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Kinetics of the solid-state reaction Cu,Mo30,0 + 30, — 2CuMo0O, + MoO, were determined as a
function of temperature and oxygen pressure. At oxygen pressures higher than 11 Torr nucleation of
CuMo0, is the rate-determining step, the kinetic curves conforming to affine transformations. At lower
oxygen pressures the reaction is reversible, probably limited to the surface layer only.

Reactions of oxidation and reduction of
transition metal oxides and their oxysalts
have in recent years been a subject of con-
siderable interest because of their impor-
tance as models for studying the correlation
between the kinetics and the mechanism of
solid-state reactions on the one hand and
because of their significance for under-
standing the catalytic activity of these ox-
ides in selective oxidation on the other.

Reactions of the selective oxidation of or-
ganic molecules proceed with the redox
mechanism, lattice oxygen ion from the cat-
alyst being inserted into the organic mole-
cule and the catalyst then being reoxidized
by oxygen from the gas phase. In the
steady-state conditions a certain degree of
reduction of the catalyst is established, de-
pending on the ratio of the rate of reduction
of the solid to the rate of its reoxidation.
Information on the kinetics and mechanism
of the reduction and reoxidation of such
systems is therefore of considerable inter-
est.

Recently it was shown (/-3) that, in the
case of such systems as copper molybdates,
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the transformations between Cu(I) and
Cu(II) structures have a profound influence
not only on the catalytic activity but also on
the selectivity of the formation of products
obtained as the result of the oxidation of
hydrocarbons. It therefore seemed interest-
ing to study the kinetics and mechanism of
the reaction

%Cu%MO;YIOlo + 02 i
Cu"™Mo"0, + M0"'0;, (1)

the three solid phases being known as com-
ponents of the copper molybdate catalysts
for selective oxidation.

Experimental

Cu;Mo30,, was prepared by solid-state
reaction between Cu,O and MoOj:

CUQO + 3M003 bl CUQM03010. (2)

The starting materials were commercial
products of analytical grade. Cu;Mo30,
was obtained by heating the initial mixture
of Cu,0 and MoOQj in stoichiometric ratio in
sealed evacuated quartz ampoules at 520°C
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for 20 hr. The details of the preparation and
properties of Cu,Mo;0,, have been de-
scribed in (4-6). X-Ray analysis of the
samples obtained indicates that the only
product of the reaction is Cu,M030,,. Its
surface area, determined by standard BET
gas adsorption technique with krypton as
the adsorbate, was found to be 1.3 m?/g.

Kinetics of the Cu,Mo3;0,, oxidation
were studied by monitoring the changes of
the weight of the sample using a Cahn
Model RG electrobalance with 10~% accu-
racy. The microbalance was connected to
the conventional vacuum system, which en-
abled oxygen to be introduced on the sam-
ple at pressures between 1 x 10~° and 760
Torr. The sample and reference weight
were heated by two temperature-pro-
grammed furnaces. The temperature con-
troller maintained the temperature constant
to within + 1°C during the isothermal exper-
iments. The temperature of the sample was
continuously monitored by a Cr-NiCr ther-
mocouple suspended near the sample inside
the tube.

Adsorption of oxygen on Cu,Mo;0;,,
samples was studied in a conventional volu-
metric system.

The preliminary oxidation experiments
revealed that the rate of oxidation is inde-
pendent of the sample mass for samples not
exceeding 0.2 g. Thus samples of about 0.1
g were used in all the thermogravimetric
experiments. In order to increase the sensi-
tivity in the adsorption measurements sam-
ples of about 2 g of Cu;Mo30,, were used in
the volumetric experiments.

Oxidation was carried out in pure oxygen
obtained by fractional distillation of liquid
air. The conditions of standardization were
as follows: all samples were outgassed until
a pressure of 5 x 1073 Torr was obtained,
then heated to 425°C, outgassed during 0.5
hr, and cooled to the temperature of the
experiment. Experiments were carried out
within the temperature range 250-390°C.
Products formed as the result of the oxida-
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tion of Cu;Mos0,, were identified by X-ray
powder diffraction method.

Results and Discussion

Prior to the studies of the oxidation kinet-
ics a series of adsorption experiments at
low oxygen pressure were carried out in or-
der to find out whether oxidation is pre-
ceded by adsorption of oxygen at the sur-
face of the Cu,Mo3;0,, crystallites. No
adsorption was observed at temperatures
below 200°C. Above this temperature a
continuous uptake of oxygen took place,
with the amount of oxygen consumed in-
creasing linearly with time as illustrated in
Fig. 1. The amount which would corre-
spond to a close-packed mongclayer cover-
age of the surface by oxygen is shown by
the dotted line. It may be concluded that
the oxygen uptake observed in these exper-
iments is due to the oxidation of the solid
substrate, which is not preceded by any
rapid adsorption.

Figure 2 shows the degree of conversion
a calculated according to Eq. (1) as a func-
tion of time for the reaction carried out at
350°C at different oxygen pressures be-
tween 11 and 150 Torr, and Fig. 3 shows the
degree of conversion « as a function of time
for the reaction carried out at 40 Torr of
oxygen and different temperatures between
273 and 390°C. All ar (p,t) curves as welil as
ay(T,t) curves conform to the affine trans-
formations, i.e.,

aT(pht) - aT(pJ’bft)’
aD(TmJ) - ap‘(Tn’b%t)’

where bjand b%, are constants. When this is
the case, the variables in the rate equation

da

a5 = "Tpxia) (3)
can be separated into two functions:
d
T = K(T.p.x) - f(a) @
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FiG. 1. The amount of oxygen consumed as a function of time at p,, = 3.5 Torr. 1, 200°C; 2, 250°C; 3,

315°C.

This indicates that the series of states tra-
versed by the system is invariant with re-
spect to intensive variables such as temper-
ature or pressure. These states are attained
at times that are all multiplied by b. Thus
the texture and structure of the reaction
products are independent of the tempera-
ture and oxygen pressure above 11 Torr.
The conformity of the kinetic curves to
affine transformations is an obligatory but
not sufficient condition for a single step to

be determining the rate of the reaction. In
such a case the kinetic curve can be de-
scribed by a single equation, valid for all
degrees of conversion, with the rate con-
stant depending only on intensive parame-
ters. The form of this equation can supply
information concerning which of the steps
is controlling the overall rate of the reac-
tion. Many solid-state reactions can be de-
scribed by equations of the type F(a) = kt,
where the function F(a) depends on the
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FiG. 2. Degree of oxidation of Cu,M0;0,, in oXygen at 350°C as a function of time at different

pressures.
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mechanism controlling the reaction, as well
as the size and shape of the reacting parti-
cles. These equations may be divided into
four groups:

1. Diffusion-controlled,

2. Equations based on the concept of the
order of reaction,

3. Phase-boundary controlled,

4. Nucleation and nuclei growth.

Table 1 presents the equations considered
(7-10). The functions D,(«) through D(«)
represent some of the most important diffu-
sion equations. Fy(a) and F;(a) are the func-
tions for zero and first-order reactions.

If a reaction is controlled by movement
of an interface, it can be described using
R,(e) and Ry(e) equations.

When nucleation and nuclei growth pro-
cesses are rate-determining, Eqs. A,(a) and
Ajy(a) are usually used. In comparing exper-
imental data it is usually convenient to use a
reduced time scale, such as #/ty 5, where £, 5
corresponds to a = 0.5.

Comparison of experimental kinetic data
for the Cu,Mo;0,, oxidation with those cal-
culated theoretically shows that agreement
is obtained only with equations based on
nucleation and nuclei growth.

The phenomenological theory of nuclea-
tion and growth takes into account two dif-
ferent parallel processes taking place in a
reacting system: the growth of nuclei al-
ready formed and the appearance of new
ones. At a certain value of «, the crystal
nuclei of product get into contact with each
other. From this moment the overlapping of
the product nuclei takes place and a de-
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crease of the reaction rate do/dt is ob-
served.

Rate equations of the form F(c) = kt are
derived through integrations of specific
forms of the generalized expression repre-
senting the summation of the growth of all
nuclei, so that the volume of product at
time ¢, V(#), is given by

V(1) = f V(t,t,-)(‘%)tj dt;.

This may be integrated for any combination
of the law of nucleation (the dN/dt term)
and the law of growth (the V(z,z;) term).

Avrami (1), Erofeev (I12), Mampel (13),
and recently Delmon (/4) derived in differ-
ent ways the equation

&)

[-In (1 — )] = k(t — £),  (6)
often referred to as the Avrami-Erofeev
equation.

Plots of In[—In (1 — )] vs In ¢ are shown
in Fig. 4. A linear dependence with slopes
equal to 2 is obtained, indicating that the
reaction proceeds through the flat nuclei.

Figure 5 shows the dependence of the
rate of reaction on the pressure. Two pres-
sure ranges can be distinguished: pressures
above 11 Torr, in which the reaction is of
first order with respect to oxygen, and the
range below this pressure, in which the re-
action is of zero order. The former is the
range of validity of Eq. (6).

An Arrhenius plot of the reaction rates is
shown in Fig. 6. The activation energy for

TABLE I
RATE EQUATIONS CHECKED FOR OXIDATION OF CusMo030,,

Function Equation Function Equation
Dy(a) o = kt Fi(a) ~In(l —a)=kt
Dy(a) l-aln(l-a)+a=k Ryl 1=(1—a)?=kt
Dy(a) [1—(1 - a)BR =kt Ry(a) 1-(1—a)® =kt
Dy(a) 1-2a/3 - (1 - )=kt Agla) [~In (1 — a)]¥2 = kt
Fol@) =kt A5(@) [~In (1 - @® = k¢
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FiG. 3. Degree of oxidation of Cu;Mo0;0,, in 40 Torr of oxygen as a function of time at different
temperatures.

the reaction is 18.3 + 0.5 kcal - mole™!. Fig- in which

ure 7 shows no change in the activation en- I _

ergy with degree of conversion. k= ko po, - exp(-AEIRT), ®)
Thus, at oxygen pressures higher than 11  indicating that nuclei growth is the rate-de-

Torr, kinetics of the reaction may be de- termining step. The first-order dependence
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Fig. 6. Arrhenius plot of the reaction carried out at
40 Torr of oxygen.

on oxygen pressure reflects the chemical
process involved in the growth of product
nuclei as described by Eq. (2).

In order to confirm this conclusion and to
establish which product is most difficult to
form, experiments were carried out in
which the rates of the oxidation of Cu,
Mo;O, with small additions of CuMoO,,
MoQO;, or both CuMoQO, and MoO; were
measured.

Figure 8 indicates that the oxidation
process is accelerated by the addition of 1
wt% of CuMoQO,, whereas its rate is practi-
cally independent of the addition of MoQ,.

Thus it may be concluded that the forma-
tion and growth of CuMoO, nuclei is the
rate-controlling step.

Below the pressure of 11 Torr of oxygen a
linear dependence of the conversion on

time was observed:
a=k't. )]

This rate law was obeyed during all investi-

HABER AND JAMROZ

gated times of the reaction, which in one
experiment amounted to as long as 1180
min, and the rate was independent of oxy-
gen pressure (cf. Fig. 5). This implies that in
the oxygen pressure range below 11 Torr
the rate-determining step of the reaction is
nucleation which may be described by the
linear rate equation.

In order to obtain more information
about the mechanism of the oxidation at
low oxygen pressures a series of oxidation—
reduction measurements were carried out.
A sample of Cu,Mo30,, was oxidized at the
temperature of 350°C and under oxygen
pressure equal to 9.6 Torr. When the con-
version a reached 0.092 oxidation was
stopped and the sample was reduced in 15
Torr of hydrogen at 7 = 380°C until the
mass of the sample decreased to the initial
value. The oxidation-reduction cycle was
repeated, the kinetics of the oxidation and
reduction were measured gravimetrically,
and X-ray analysis of the oxidized and re-
duced samples was carried out. It was
found that the structure of the sample after
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F1G. 7. Logarithm of time of the given conversion as
a function of reciprocal temperature for different con-
versions at 40 Torr of oxygen.
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FiG. 8. Degree of oxidation in 40 Torr of oxygen at 350°C:

—pure Cu;Mo;0,,

—Cu,Mo0,0,, with 1 wt% of CuMoO,,
—Cu,Mo040,, with 1 wt% of MoO,,
—Cu,Mo304 with 1 wt% of CuMoO, and MoO, (1:1).

the oxidation-reduction cycle is identical to
the structure of the initial Cu,Mo0304,, and
the kinetics of the oxidation of the former
do not differ from those of the fresh Cu,
Mo,;0,,. Thus the oxidation-reduction—
reoxidation cycles of Cu;Mo30,, under
these conditions are reversible and the
crystal structure of the bulk of the sample
does not change.

It should, however, be emphasized that
reaction (1) is irreversible, because reduc-
tion of CuMoO, gives a mixture of Cu,
Mo;0,, and CugMo,O,. Thus it must be
assumed that the observed reversibility of
the oxidation of Cu,M03;0,, at low oxygen
pressures is due to the fact that in the first
stage of the reaction bidimensional oxidized
surface phases are formed, the growth of
nuclei of the CuMoO, phase taking place
only in the more advanced stage of the reac-
tion, e.g., at higher oxygen pressures. This
conclusion is consistent with the results of
photoelectron spectroscopic studies of the
changes of surface structure of Cu;Mo;0,,
in the course of the catalytic oxidation of
hydrocarbons [2].
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