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The Appropriate Quantity Denoting the
Metal-Oxygen Bond Energy of Oxide Catalysts

In a recent letter (/), Criado has pre-
sented a critique of our paper (2) in which
the significance of the quantity to be used
as the bond energy in oxidation reactions
on oxide catalysts was discussed. As
shown below, this critique (/) arises from
an erroneous interpretation of our previous
viewpoint.

It is best to develop the present analysis
by stating first the points of agreement
between our viewpoint (2) and that of
Criado (1) or Klier (3). For simple oxides
containing one oxygen atom (such as ZnO,
NiO, CoO and MnO, etc.), the bond rup-
ture/formation of interest in the present
context is

MO(S) = M(S) + O(G), (1)

where S and G denote solid and gas,
respectively. The bond energy of reaction
(1), b,, may be represented as (/,2):

b,=—AH,+ K, (2)

where AH, is the heat of formation per
equivalent of the oxide MO; K is a con-
stant whose value is equal to the heat of
dissociation per equivalent of an oxygen
molecule, i.e., 118/4 = 29 kcal. Hence the
relative b, values for various oxides of
ZnO, NiQ, etc., type may be denoted by
their —AH, values. For oxides containing
several oxygen atoms and capable of un-
dergoing a change in stoichiometry by
bond rupture/formation during catalysis,
the reaction of interest, after Klier (3), is

Mmon(Y) - Mmon—l(z) + 1/202- (3)

To make the following arguments more
easily comprehensible, one may write Eq.
(3) for the particular case of a typical oxide
catalyst, e.g., involving iron oxides, as
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3 FeZO3 =2 Fe304 + 1/202~ (4)

The bond breaking involved in the for-
ward direction of reaction (4) involves a
bond energy equal to the heat of formation
(exothermic) per equivalent of Fe,O; (32.1
kcal); the bond breaking involved in the
reverse direction of reaction (4) is the
bond energy which is equal to the heat of
formation (exothermic) per equivalent of
Fe;0, (33.4 kcal). If the oxide catalyst in-
volved were FeO [i.e., bond forma-
tion/rupture in Eq. (1)], the bond energy
value would be equal to the heat of forma-
tion (exothermic) per equivalent of FeO
(31.9 kcal). Since the —AH, values (i.e.,
the bond energy values) of FeO, Fe,O;
and Fe;0, are approximately equal (ig-
noring the constant value of the heat of
dissociation per equivalent of O,), i.e.,
ranging from 31.9 kcal to 33.4 kcal, it is
clear that the magnitude of bond energy in-
volved in all three oxides is nearly the
same. This was the reason for the view-
point in our previous paper (2) that when
one takes heats of formation as per equiva-
lent, the bond energy values for various
stoichiometric oxides are approximately of
equal magnitude. On the basis of this it
was stated that whether the bond involved
is the one in reaction (1) or reaction (3)
(forward or reverse direction), the —AH,
of the oxide (FeO, or Fe,O;, or Fe;0,) is
an adequate representation of the bond
energy. It should be added that the value
of constant K of Eq. (2) would also be
same for reaction (3) when the dissociation
energy of the oxygen molecule involved in
reaction (3) is taken as per equivalent; i.e.,
this value is 29 kcal.

The above argument is also* valid for
several other oxides. For example, —AH.
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values for CuO and Cu,O are 18.8 and
19.9 kcal, respectively; for CosO, and
Co0, 26.3 and 28.6 kcal, respectively; for
Mn,0O; and Mn;O,, 38.7 and 41.4 kcal,
respectively; for TiO, and Ti,O;, 56.4 and
60 kcal, respectively. In short, if the —AH
values for various stoichiometric oxides of
a given metal are nearly the same, as in-
deed they are for several oxides of impor-
tance in heterogeneous catalysis, the rep-
resentation of bond energy by —AH, value
of any of the stoichiometric oxides is
acceptable with the accompanying implica-
tion that the magnitude of the quantity in-
volved in the bond formation/rupture
during heterogeneous catalysis is the same
whether the catalysis proceeds through
reaction (1) or (3). For cases where there
is a significant difference in the —AH, val-
ues of various stoichiometric oxides, e.g.,
V.,05 (37.3 kcal) and V,0, (43 kcal), it will
be necessary to use the precise —AH,
value for the oxide involved; i.e., in the
reaction,

V205 = V204 + 1/202, (5)

one must use 37.3 kcal for the forward
reaction and 43 kcal for the reverse reac-
tion. In this particular respect, our pre-
vious viewpoint (2) stands slightly modi-
fied for the cases of some oxides, and
some oxides only.

The erroneous nature of data in Criado’s
Table 1 [see Ref. (/)] for several cases
now becomes apparent. To take again the
example of iron oxide catalysts, the en-
thalpy change involved as per equivalent,
in the reaction,

Fe203 : Fe304, (6)

is 1.3 kcal on the basis of the above-
quoted data; our data on heats of forma-
tion are from Refs. (4) and (5) and are
comparable to those quoted by Criado (/)
for the same compounds. However, for
reaction (6), Criado quotes a value of
28.2 kcal.

Criado criticizes our statement (2),
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namely, . whether the oxidation/
reduction of the oxide catalyst in the cat-
alytic reaction leads to a change of stoi-
chiometry [i.e., Eq. (3) here] or a com-
plete decomposition (or formation) of the
oxide [i.e., Eq. (1) here], the energetic
quantity representing the bond energy,
when taken in its normalized form, is the
same. . . 7. Let us examine this statement
for the case of iron oxide. If the bond rup-
ture/formation involved is such as in Eq.
(1), the —AH, is 31.9 kcal; if the forward
of reaction (6) [i.e., reaction (3) as applied
to iron oxide] is considered, the —AH, is
32.1 kcal; when the backward of reaction
(6) is involved, the —AH, is 33.4 kcal;
these three quantities are approximately
equal, thus confirming the validity of our
statement.

It is believed that the source of confu-
sion in Criado’s paper arises from the fact
that he fails to distinguish between the net
enthalpy change in reaction (3) here, and,
the magnitude of the energy involved in
the bond formation/rupture occurring in
this reaction, which is reaction (6) for iron
oxide. If the Fe,O; = Fe 0, process is
considered, the net enthalpy change (ig-
noring the constant K representing the
heat of dissociation per equivalent of the
oxygen molecule (29 kcal) which is the
same constant value for all oxides) per
equivalent is 1.3 kcal as mentioned above;
however, the magnitude of bond break-
ing/formation involved (in the forward
or backward of reaction (6), respectively)
is around 32-33 kcal. The discrepancies
between the values cited here and those
contained in Criado’s Table 1 arise not
only because of the foregoing confusion
in this paper but also because:

i. Criado seems to be counting in his
calculations the value of the constant [K
appropriate for reaction (3) here [i.e., his
reaction (2)];

ii. he is confusing, in an indeterminate
manner, the significance of the magnitudes
of various quantities in an equation such as
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(3) here, when taken as per equivalent, per
mole, per oxygen atom Or per Oxygen
atoms etc.; one must always take all quan-
tities in their normalized form, i.e., as per
equivalent as discussed previously (2).

It would suffice to indicate the errone-
ous nature of data in Criado’s Table 1 by
citing one more example, namely, the reac-
tion

Co0,0, = CoO. (7)

The enthalpy change involved, per
equivalent, in reaction (7) is 2.3 kcal,
against 21.1 kcal cited by Criado; how-
ever, the magnitude of bond energy (i.c.,
—AH, of Co;0, for the forward process of
reaction (7) and —AH, of CoO for the
backward process of reaction (7)] is
around 26-28 kcal, as mentioned above.

In summary, the main point of our pre-
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vious paper (2) is quite valid for a substan-
tial number of oxide catalysts, although
some slight modifications are called for in
the assumption of identical —AH, values
for reactions (1) and (3) for some cases
(e.g., V.O; — V,0,), as indicated above.
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