi-
lar to the one in Fig. 1, i.e., opposite in
shape to the S-B plots, have also been oh-
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Fic. 1. A plot of the activity order for the
oxidation of CO on the shown oxides against their
heat of formation per equivalent (exothermic),
—AH. values. The data and the source references
given in Table 1 and the significance of this
voleano relation discussed in the text.

served for the catalytic decomposition of
N.O on oxides (3).

Even if one chooses to represent the M—O
bond energy by AH,.m/€q, a rough voleano
plot is observed (Fig. 2). The basic feature
of this plot is the same as that of Fig. 1,
ie., increasing activity with increasing bond
energy on one arm of the volcano and de-
creasing activity with increasing bond
energy on the other. HgO again, does not
obey the volcano, in addition to a noticeable
departure from the shown trend exhibited
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Fic. 2. A plot of the activity order for the
oxidation of CO on the shown oxides against their
heats of atomisation per equivalent, AHgtom/eq,
values. See Table 1 and the text for details.
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by Ce,0;, Al,O; and V,0s. The important
point to note in Figs. 1 and 2 (as well as
the subsequent ones) is that an overwhelm-
ing majority of the points, in each case, can
be fitted to a rough volcano curve, notwith-
standing some scatter and departures from
the general trend.

It is necessary to emphasize that the
trends depicted in Figs. 1 and 2 should be
treated merely as general rough tendencies
rather than rigorous interpretations of data.
This is because the scatter in Figs. 1 and
2 is large so that oune may, if one chooses to
stretch the point, draw the “best” straight
lines rather than the voleano curves through
these data. However, at least in the opinion
of the present author, the points in Figs. 1
and 2 not only appear to follow voleano re-
lationships somewhat better than the
straight line graphs but are also more con-
sistent with some general catalytic theory
(1, 2), and some previous interpretations of
a large variety of data on heterogeneous
catalytic reactions (3-6). This may perhaps
be interpreted as a somewhat subjective in-
terpretation of the present data; on the
other hand, the present viewpoint is no less
plausible and objective than the previous
interpretations of these data (9).

It should be noted that the “relative order
of activity” used in Figs. 1 and 2 is a very
qualitative, although quite valid, criterion
of the relative activities of the catalysts
towards CO oxidation. It is possible, al-
though not very likely, that if the relative
order of activity were replaced by rates per
unit area at a given temperature, in Figs. 1
and 2, somewhat different trends might
arise. However, as regards the factors de-
termining, in a rough way, the relative ac-
tivities of oxides towards the CO oxidation,
data of Dowden, Mackenzie and Trapwell
(9), as plotted in Figs. 1 and 2 appear quite
adequate. It should be emphasized here that
when one obtains an activity series from an
eminent source such as Dowden, Mackenzie
and Trapwell (9), it is understood that
these authors (9) put forward the activity
series after making appropriate corrections
for the surface area, etc., in order to make
the relative comparisons valid.

A minor point that merits attention in
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Table 1 is the fact that the catalytic ac-
tivity refers to CeO, whereas the —AH,
and AH,,n/eq values used for this material
are, respectively, for CeO and Ce,0,. This
is because the relevant data could not be
found in the literature for CeQ,. In any
case, if one uses these values in their
normalized form (i.e., as per equivalent),
the —AH, values, eg., for CeO, CeO,,
Ce.0; should be roughly close to each other.
This may be illustrated by taking the case
of some other oxides. For iron oxides, the
—AH, values for FeO, Fe,0; and Fe,Oy
are, respectively, 31.9, 32.1 and 33.4 kecal.
Similarly, for the case of cobalt oxides, the
—AH, values for CoO and Co;0, are 28.6
and 26.3 keal, respectively (10). It is clear,
therefore, that the —AH, values for various
stoichiometric oxides are not too different.
It should be added, however, that the dif-
ferences in the AH.iom/eq values of oxides
of various stoichiometries of a given metal
would be somewhat more appreciable than
the differences in the —AH, values.

In the interpretation of Fig. 1 given
above, it was stated that on the left arm of
the volcano, the probable r.d.s. step is a
rupture of a M-O bond [e.g, Eq. (3)]
whereas on the right arm, formation of a
M-0 bond [e.g., reverse of Eq. (3)] is in-
dicated as the r.d.s. It appears more valid
to suggest that although the above possi-
bilities are not excluded, the most likely
bond formation/rupture to be involved in
the r.d.s. is such as that represented by Eq.
(4), i.e., in which a bond making or break-
ing leads only to a change in the stoichi-
ometry of the oxide. In the light of discus-
sion given above in the section on “The
Magnitude of the M~O Bond Energy,” it
is clear that the mechanistic conclusions
stay the same whether Eq. (3) or (4) is
involved in the catalytie reaction.

Tae CaravyTic DECOMPOSITION OF
HyYDpROGEN PEROXIDE

The data on the activity order for the
decomposition of H.0O, vapor on various
oxides (Table 2) have heen taken from
Thomas and Thomas (11), whereas the
—AH, and AH . ../eq values are from San-
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TABLE 2
Cartavyric DecomposiTioNn oF HyO, BY Oxiprse
Activity —aH, AHyiom/eQ
Oxide order? (keal) (kcal)
Mn,O; 9 39 89.9
PbO 8 26.1 78 .8
Ag:0 7 3.7 101.6
CoO 6 28 .1 108.9
Cu0 5 18.8 88.9
Fe.O; 4 32.0 95.6
Cdo 3 30.4 73.5
Zn0O 2 41.6 86.8
MgO 2 72.0 119.3
ALO; 1 65.3 122.1

s For sources of these data, see text.
® Decreasing activity.

derson (10). The relation between catalytic
activity and either —AH, values (Fig. 3)
or AH,iom/eq values (Fig. 4) is again vol-
canic. Although the detailed nature of these
voleano plots (Figs. 3, 4) is different from
the S-B plots or the correlations in Figs. 1
and 2, the basic conceptual similarity is ob-
vious: activity increases with increasing
bond energy on one arm of the volcano
whereas the opposite is true for the other
arm. It appears that surface areas and par-
ticle size were taken into account (11) in
determining the activity series given in
Table 2. It is not possible to suggest a de-
tailed mechanism for the decomposition of

~OHa , keal

0 i 1 L { I { { {
8 1 2 3 4 5 [ 7 8 9
Increasing order of activity ———

Fic. 3. A plot of the activity order for the de-
composition of H.0. on the shown oxides against
their —AH, values. See Table 2 and the text for
details.

389

-—— Decreasing order of activity

J )
70 80 90 400 MO 120 430
AHgiom /g, keal

o ] )

Fic. 4. A plot of the activity order for the de-
composition of H,O: on the shown oxides against
their AHacom/eq values. See Table 2 and the text
for details.

H.0. on the basis of these correlations
(Figs. 3 and 4) or data (Table 2) except
that on the arm of the voleano on which the
activity increases with increasing M-O
bond energy, a r.d.s. involving formation of
a M-O bond is indicated; on the other arm,
a r.d.s. involving the rupture of the M-Q
bond appears likely. An examination of
Figs. 3 and 4 points out another difficulty,
namely, that depending on whether one
represents the M—O bond energy by —aAH,
or AH,,m/eq, the different catalysts lie on
different arms of the volcano although some
of the oxides (Zn0O, CdO and CuO) occupy
the same arm of the voleano in both Figs.
3 and 4. A further detailed examination of
this case is needed before one is in a posi-
tion to put forward reliable mechanistic
suggestions consistent with the rough trends
exhibited by Figs. 3 and 4.

TaeE ISOMERIZATION OF BUTENE

Shannon, Kemball and Leach (12) have
recently reported some results on the isom-
erization of butene on oxide catalysts. It
appears that the activity of the oxides for
the butene isomerization (Table 3) can be
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TABLE 3 B —
AcTivIiTY PATTERN OF OXIDES
FOR BUTENE ISOMERIZATION
T —AH, AHgom/eq 10
Oxide (°C)e (keal) (keal)
[~
TiO, 110-150 56.4 114.1 x
V205 42 37.3 91.5 8100
Cr,0, 10-20 45 106.6 £
MnO 285 46 108.9 T
Fe,0; 75 32 95.6
Cos0, —~15 26.3 93 %0
NiO 25 292 109
Cu0 >300 18.8 88.9
Zn0O 0-60 41.6 86.8
ol 111041 e

a The temperature, T, is the approximate average
value for various samples of a particular oxide and
refers to the reaction temperature at which the rate
constant B = 2 X 107% 571 m~2; the data have been
read off Fig. 2 in Ref. (12).

b The heats of formation per equivalent,
and AH,om/eq values are from Ref. (10).

_AH,,

correlated with either —AH, or AH,ion/€q
values of the oxides in a voleanic manner
(Figs. 5 and 6, respectively). The signifi-
cance of these correlations is, of course,

-AHg , kcal

10 1 1 1 1 | | 1
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Fic. 5. A plot of the activity order for the
isomerization of butene on the shown oxides
against their —AH. values. See Table 3 and the
text for details.
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Fig. 6. A plot of the activity order for the
isomerization of butene on the shown oxides
against AHutom/eq values. See Table 3 and the
text for details.

similar to that pointed out for the case of
CO (Figs. 1 and 2) and H,0, (Figs. 3 and
4); ie., for the oxides on the left arms of
the voleanos in Figs. 5 and 6 (e.g., Co;0,,
NiQ, Fe, 0y, V.05, Zn0 and Cr,0;), activity
decreases (T°C increases) with increasing
M-0O bond energy so that a r.d.s. involving
rupture of a M-O bond [e.g., backward
step in Eq. (4)] is suggested; the opposite
would, of course be true for the oxides on
the right arms of the volecanos in Figs. 5
and 6 (i.e.. CuO and MnO). It is obvious,
of course, that for a reaction as complex as
the isomerization of butene, several bond
formation/rupture events [i.e., repetitions
of Eq. (4)] may bhe involved for one com-
plete act of the isomerization of butene. The
present considerations do not allow more
detailed interpretations of the data in Figs.
5 and 6 except that for the oxides on the
left arms of the voleanos isomerization of
butene leads to the reduction of the oxide
to its lower stoichiometric state, i.e., the
forward reaction in Eq. (4); for the oxides
on the right arms of the voleanos (CuO and
MnO) the isomerization of butene is very
fast with the result that the reconversion of
the lower stoichiometric oxide to the higher
[1.e., backward reaction in Eq. (4)] one be-
comes the r.d.s.
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GENERAL CoMMENTS OF THESE
VorLcaNo Prots

As stated in a previous section above, the
volcano plots observed here are different
from the conventional S-B voleano plots in
that a maximum in activity is not observed
with increasing M-O bond encrgy. How-
ever, in one fundamental aspect, all these
correlations (Figs. 1-6) are conceptually
related to the S-B voleano plots in that the
catalytic activity, in every case, increases
with increasing M~O bond energy on one
arm of the voleano whereas on the other arm
an opposite trend is obtained. A further anal-
ysis of these plots (Figs. 1-6), that goes
beyond this basiec conceptual similarity with
the S-B voleano relations, would have to
wait until a deeper significance of these
correlations suggests itself to the present
author or some other investigators. For the
present, it is believed that these correla-
tions (Figs. 1-6) and their general inter-
pretation as outlined in the foregoing sec-
tions offer sufficient interest to merit their
presentation in the literature.
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