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The effect on Raney nickel catalyst of annealing in hydrogen, and of mild oxidation and subse-
quent reduction have been studied. The properties investigated are the structure, hydrogen adsorp-
tion, and activity for nitrobenzene and potassium maleate liquid-phase hydrogenation. Character-
ization involved X-ray line broadening, adsorption, and capillary condensation of Ar, XPS, and
thermoprogrammed reduction. Thermodesorption studies indicate two forms of adsorbed hydro-
gen, one of which is a weakly bound molecular form and does not depend on treatment, while the
other is strongly bound atomic hydrogen whose amount decreases with increase in the annealing
temperature. Annealing in hydrogen at T = 200°C causes sintering of the catalysts and a decrease in
their activity. Mild oxidation leads to formation of a protective film from nonstoichiometric nickel—
oxygen compounds on the Raney Ni surface, preventing it from deep oxidation in the air. A
passivated catalyst can be reactivated by heating at 100-300°C in hydrogen, after which the activity

for hydrogenation is on par with that of newly prepared catalyst.

INTRODUCTION

Interest in Raney nickel is caused on the
one hand by its wide use in industrial or-
ganic synthesis and electrochemical energy
conversion, and on the other hand by the
complexity of this catalyst as an object of
fundamental study. Much work has already
been carried out by physical and physico-
chemical methods, and this has greatly con-
tributed to the development of viewpoints
on the mechanism of formation, structure,
and physicochemical properties of Raney
Ni. Among the most systematic and impor-
tant works should be mentioned the series
of the articles on the structure of Raney Ni
published in 1969-1976 by Anderson and
co-workers (/—4). An overview of publica-
tions prior to 1968 is given in Ref. (5). The
results of later works are discussed in a re-
view by Fouilloux (6). Traditional and mod-
ified Raney Ni are used mainly in hydroge-
nation and reduction reactions and, to a
lesser extent, in hydrogenolysis. It is also
used in various reactions in the absence of
hydrogen in the gaseous phase and as an
active phase of fuel cell electrodes (7).
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However, usage of Raney catalysts is often
limited by their propensity for self-heating
and self-ignition in the air. The nature of
these phenomena is influenced by the high
dispersion and strong lattice distortion of
Raney Ni and by the presence of a large
amount of hydrogen in an active form (3,
8-10).

In order to obtain Raney catalysts stable
for storage in the air, their surface should
be protected from the deep and irreversible
oxidation which causes a release of much
heat. This can be achieved by protection of
the surface by organic substances or by oxi-
dation under mild conditions (5, 11). A de-
crease in pyrophoric character can also be
achieved by thermal treatment of the cata-
lysts (12). The effect of thermal treatment
on the structural, physicochemical, and ad-
sorption properties of Raney catalysts was
studied previously (/3-16). It is shown that
on annealing in reducing or inert media the
number and character of surface defects,
orientation of crystal faces, and the porous
structure of Raney nickel change. With an
increase in temperature of treatment, crys-
tallite sizes also increase and the lattice
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constant changes, approaching the value
typical for bulk nickel metal. Obviously,
such a change of the structure affects cata-
lyst properties.

The present work aims at studying the
effect of thermal treatments in a redox me-
dium on the structure and physicochemical
properties of Raney nickel and at elucida-
tion of its influence on adsorption charac-
teristics and catalytic properties. Studies in
this direction are expected to help in solu-
tion of the problem of production of Raney
catalysts active and stable for storage.

EXPERIMENTAL
1. Preparation and Treatment of Catalysts

The starting alloy 50 wt% Ni-50 wt% Al
was prepared in a high-frequency furnace
(OKB-8020) in quartz crucibles and was
subjected to a homogenizing annealing in
Ar at 800°C. It was then crushed and dis-
persed in a vibrating grinder, and 60-100
um fractions were isolated by sieving. Cat-
alysts were prepared by leaching the start-
ing alloy with 209% KOH solution in tenfold
excess with respect to Al. Time of leaching
was 2 h; temperature was 100°C. These
conditions were chosen in order to obtain
completely and uniformly leached samples,
although sometimes leaching at a lower
temperature results in more active cata-
lysts, containing more hydrogen (5-7). Af-
ter leaching, the catalysts were washed free
from alkali and aluminates by distilled wa-
ter. We call this kind of catalyst *‘fresh.”
Another kind used in the work was catalyst
after treatment in hydrogen, oxygen, or ar-
gon, as shown in Table 1. The annealing of
catalysts in hydrogen was carried out in a
quartz cell placed in a programmed ther-
moblock, and the oxidation treatment was
made in the same cell in O,+Ar mixture.
The oxygen feed was controlled by a device
connected to a differential thermocouple
which insured that the temperature of the
samples during the oxidation did not ex-
ceed 30°C. Passivated catalysts 1o—-40 were
reduced at 150°C in hydrogen before being
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TABLE 1
Designation of Raney Ni Samples

Temperature of Sample designation
treatment in Hy

€0 Annealing  Oxidation after  Reduction at 150°C

in Hz annealing after oxidation

100 1 lo lor

200 2 20 2or

300 3 30 3or

400 4 40 4or

500 5 — —

used in liquid-phase reaction of hydrogena-
tion. Annealing in H, (catalysts 1-5) and
reduction at 150°C (catalysts lor—4or) had
been carried out directly before using the
catalysts. Fresh catalysts were kept in al-
cohol.

2. Porous Structure and Specific Surface
Area of Catalysts

These were determined by adsorption
and capillary condensation of Ar at 77 K.
Samples were transferred to an adsorption
cell without contact with air. Wet fresh cat-
alysts were dried at 70°C and 10~* Pa for
4 h. The average pore radius, R, deter-
mined from the dV/dR vs R dependence,
total porosity, V, and cumulative surface of
pore walls, S..n, were found by the numeri-
cal integration of the adsorption equation as
in Ref. (/7), similar to the Cranston—-Inkley
procedure (/8). Micropores with R < 15 A
radius were not taken into account. Con-
currently, the total catalyst surface area
Sger was calculated.

3. Crystallite Size (D) and
Lattice Distortion

Calculations were made from the width
of the X-ray diffraction lines for Ni(111)
and Ni(222). Line profiles were recorded on
a DRON-2.0 apparatus at the rate of 0.25
deg(20)/min. Filtered Co K, irradiation
was used. The calculation was carried out
by the method described elsewhere (/9), as-
suming that the shape of X-ray lines is de-
scribed by the Gauss function.
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4. Composition of the Catalyst Surface

This was studied by X-ray photoelectron
spectroscopy (XPS) using an ES-2402
(USSR) spectrometer and the method de-
scribed in Ref. (20). Samples were pressed
wet and dried in a spectrometer chamber at
10-* Pa. The spectra showed that the main
peak Ni 2p;;, is always split into two com-
ponents with 855.1 and 851.8 eV binding
energies corresponding to Ni** and Ni” oxi-
dation states. Al 2p XPS showed that alu-
minium is present on the surface as A",
Atomic concentrations of the elements on
the surface were estimated using the for-
mula

[Me]) = Ii/o; - [Z 1,/0,-]_].

where [; is the integral intensity of the re-
spective line of the given metal and o is the
sensitivity factor. Oxygen (O 1s) and car-
bon (C 1s) spectra were also recorded.

5. Kinetics of Temperature-Programmed
Reduction

A GDTD-24 (Setaram) apparatus was
employed, with the sample placed on a fil-
ter made from sintered quartz powder in a
U-shaped cell. The rate of gas flow (3-15%
H, in Ar) was 0.8-1.0 cm?® (STP)/s. The
change of hydrogen concentration in the
mixture was determined by a Cromadam
gas chromatograph. Calculations of the ki-
netic parameters of reduction (ky, the pre-
exponential factor in the Arrhenius equa-
tion and FE, the activation energy of
reduction) are described in Appendix A.

6. Hydrogen Adsorption

The adsorption properties of the cata-
lysts for hydrogen were studied by temper-
ature-programmed desorption (TPD). Wet
fresh catalysts were first dried in vacuum at
70°C and the adsorption was carried out at
room temperature. For passivated catalysts
the procedure was different. Hydrogen was
adsorbed at 150-250°C during 1 h, and the
sample was cooled to room temperature. In
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both cases the cell was then purged with
argon and TPD measurements were started
from room temperature at a heating rate
B =0.16 K/s.

The method used for calculation of the
activation energy of hydrogen desorption
(E,) and the reaction order n (molecular ad-
sorption at n = 1, dissociative adsorption at
n = 2) is described in Appendix B.

7. Catalytic Properties

The activity of the catalysts was deter-
mined for the hydrogenation of substances
with different adsorbability, namely, potas-
sium maleate and nitrobenzene, which are
weakly and strongly adsorbed on the cata-
lyst surface, respectively (21, 22). Nitro-
benzene hydrogenation is also of practical
interest, since it underlies the industrial
process of aniline manufacture.

Hydrogenation was carried out in a batch
reactor with vigorous enough mixing for the
process to run in the liquid phase without
diffusional limitation on the rate. This was
implied, in particular, by a linear relation-
ship between the reaction rate and the
amount of catalyst.

Potassium maleate was hydrogenated in
0.1 N KOH, and nitrobenzene in 96% etha-
nol. The temperature of the experiments
was 40°C. In the presentation and discus-
sion of results, initial rates of the reactions
at the moment of consumption of 5% hy-
drogen are compared.

RESULTS AND DISCUSSION
1. Thermal Treatment of Fresh Catalysts

Fresh catalysts were annealed for 1 hour
in hydrogen at 100-500°C. They were
heated to these temperatures at 10 K/min.
Figs. 1-3 illustrate the change in crystallite
size, lattice distortion, pore structure, and
specific surface of Raney Ni as a function of
temperature of annealing in hydrogen.
From Figs. 1-3, it follows that annealing
causes growth of crystallites and decrease
in lattice distortion in the catalysts, catalyst
porosity, and specific surface. Sggt starts to
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FiG. 1. Influence of temperature of Raney Ni anneal-
ing in hydrogen on its lattice distortion and crystallite
size (D).

decrease before S, (Fig. 3), from which it
follows that micropores, determined by the
difference between Sger and Scum, are anni-
hilated first.

On annealing, the average pore radius R
grows. Heating of the catalyst above 400°C
causes no appreciable change in its struc-
ture.

The decrease in hydrogenation activity
on annealing is roughly proportional to the
decrease in Sggr. Figure 4 illustrates the
change in catalyst activity as a function of
temperature and annealing time. Time of
annealing 7 was altered only in this experi-
ment. At 7 = 0, a sample was heated to 50-
500°C at 10 K/min and immediately re-
moved from the furnace in a flow of
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FiG. 2. Influence of temperature of Raney Ni an-
nealing in hydrogen on volume V and mean radius of
pores R.
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FiG. 3. Influence of temperature of Raney Ni anneal-
ing in hydrogen on its Syt and S, surface area.

hydrogen. It is interesting that at 7 = ( the
curve W vs ¢ has a local minimum. Since
the catalyst is charged wet into the cell, it is
possible that this drop in the activity is
caused by oxidation with water on heating
to 100°C. An increase in the annealing time
in hydrogen reduces the catalyst and re-
stores its original activity. The same result
is obtained on increasing the annealing tem-
perature to 200-250°C despite the fact that
Sget is decreased by 10-30%. A further in-
crease in the temperature causes a more
substantial decrease in Sger and catalyst ac-
tivity. This in part can be explained by the
fact that a decrease in surface area under
these conditions occurs mainly at the ex-
pense of a decrease in the proportion of mi-
cropores from ¢ = 0.25to ¢ = 0.05 (¢ =
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F1G. 4. Influence of temperature and time of Raney
Ni annealing on its activity for nitrobenzene hydroge-
nation at 40°C.
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(ST — Scum)/Seer). As a result, the value
of the pore radius R grows markedly, while
on annealing above 200°C it decreases.
Thus, sintering above 300°C does not
change the activity of Raney Ni since it af-
fects mainly that part of the pore space
which is not apparently involved in the acti-
vation of reactants due to difficulties in dif-
fusion in the pores. Owing to this, SCA
(specific catalyst activity per unit surface)
of samples 1-3 is increased by 1.5-fold.
Diffusional limitations for Raney nickel, as
shown in Ref. (23), exist when the size of
catalyst particles is greater than 1-3 wm.
For particles of 60-100 wm, as we have
here, according to the estimates of Ref.
(23), the rate of hydrogenation can be 30—
50% of the maximal value.

XPS studies show that on annealing
Raney Ni its surface becomes enriched
with Al (Table 2). The binding energy (Eg)
of the Al 2p peak occurs at Fg = 74.7 eV,
which corresponds to an oxidation state of
AP* for aluminium, indicating the presence
of Al,Os. In alloys, either the components
with the lowest sublimation heat or those
most actively interacting with the reaction
medium are known to segregate to the sur-
face (24, 25). These factors can hardly ac-
count for the increase in the Al,O; propor-
tion on the surface of Raney Ni. Most
likely, this increase is caused by sintering
of metal particles leading to a decrease in
the metal proportion on the surface, if it is
remembered that AlL,O; surface value is not
altered at such temperatures.

The content of oxidized nickel in the cat-

TABLE 2

Influence of Thermal Treatment in H; on
Composition of Raney Ni Surface

Surface composition Catalyst

Fresh 1 3 S
Ni/(Ni + Ab 090 092 070 0.35
Ni%(Ni® + Niz*) 0.93

096 050 0.92
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alyst surface layers is unchanged by ther-
mal treatment (Table 2). It may be that
slight oxidation occurs on the drying of a
wet sample in the apparatus chamber.

The number of defects in the catalysts
does not affect markedly their activity in
nitrobenzene hydrogenation. From the
comparison of Figs. 1 and 4 it can be seen
that annealing at 100-200°C causes a sharp
decrease in lattice distortion, i.e., in the
number of defects in the catalysts, while
the activity remains unaffected. The same
result was obtained for hydrogenation of
potassium maleate.

Thus, the catalytic properties of Raney
Ni annealed in H; are determined by sinter-
ing which causes a decrease in the active
surface area on the one hand, and a de-
crease in diffusion difficulties when trans-
porting reactants, and an increase in SCA
(specific catalyst activity), on the other
hand.

2. Mild Oxidation of Catalysts

Catalysts annealed in hydrogen retain
their pyrophoric properties but can be sta-
bilized by means of slow oxidation in a low
partial pressure of oxygen (26, 27). By ox-
idative treatment of samples -4 in Ar + O,
mixture, we have obtained powders stable
for storage in the air. Table 3 lists the data
on crystallite size, lattice distortion, sur-
face composition, and surface area. It can
be seen that the surface area of the pores
with R > 15 A (Seum) in all the oxidized
catalysts (1o—40) is very similar. The total
surface area (Sgey) is decreased from 38 in
sample 1o to 32 m?/g in sample 40, while
the proportion of micropores in the latter is
20% less.

The dispersion of samples 3 and 4 is not
altered after oxidation, while in samples 1
and 2, D is increased to 120-140 A. Judging
by the D vs T relation (Fig. 1), it can be
assumed that the local heating of catalyst
particles in oxidation is only 200-300°C.

One can note an increase in the lattice
distortion in Raney Ni particles after oxida-
tion. This may be due to penetration of oxy-
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TABLE 3

Influence of Annealing Temperature on Specific Surface Area (§), Crystallite Size (D), Lattice Distortion, and
Surface Composition of Raney Ni after Annealing in Hydrogen (1-4), Oxidation (10-40), and Reduction at 150°C

in Hydrogen (1or-4or)

Sample lo 20
lor
5 (m?g)
SRET 82 7
38 35
S8
Seum 62 61
28 28
49
D(A) 60 100

120 140

130

Lattice distortion (57) 0.85 0.70
1.0 0.8t
0.72
Surface comp @
Ni/(Ni + AD) 0.92 —
0.41 0.36
0.48
Ni%(Ni?* + Ni% 0.96 —
0 0
0.29
Oxygen/(Ni + Al) 0.6 —
1.1 1.0
0.7

3 4
3o 40
2or Jor 4or
60 48
34 32
49 49 49
60 48
34 32
30 49 49
150 180
150 180
160 175 175
0.65 0.60
0.82 0.78
0.72 0.72 0.68
0.70 —
0.2% 0.26
(.45 0.41 0.29
0.90 —
0.7 0.17
0.33 0.38 0.44
0.6 —
1.0 0.8
0.6 0.6 0.6

4 Surface composition from XPS.

gen into the metal lattice. In this case, the
greatest distortions of the lattice may be ex-
pected to occur in samples having maximal
SseT before oxidation, which is in fact ob-
served.

According to the XPS data (Table 3), the
amount of Ni on the oxidized catalysts de-
creases with a change of the annealing tem-
perature from 100 to 400C°. The content of
zero-valent metal on Raney Ni surface after
oxidation is not high, while that of oxygen
according to the O 1s peak approaches
50%. Thus, as follows from the data on ad-
sorption and capillary condensation of Ar,
the oxidation treatment makes the pore
structure parameters of catalysts 1-4 more
close, whereas the chemical composition of
their surfaces is very different.

The study of the oxygen-containing com-
ponents of the Raney Ni surface was car-
ried out by the TPR method. Figure 5
presents TPR spectra, while Table 4 gives

the volume of hydrogen consumed, the
temperature of consumption maxima, the
activation energy of reduction, and the totai

i
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F1G. 5. TPR spectra of Raney Ni, prepared under
different conditions.
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TABLE 4

Influence of Conditions of Raney Ni Treatment on
TPR Parameters

Sample

lo 20 30 40

Consumption H,

(cm'/g) 25.0 12.0 9.6 8.5
Peak I

Toax(°C) 176 167 152 146

p+a 1.3 1.2 1.1 1.1

E(kJ/mol) 114 112 107 105
Peak II

T (°C) 201 180 174 170

p+gq 1.2 1.1 1.0 1.0

E(kJ/mol) 126 123 120 119
Peak II

Trnax(°C) 226 211 211 208

p+g 1.1 1.1 1.0 1.0

E(kJ/mol) 137 136 135 135
Peak IV

T (°C) 288 — — —

p+gq 1.0 — — —

E(kJ/mol) 179 —_ — —

reaction order for hydrogen, and reducible
substance p + ¢. Samples lo—4o differ ap-
preciably both in the content of reducible
phases and their energy characteristics. It
is found (28) that reduction of bulk NiO
proceeds within the 290-320°C range. Ap-
parently, peak IV in the TPR spectrum
(Fig. 5) displays the reduction of NiO films
partially covering, as mentioned earlier
(29), Raney Ni granules. The presence of
maxima I-III at lower temperatures con-
firms the hypothesis advanced earlier (30)
about the presence of nonstoichiometric
nickel-oxygen structures on the surface of
such catalysts. These structures differ little
in their reduction activation energies, and
their TPR maxima are separated by inter-
vals of approximately 50°C.

It is most interesting that with a growth in
temperature of pretreatment in hydrogen
the content of the more stable oxides
sharply decreases, mainly at the expense of
maxima II and II1. The most labile form, to
which peak I corresponds, is preserved in
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all the samples, while the activation energy
of its reduction decreases with an increase
in the annealing temperature. The more the
content of the other oxide forms decreases,
the higher is the activation energy of their
reduction. In each case, the total reaction
order is close to unity.

Thus, a high-proportion of the surface
oxide components consist of nonstoi-
chiometric compounds of nickel with oxy-
gen possessing a high energy barrier of re-
duction. Protecting Raney Ni from
self-ignition and deep oxidation in the air,
they simultaneously make it inactive in lig-
uid-phase hydrogenation reactions.

3. Reactivation of Passivated Catalysts

The presence on the surface of catalysts
lo—40 of mainly nonstoichiometric com-
pounds of nickel with oxygen makes their
reactivation possible even under mild con-
ditions, as shown in Ref. (3/). Figure 6
presents the dependence of activity of sam-
ples 1o—40 on reduction temperature. Opti-
mal conditions of reactivation of all the cat-
alysts are within the 200-250°C range. A
decrease in the activity at higher tempera-
tures is caused, apparently, by their sinter-
ing. As after the reduction at 200-250°C the
activity of samples lor and 2or differs little,
the structure and adsorption properties of
catalysts were compared after the reduc-
tion at 150°C when hydrogenation rates are
clearly different.
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Fic. 6. Influence of reduction temperature on activ-
ity of passivated catalysts for nitrobenzene hydrogena-
tion at 40°C; (- - - -} activity of fresh catalyst.
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From Table 3 it follows that samples 2or-
4or have almost equal surface areas of Sger
and S..m. whereas lor is markedly more
dispersed and possesses a more developed
surface. The reduction levels the difference
in the catalyst lattice distortion, while the
proportion of zero-valent nickel on the sur-
face is increased with the temperature of
annealing in hydrogen.

Adsorption properties of the catalysts for
hydrogen were studied by TPD (Fig. 7, Ta-
ble 5). Irrespective of treatment, the sam-
ples have two forms of adsorbed hydrogen.
The first is weakly bound and molecular
(reaction order n = 1), and is desorbed with
a maximum at 110-118°C. The second is a
strongly bound dissociative form (reaction
order n = 2) whose T, of desorption var-
ies over a wider range, from 163 to 196°C.
In addition, all the reduced catalysts have a
high-temperature peak 111 which character-
izes an atomic form of adsorption (n = 2)
and a high activation energy of hydrogen
desorption. Redox treatment causes a re-
distribution of the energy inhomogeneity of
the surface. With an increase in the anneal-
ing temperature in hydrogen, desorption
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Fic. 7. TPD spectra of reduced Ni subjected to
treatment under different conditions.

peaks are shifted to a lower temperature,
and the total amount of hydrogen desorbed
decreases from 23.7 for the starting catalyst
to 7.2 cm3/g for sample 4or. This is evi-

TABLE 5

[nfluence of Preparation Conditions on the Hydrogen Adsorption Properties of Raney Ni

Fresh lo 20 3o 40
Treq. (°C) 25 150 250 {50 150 150
Total amount of 23.2 13.9 14.4 13.4 10.9 7.2
H, desorbed
(cm?/g)
Peak [
Traxl°C) 118 114 114 112 110 110
n 1 1 — 1 1 |
E(k}/mol) 42,1 39.9 41.4 39.5 36.6
Amount (cm®/g) 4.8 3.6 3.8 3.8 3.9 2.7
Peak 1]
Tax(°C) 196 176 191 162 162 163
n 2 2 —_ 2 2 2
E(kJ/mol) 73 69 — 62 61 57
Peak 111
Tax°C) —_ 262 265 262 258 258
n — 2 — 2 2 2
E(kJ/mol) — 139 —_ 139 137 132
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dently due to a decrease in Sger (Fig. 3).
A decrease in the lattice distortion of the
respective samples leads to a decrease in
the amount of hydrogen adsorbed, main-
ly at the expense of a strongly bound
form.

The change in the adsorption characteris-
tics of the catalysts may be expected to af-
fect their catalytic activity. In fact, the rate
of nitrobenzene reduction correlates with
the content of strongly bound hydrogen.
Figure 8 illustrates the change of catalyst
activity and the amounts of weakly and
strongly bound hydrogen as a function of
the annealing temperature, whence it can
be seen that the decrease in the rate of ni-
trobenzene hydrogenation is proportional
to the decrease in the content of strongly
bound hydrogen, whereas the amount of
the weakly bound form is only slightly al-
tered on annealing. This agrees with data
reported, for instance, in Ref. (21), where it
is shown that the absence of strongly bound
hydrogen leads to irreversible adsorption of
nitrobenzene and poisoning of the catalyst.
However, the hydrogenation rate of potas-
sium maleate, which can be reduced by
weakly bound hydrogen, does not depend
on the conditions of Raney Ni pretreatment
and does not differ from that typical for the

1)

content

N
=]

110

..
(<]
{em3 g1y

Hydrogen

Hydrogenation rate
(pmol Hy s™1 g

Fi1G. 8. Influence of temperature of Raney Ni anneal-
ing in hydrogen on the contents of weakly and strongly
bound hydrogen and on the activity of catalysts pas-
sivated and reduced at 150°C for nitrobenzene hydro-
genation at 40°C: A, hydrogenation rate; l, amount of
weakly bound hydrogen: and @, amount of strongly
bound hydrogen.

MIKHAILENKO ET AL.

& ~
a7 €0

[
§'¢, —-.—T.'—."—.-'—
% 50
ez
« 0
o E
5 3 40
>~
k<

i 1 1 |
(o] 200 400
tec

F1G. 9. Influence of annealing temperature on activ-
ity of Raney Ni passivated and reduced at 150°C for
potassium maleate hydrogenation at 40°C: (- - - -) ac-
tivity of fresh catalyst.

starting sample (Fig. 9). The increase in
temperature of reduction up to 250°C alters
the adsorption properties of the catalyst in
the direction of an increase in the content of
strongly adsorbed hydrogen. The shape of
the TPD profile approaches that typical for
a fresh catalyst, and the rate of nitroben-
zene hydrogenation of the catalyst reduced
at 250°C is the same as that of the fresh one
(Fig. 6).

From Table 3 it can be seen that reduc-
tion of the catalysts leads to an increase in
Saet, while Scun 1s increased only for sam-
ple tor. During reduction, this catalyst
takes up the highest amount of hydrogen,
and its TPR profile points to the greatest
diversity of nickel-oxygen structures. It
can be assumed that reactivation leads to
partial reduction of the active catalyst sur-
face blocked during passivation by oxides
on the one hand, and to formation of a new
active form from nickel microcrystals by
reduction of nonstoichiometric oxides, on
the other. Coarser catalyst particles serve
as a support for this new structural compo-
nent which can be called ‘‘surface nickel
black.”” The scheme in Fig. 10 illustrates
processes of sintering, oxidation and reduc-
tion of Raney Ni. The highest amount of
“nickel black™ is expected to form during
reduction of sample 1o which, according to
TPR data, takes up three times more hydro-
gen than sample 40. This accounts for its
maximal activity for nitrobenzene hydroge-
nation.
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F1G. 10. Scheme of Raney Ni transformation during
annealing (samples 1,2,4), oxidation (10,20.40), and
reduction (lor,2or 4or).

4or

CONCLUSIONS

Thermal treatment in a reduction me-
dium leads to sintering of Raney Ni with a
concurrent decrease in its lattice distortion
and increase in crystallite size. With an in-
crease in annealing temperature the free en-
ergy of the catalyst surface decreases, and
as a result a lower amount of heat is re-
leased and the oxidation depth is decreased
on their stabilization by mild oxidation. The
protecting oxide film is easily reduced un-
der mild conditions to form a layer of highly
dispersed ‘‘surface Ni black.”’ The amount
of the new active form is proportional to the
content of nonstoichiometric metal-oxygen
compounds on the surface of stabilized
Raney Ni and decreases with increase in
the temperature of preannealing. On reduc-
tion, transformation of the oxygen-contain-
ing films to microcrystals results in a partial
release of formerly covered catalyst surface
causing a growth in Sger. The reduced cat-
alyst is capable of adsorbing more than 60%
of hydrogen compared with a fresh one,
and is on par with the latter in terms of
activity for hydrogenation of potassium ma-
leate and nitrobenzene.

Hence, by thermal treatment in reducing
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and oxidizing conditions, one can not only
increase substantially the stability of Raney
Ni to storage in the air, but one can also
control its structure, composition, surface
morphology, and adsorption characteristics
and thereby affect its catalytic properties.

APPENDIX A

Calculation of Kinetic Parameters of
Temperature-Programmed Reduction

As in Refs. (28, 32) calculations of &, and
E were based on the equation

_do_ dn
d "
= ko Q¢ w7 - exp(—E/RT), (1)

where (1 is the amount of reducible sub-
stance reduced at time ¢, and » is the num-
ber of moles of hydrogen consumed in the
same time, u is the stoichiometric coeffi-
cients, ko the preexponential factor in the
Arrhenius equation, g and p are the reac-
tion orders for the reducible substance and
hydrogen, and £ is the activation energy of
reduction. Since Q = w - n, for the linear
heating at 8 = dT/dt rate one obtains

Z’: /;_; pd - nitr - exp(—E/RT), (2)
and taking logarithms
dn/dt] _kp' E
! [nw ! R @

From the experimental curve dn/dT = f{T),
we found values f; for various 7T in particu-
lar regions of peaks in order to obtain data
to plot Eq. (3). Kinetic parameters of k, and
E were calculated by the least-squares
method. The total reaction order p + g was
varied within the 0-2 range by 0.1 steps.
Also calculated was the mean-square error

[[Z fi — 7 ] (m —1)" ]m
m - (iﬁ)q.
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where m is the number of values f;. The
solution with (¢ + p) was chosen for which
V. was the lowest.

Most difficult in the calculation by the
above method is the correct deconvolution
of peaks. However, in these experiments
calculations show the solutions of Eq. (3) to
be stable enough to the method of process-
ing of the data. Several variants of decon-
volutions of TPR spectra lead to E values
differing from each other by not more than
20%. In order to check the calculation
method, another way of obtaining &k, and F
was used based on the dependence of the
maxima of the TPR curve on the rate of
heating B, as in Ref. (33). For one of the
samples an experiment was carried out at
B =0.08,0.16, 0.28, and 0.33 K/s, and the
values of E obtained differed by no more
than 20%. In all other cases 8 = 0.16 K/s,
and we used the method of calculation for £
and k, described above.

APPENDIX B

Calculation of Kinetic Parameters of the
Temperature-Programmed Desorption

E. and n were calculated from the equa-
tion

% = % - ko - exp(—E,/RT), (4)
where 0 is the surface coverage by hydro-
gen; n = 1 or 2 is the reaction order (molec-
ular adsorption at n = [; dissociative ad-
sorption at n = 2) and E, is the activation
energy of hydrogen desorption. Integrating
and taking logarithm of Eq. (4), one obtains
forn=1,

® E, 1
ln(——lnﬁ):A—F‘T, (5)
and for n = 2,
1 - & E, 1
w(grp)=A-F R ©

where A is a constant. E, for Egs. (5) and
(6) was calculated by the least-squares
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method. Selection of the solution was made
from a minimal V, error.
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