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Reduction of nickel(II) oxide with hydrogen and deuterium has been followed in the temperature
interval 240—440°C. In the range of lower temperatures and in the initial stage of the reaction
an inversion isotopic effect takes place which changes, with increasing degree of reduction and
with increasing temperature, into a normal isotopic effect. The kinetics of reduction both with
hydrogen and with deuterium can be quantitatively described by two different relations, ac-
cording to the degree of reduction. The values of the apparent activation energy and the changes
in the kinetics of reduction, when catalyzed by addition of Pd, in dependence on the reducing
medium, allow to estimate the conditions under which the rate-determining step are the internal
transport processes. The isotopic effect, characterizing the region of high reduction degree and
the region of higher temperatures, is due to diffusion, either of molecular hydrogen, or, in the
presence of a catalyst, of the activated hydrogen, to the reaction interface.

The importance of the nickel catalyst was the reason, why a great deal of attention
has been paid to the reduction of nickel(Il) oxide with hydrogen''2. Several authors
have demonstrated the catalytic effect of metals of the Pt-group® and of salts*3,
either as mechanical admixtures or impregnated on the NiO surface, on its reduction.
Also the preliminary treatment of the oxide by some gases® leads to an increase
in the velocity of nickel nucleation and to an acceleration of the reduction.

Up to now, the reduction of metal oxides with deuterium has been studied only
sporadically. Richard” investigated the isotopic effect in the reduction of copper(I)
oxide with a mixture of '*CO-'*CO, particularly from the point of view of ex-
perimental technique. The participation of water vapour in the transport processes
in the low-temperature catalytic reduction of tungsten oxide was proved® by means
of the mixtures H,/H,0, D,/D,0, H,/D,0 and D,/H,0. In all the above-mentioned
cases the isotopic effect was found.

The present study is aimed at following the differences in the kinetics of reduction
of nickel(IT) oxide with hydrogen and deuterium.

EXPERIMENTAL

Nickel(II) oxide was prepared by calcination of the basic carbonate, prepared by precipitating
the solution of nickel(Il) nitrate by the solution of potassium carbonate in 15% excess with
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respect to stoichiometry. Concentration of the solutions was 1 mol/l, the chemicals were of rea-
gent grade purity. After drying at 20°C for 24 h and at 120°C for 3 h the precipitate was calcinated
on air for 4 h at 400°C. For experiments the fraction of the grain size in the interval 0-05—01 mm
was selected by sieving. Specific surface area of the oxide, measured by adsorption of nitrogen
at low temperatures, was 41-4 mZ/g. According to the results of analysis the preparation con-
tained 99-40 weight%; of nickel(I1) oxide.

The kinetics of reduction was studied thermogravimetrically in the temperature interval
240—440°C, using the apparatus, described in paperg. Deuterium was obtained by electrolysis
of the solution of (D) potassium hydroxide, prepared from heavy water of the USSR provenience
(purity 99-8% D,0) and metallic sodium. With sample weights 50 mg and at flow rate of hydrogen
or deuterium 56 ml/min the rate and the time course of the reduction do not depend on these
parameters.

RESULTS

In the region of lower reduction temperatures (240—290°C) the inversion isotopic
effect can be observed, which is manifested by the higher rate of reduction of nickel
oxides with deuterium as compared to the reduction with hydrogen under identical
experimental conditions. From Fig. 1 as well as from further results it is evident
that the reduction with deuterium proceeds at a rather higher rate only in the initial
and intermediate stages of the reaction in dependence on temperature. In the region
of high degree of reduction the oxide is reduced with deuterium at a lower rate than
with hydrogen. At higher reduction temperatures (320—440°C) the jnversion iso-
topic effect changes into a weak normal isotopic effect and the reduction with deute-
rium is slower (Fig. 2) over the whole range of the reduction degree. The duration
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Fic. 1 FiG. 2
Time Courses of the Reduction of NiO with Time Courses of the Reduction of NiO with
Hydrogen and Deuierium at 240°C Hydrogen and Deuterium at 320°C

1H,; 2D,. 1 Hy; 2 D,.
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of the induction period is practically unaffected by the reduction medium used.

The value of both normal and inversion isotopic effect is, in the temperature
interval examined, practically independent of temperature (Table I). The isotopic
effect (IE) is defined as the ratio of empirical rate constants 1E = Kk,,)/Ken,) For
IE < 1 it is the inversion effect, for IE > 1 the normal isotopic effect. The
empirical rate constants (k.) were determined using the method according to Del-
mon!® and were read off from the basic curves of the time course of reduction, as it
can be seen from Fig. 2.

From the figures it can be further seen that the reduction isotherms of nickel(1I}
oxide by both hydrogen and deuterium follow a sigmoid path, which is character-
istic of autocatalytic decomposition processes' of solid substances. The reduction
kinetics can be quantitatively described, regardless of the reducing gas, by the rela-
tion «'/? = kt, where « denotes the degree of reduction in time f and k is a constant.
The equation is valid for initial, or also intermediate values of « up to a &~ 0-5 in de-
pendence on temperature. In the region of intermediate reduction degree of the sample
at lower temperatures and in the region of fading out of the reaction the kinetics
of the reduction is quantitatively described by equation 1 — o = e¢™*, where the
symbols have their usual meaning. The rate constants of the reaction, k, were there-
fore evaluated as the slopes of the linear intercepts of the function a!/? = f(r) for the
initial stage and of the function log (1 — a) = f(¥) for the regions of intermediate

TasLE I
Values of the Isotopic Effect at Different Reduction Temperatures @i = k,(y1,)/Ke(py)

Temperature

°C 240 260 290 320 350 380 410 440
aqE 0<w73 073 0-61 1-33 1-01 1-10 1-07 1-09
TabLe II

Values of the Apparent Activation Energy (kJ/mol) of the Reduction of NiO with Hydrogen
and Deuterium for Different Degrees of Reduction, «

o 0:5—1-0
Gas ¢ ~00-03 ———
440—320°C  320—240°C

H, 84-99 34-66 9313
D, 6113 26:37 70-34
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and high values of a. The values of apparent activation energy of reduction were
calculated from the temperature dependence of the rate constants in Arrhenius
coordinates (Table II) and in the region of higher values of o two values of activa-
tion energy were read off, corresponding to two intervals of reduction temperatures:
(440~320°C) and (320—240°C). In all cases the reduction with deuterium proceeds
with a Jower activation energy as compared to the reduction with hydrogen.

Also the effect of partial pressure of hydrogen and deuterium on the time course
of reduction was studied. The sample was reduced with a mixture nitrogen-hydro-
gen (deuterium) at constant flow rate 56 ml/min and temperature 290°C. In the region
of Jow partial pressures up to py, = 7253 kPa and pp, = 56-26 kPa the reduction
rate increases linearly with partial pressure of both gases. At higher than the above
mentioned values the reaction rate becomes independent of partial pressure.

The standard-weight sample was further reduced at 290°C with 0-5% Pd asbestos
added, which was triturated with nickel(Il) oxide in an agate mortar to form a homo-
geneous mechanical mixture. The addition of the catalyst leads (F ig. 3) to a significant
increase in the rate of reduction with hydrogen over the whole range of « (va]ue
of the ratio ke(m,,)/ke = l~69). A similar, but quantitatively lower effect was ob-
served in the reduction with deuterium (K, carary/ke = 1-50).

DISCUSSION

As follows from experimental results, the reduction of nickel(II) oxide with hydrogen
and deuterium proceeds as a typical autocatalytic reaction. The kinetics of reduction
can be expressed, in dependence on the degree of reduction, by the same equation,
irrespective of the reducing medium. The initial stage of the reaction, when the
formation of metallic nuclei takes place in the surface layers, can be described ac-
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FiG. 3

Time Courses of the Reduction of NiO with
Hydrogen at 290°C and of the Same Sample
Reduced under the Same Conditions in the
Presence of 0:5% Pd Catalyst

1 With catalyst, 2 without catalyst. ;
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cording to the theory'®, assuming a constant nucleation velocity, by the relaticn
al/™ = kt, where n = 2—3, according to the geometry of the nuclei. The validity
of this equation, which was experimentally confirmed by other authors!®:!!, is
supported also by our results. The final phase of the reduction of nickel(II) oxide
can be quantitatively described, according to different models of solid substances
decomposition?'**, and this even in the case of an oxide without carrier. The probable
reason is the varying distribution and size of particles, caused by the way of prepara-
tion or by the preliminary treatment of the sample before the reaction.

In the absence of the catalyst the reduction with molecular hydrogen proceeds
as a donor reaction in which the transfer of electrons from the sorbed hydrogen
into the solid phase and the formation of metallic nuclei are the rate-determining
steps in the initial stage of the reaction. From the studies of the effect of partial
pressure and flow rate of the reducing gas it follows that under the given experi-
mental conditions the initial reaction rate in the range of lower temperatures’is not
influenced by diffusion of hydrogen or deuterium molecules from the gaseous phase
towards the surface of the catalyst. Thus it can be supposed that the isotopic effect,
characterizing this stage of the reaction, is connected with the rate and with further
conditions of the establishing of dynamic equilibrivm on the surface of the réduced
oxide. Since the binding energies of both isotopes to the surface are different, the
surface will be filled up differently by H, or D, molecules and the degree of coverage
for the same surface will differ for the two isotopes. It follows from both theoretical
and experimental works that under otherwise identical conditions the heavier
isotope is sorbed in greater amounts*?'*3, Thus the reduction with deuterium can be
started simultaneously from a greater number of centers or from energetically dif-
fering centers. This is also supported by the finding that the reaction with deuterium
proceeds with a lower activation encrgy (Table II), i.e., different kinds of surface
centers are probably operative with respect to the higher isotope from which the
reduction is initiated. The resulting initial reaction rate is higher in comparison with
that of the reduction with hydrogen. With increasing reduction temperature an in-
crease of the total effect of transport processes can be assumed, and that even in the
initial stage of the reaction. From kinetic studies of hydrogen and deuterium sorption
on various catalysts it is known'* that the values of the ratio of adsorption rate
constants ky,/kp, lie close to the value of the ratio (my,/mp,)”*/2, where m is the
mass of the molecule. From this relation it follows that the normal isotopic effect
is operative in processes governed by molecular diffusion, owing to the higher
velocity of diffusion of molecules of the lighter isotope. Consequently, with increasing
reduction temperature a continuous change of the inversion effect to normal isotopic
effect may be expected, which is also in accordance with the experimental results.

The relatively low values of activation energy of reduction in the intermediate
and final phases of the reaction in the region of higher temperatures (Table 1) are
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also an evidence of the determining effect of diffusion processes. In these phases
the reduction takes place inside the individual nuclei and the growing layer of the
new metallic phase slows down the transport of gas molecules towards the active
reaction interface. The value of activation energy of the reduction with hydrogen
at lower temperatures is in very good agreement with the literature data® and allows
to assume that under these conditions the reaction proceeds in the kinetic region.
In the case of reduction with deuterium the effect of diffusion cannot be excluded
even in this region. Moreover, the reaction may be retarded by diffusion of the gaseous
product (D,0).

Recently, a great deal of attention has been devoted to the study of transport
processes in the reduction of metallic oxides with hydrogen in connection with the
catalytic effect of admixtures, especially of metals of the platinum group'®. Most
authors assume the dissociative adsorption of hydrogen on the catalyst acccmpanied
by ionization'® and diffusion of the activated hydrogen to the surface of reduced
oxide, or through the layer of nonreduced carrier, or eventually by direct diffusion
between the individual grains of the oxide (the so-called “jump-over” and “spill-over”
effects). Also other mechanisms of activation were proposed!”.

If the activation of hydrogen molecules takes place at the surface of the micro~
heterogeneous admixture, then the sites of its contact with the oxide can serve
directly as centers of nucleation and of growth of the nuclei of metallic phase. The
effect of catalytic admixtures is thus manifested by the shortening of the induction
period (Fig. 3). The mentioned concepts of the mechanism of activation are in full
accordance with our experimental results. If the cleavage of the bond in hydrogen
or deuterium molecule and the reaction of free atoms takes place in the presence
of a Pd catalyst, a normal isotope effect may be expected, with respect to the higher
value of the dissociation energy in the D, molecule. Catalyzed reduction with hydro-
gen will proceed at a higher rate than a similar reaction with deuterium, which was
also experimentally proved. The increase of the catalytic effect of admixtures in the
presence of water, preadsorbed on the oxide surface, is explained by some authors!®
by the acceleration of diffusion of active hydrogen, probably in the form of hydroxo-
nium ion, through the water layer. At medium and high degrees of reduction of the
sample a metastable, practically monomolecular water layer can be always assumed
to be present which is immediately desorbed into the gaseous phase. In the absence
of catalyst this water inhibits the reduction. In the case that it accelerates, in the pre-
sence of the catalyst, the diffusion of active intermediates (H,0*, D,O"), we can,
with respect to the higher mass of D;O", expect lower diffusion velocity of these
ions. Consequently, the catalyzed reduction with deuterium will proceed more
slowly than the analogous reaction with hydrogen even at higher values of o, where
the determining effect of diffusion is very probable. This conclusion is also in agree-
ment with experimental results.
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