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Hydrogenation of Alkenes on Oxide Catalysts

Kh.M.Minachev, Yu.S.Khodakov, and V.S.Nakhshunov

A qualitative survey of available data has enabled pure oxides to be divided into five groups according to their catalytic
activity, Zeolites are less active than oxides corresponding to their cationic forms. The activity of an oxide catalyst
either increases continuously or passes through a maximum with increase in its temperature of ignition. This type of
dependence is explained by the surface dehydroxylation model on the assumption that the activity is determined by the
presence of electron-donating and electron-accepting sites situated side by side on the surface. The hydrogenation of
alkenes involves stages of activation of the alkene and of hydrogen, with on most oxides appearance of a semi-hydrogenated

form. A list of 91 references is included.
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I. INTRODUCTION

The problem of the hydrogenation of alkenes on oxide
catalysts began to attract the attention of research
workers only during recent years., Ozxides, though less
active than metals'™®, may in several cases have the
advantages of being less sensitive to certain catalytic
poisons, more highly selective, and easily regenerated.

In spite of the large number of experimental investigations,
hardly any reviews have appeared covering this field of
catalysis. A survey® of the conversion of alkenes on.
oxides contained a short list of references up to 1960,

In the present Review the problem of the hydrogenation
of alkenes on oxide catalysts is considered from the points
of view of the choice of catalyst, the nature of the catalytic
activity, and the kinetics and mechanism of the hydro-
genation of alkenes. Factual material is given illustrating
the features of reactions on various oxides and on certain
multicomponent systems,
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. ACTIVITY OF OXIDE CATALYSTS

1. Individual Oxides

Thirty individual oxides (Table 1) and several mixed
oxide systems have been examined as catalysts for the
hydrogenation of alkenes, The largest number of investi-
gations have been made on the oxides of zinc, aluminium,
and chromium, The alkenes to be hydrogenated ranged
from Cz to Cs, most of the work being done on ethylene and
propene,

Tables 2-4 give details of the conditions of preparation
of the catalysts and the study of hydrogenating activity.
Some 70% of the researches were made by a static method,
and the remainder under flow conditions. The tempera-
ture range of the investigations was extremely wide, from
-120°C for chromic oxide to 500-550°C with alumina,
silica, and vanadium sesquioxide. The pressure of the

Table 1. Elements whose oxides have been investigated in the hydrogenation of alkenes.
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reaction mixture under flow conditions was usually atmos-
pheric, but in the static method it varied from 45 torrs to
The molar ratio of hydrogen to alkene usually

exceeded unity.

60 atm.

Table 2.

catalysts for the hydrogenation of alkenes.

Conditions of preparation and activation of oxide

Catalyst Preparation and activation of catalyst Alkene Ref.
MgO | MgCo, —5—— MgO (400°, Hy) GHq 5
ALO, A1(OCsHy); — Al (OH); 2552 .10, CH, 6.7
AL(NOy); — Al OH)y —222° - A1.0, CH, 8
B-Al (OH); —S2—— AL04 (500°, Hy) CHe °
AL(OR); - B-Al (OH); —jsr— AKOs CH, 10
AL(OCsHy)s — Al (OH)s o> ALO, CH, 113
Al (GH)y — Al,05(500°, vacuum) C,Hy 14
5i0, NaSiOy —Z H,510, 2~ si0, CHe 5
TiO, Ti (G0, CH, 5
Ti (OC3Hj)s AcOH _, H,TiOs — Ti0, (anatase) C,Hq 16
TiO, — rutile (commercial) CH, 16
V.0, (NH,JsVO, CHq 5
NH,V0, —2%, pyo, C,Hy 16
Cr0y | Cr(NOgy s ¢r (M), ~—— Cr,04 E‘;ﬂ: v
CsHye
Cr(NOg)s 2% > Cr (OH)s — Cr,04 poch o B
Cr (NOz)s MO, ¢ (OH), P "
Cr (NOg)y — %2, ¢ (OH), — 0-Cr;08 GHe 16
Cr (NOg)y — -, ¢r (OH), v_a‘;.":T" 1,0, GHq 0
Cr (NOg)s ——, ¢r (0H), 2 ¢.Cr,0, CH. 21
MnO MnG,0, ,Hy) CH, 5
FeOy | Fe(NOy)y YO, Fe (OH);, —go—— 0-Fe,0; CH, 1
€00, | CoNOYy B Co (OH)——— Cos04 CHe 1
NiO Ni (OH), > NiO CH, 16
700 ZnG,0, ~¥—— 710 CH, 5
Zn (NOy), MO, 71 (OH), ——— 700 (260°, vacuum) | G,H, 16
0G0 ;s 700 CH, 2
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Table 2 (Cont'd.)

Catalyst Preparation and activation of catalyst Alkene Ref.
znco, 2B, 70 (OH), 2 mm— Zn0 GH, | mau
Z0C0y Yy 70 (OH), o= ZRO CHe | s
Zn0 (300°, O,; 300°, Hy; 450°, vacuum) C,H, 2
ZnC,04 — ZnO (450°, vacuum) CHq 27
ZnO (300°, H,; 450°, vacuum) C,H, 28,29
Zn0 (400°, Oy 450°, vacuum) C.He %0
ZnC,0, — Zn (OH), “*£~ Zno CH, 31
ZnO {500° , vacuum) CgH, 32
5¢,05 | Sc(OH) (NO), T, sc (OH), 2 s 56,0, CoHq 5
Y,0, Y N0y, L, v on), = v,0, C,H, ©
Y(Noy, L v (oHy, - ¥,0, (610°, Hy) Gt | ws
Cetyy
210, Zr (NOg) M, 71 (OH), e 20, CH B
Mo,O4 (NH)gMoOq — Mo,05 C,H, 5
MoO,,, | (NHoeMo:O —l—'—vaﬁﬂz MO, GHe | %
LnO, | Ln(NOgy 2 1n(OH), 22 JH) | cHe | s1—so
(Ln=La, Nd, Ho, Er)
Ln (NOy), o 1 (OH), ~252% s 1,0, CH, 3
(Ln=La, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tu, Yb, Lu)
Ln (NOp); 2%, L (OH)y 72— LnO,, — GH, | =
T — Ln,0, (n=Pr,TbEn)
CeO, | Ce(NOp; XM, ce (O, %m CeO,_ CH, 3
HfO, HI (NOy), %~ Hi (OH)s —5%%-» Hi0, CHe 33
WO, WOy — commercial (250°, He) C,Hy 40

It is evident from Tables 2-4 that quantitative compari-
son of oxides with respect to catalytic activity is difficult.
Besides differences in methods of estimating activity,
the oxides differed considerably in mode of preparation and
conditions of activation. At the same time a cautious
approach is necessary to assessing results obtained in
individual investigations, Thus mutually different results
were obtained in studies of the catalytm activity of alu-
minium oxide by six groups of workers ®*'****, ~ Analogous
differences are observed when a comparison is made of
researches on the catalytic act1v1ty of the oxides of
zinc ®'%292-32 a4 vanadium®?®*. Germain®® remarks
correctly that “the pretreatment of oxides is so important
that some doubt must be cast on the significance of laws
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of hydrogenation”. Another important factor determining
the observed catalytic activity is the purity of the initial
alkenes and hydrogen. The poisoning effect of water on
the activity of oxides has now been proved. Nevertheless,
the degree of purification of the gases was not indicated

in the papers cited above. Thus the data in Tables 3 and
4 permit only certain qualitative conclusions on catalytic
activities,

Table 3. Activity data on oxide catalysts for the hydro-
genation of alkenes, obtained by the static method.
Reaction conditions 5
i S Activity* mol 3 R
Oxide Alkene temp., °C r‘:ie:‘s:[r:’of _22 cf Et::mp., °0C ;m s Ref.
torrs CnHon
M CH 400 760 1.6 0 5
Aﬁg, CH, | 3s0—450 | 500 1.0 (%5, =12 min) .
(450°)
CH, | 100—200 600 1.0 0 M
Si0, CH, | 350—500 | 50—100 1 6-40711 (350°) 5
TiO, C,H, 400 760 1.2 0 .
C.H, 400 7;3 % 1.4.10 1 e
V,0. H, 400 M
e C’H.‘ 400 45 2 1,2.10-0 5
CH: | 400—550 [300—600| 0.5—2 1.3.10-% (500°) o
Cr,05 czg., 350—370 760 1 — v
61
CsH
“Hy —120 45 2 6.3-1078 ©
C,H, —178 300 2 — 2
CH, 0-+-40 — - — a1
MnO C;H, 400 760 1.5 0 s
C,H, 400 45 2 0 I
Fe,Os CH, 140 75 2 0.3-10-10 1
Cos04 CsH, 20 45 2 1.5.10~s 16
CH, | —78—30 | 2070 1 — 2
NiO CH, 100 45 2 2.10-° 16
Ha }48 68 Eatmj g.g - a
Cu0 H, 8l 60 (atm) B — 13
7n0 e 400 0 1.2 T g = 60 min) s
CH, 100 45 2 0.9-10-8 i6
CH, 39—218 600 1.5 2.40719 (56°) 2
CH, | 140—162 | 50—200] 0.5--2 410714 (25°) 2, 2
C.H, 80—400 | 30—300 1 — 2. 26
C,H, 25 300 2 = e 20
C,H, 25—60 150 10 5.5.107% (25°) pi
C.H, 20 10 - 2
H, 20 130—400|  3—10 5.107° 20
CH, | 105—120 00 - al
C,H, 0—30 300 2 - 32
Mo,0, C;H, 400 760 1.5 (Tg.pr = 60 min) s
00, CH, 250 200--700 3 0 36
Se,0 CH —78—20 10 1.2 0.16-10~° (—178°) 3
Y0, GH, | —18—20 10 1.2 0.6 10-%(—18°) -
Zr0, CH, 20—400 10 1.2 0 2
LnO)° | CHy | —78—20 10 1.2 |3.4—0.1-10~ (—78°)| 33
HIO, CH, —55 10 1.2 0.06-10~¢ 33

* In several cases the activity is expressed as the time 7
required to reach a specified degree of conversion.
**  Ln<La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tu, Yb, Lu.

From the above results it may be supposed that the
oxides of titanium, iron, silicon, molybdenum, magne-
sium, and manganese are almost inactive, while those of
aluminium, vanadium, and nickel exhibit slight activity.
Cobalt and zinc oxides are moderately active. The most
active are chromic oxide, rare-earth metal oxides, and
the analogous yttria and scandia, which approach metals
in their catalytic properties. Thus chromium and lan-

thanum sesquioxides are able to catalyse the hydrogenation

of ethylene even at -120°C.*
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A semiquantitative comparison is possible for three
groups of oxides. Thus Lazier and Vaughen® used a
recirculation method to compare the activities of magne-
sium, titanium(IV), vanadium(lI), chromium(OI), man-
ganese(Il), zinc, and molybdenum(IIl) oxides. The cata-
lysts differed in method of preparation, but the conditions
of activation-treatment with hydrogen at 400°C —were the
same (Table 2). Chromic oxide was more active than the
zinc and molybdenum oxides; the remaining oxides were
inactive. On the whole these results agree with subse-
quent investigations. Other workers'® have also found
manganese(II) oxide to be inactive. However, varying the
conditions of preparation and pretreatment has revealed
some slight activity in titanium and vanadium oxides'®*.

Table 4. Activity data on oxide catalysts for the hydro-
genation of alkenes, obtained by the flow method.

Reaction conditions
Conversion, %
. o pressure of H space {reaction rate,
Oxide | Alkene | temp.,"C mixture*, 2 velocity, | molem2s), | Ref.
abs. atm CnH2n nl at, °C)

Al,04 C.H, 0 1 5 850 79 8
Al,04 C,Hy 120—430 0.25 6.5 60 000 (10-®, 200°) 9
AlOg CHy 200 0.3 8.7 60 000 (1.4:-1079) 10
Al,Os C,Hy —20—240 | 0.01—0.2 — — — 11—13
Cr,04 CsHe 200 1 3 200 98 18

CsHie 350 —_ 34 3400 79 18
ZnO 0 0.001—0.07 — 60000 — 30
Y05 C;H, 110 0.5 5 576 100 34, 35

CgHg 185 0.5 3 192 76 34, 36

CgHio 320 0.5 — 216 75 34, 35
La,Oy CsHe 140—210 0.5 3 600~—3 000 23—40 37—39

403 CsH, 140210 0.5 3 600—3 000 49—81 3739

Ho,0, CgH, 140—210 0.5 3 600—3 000 43—72 3739
Er,0; CgHg 140—210 0.5 3 600—3 000 35—59 3738
WO, CH, 425—250 1 5 1000 | (1.6-107, 25°)| ~ 4o

* Total pressure brought to 1 abs. atm with nitrogen or
helium,.

107, moles m™2s7!

— o
6660 L 20
w4509
3600
29°
500
100°
40} 100°
] !
Ti0, V,0, Cr,0; Mn0 Fe,0, Coy0, Ni Zn0
Figure 1, -Catalytic activity of oxides of elements in the

first transition series towards the hydrogenation of ethylene
at various temperatures, where 7 is the reaction velocity.
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Harrison et al.'® examined the catalytic activity of
oxides of transition elements in the fourth period (with the
exception of scandium and copper oxides) towards the
hydrogenation of ethylene, Comparison of the oxides was
not altogether rigorous, for methods of preparation and
conditions of activation varied considerably. Further-
more, initial rates of hydrogenation on these oxides were
determined at different experimental temperatures. The
two-peak pattern of catalytic activity obtained for this
series of oxides (Fig. 1) was explained in terms of the
electron configuration of the cations containing 3d elec-
trons, in conformity with Dowden's ideas®®. Increase in
the coordination number of the cations Cr* and Co* from
5 to 6, in contrast to other cations, was accompanied by a
greater gain in stabilisation energy of the crystal field.
Hence adsorption or other stage accompanied by a change
in coordination number was assumed to be the limiting
stage. The two-peak pattern of variation in catalytic
activity in the series of transition-metal oxides in the
fourth period has been confirmed*” in a study of the hydro-
genation of propene by a pulse microcatalytic method.

3.4
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d87 @
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rate of hydrogenation of ethylene 10%r, moles m™2 s7!

08 x @
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o4t/ x —x X
gl 1 )n‘ Lo 1\¥’>1(_:f T~

SC Y i1 Pr Nd SmEuGd T Dy Ho Er Tu Yb Lu
oxide

Figure 2. Catalytic activity of rare-earth sesquioxides
at different temperatures (after ignition at different tem-
peratures, °C): a) 20 (600); &) —78 (700); c) —78 (800);
d) =18 (900).

An investigation has been made ** of the catalytic activity
of oxides of rare-earth metals from lanthanum to lutetium,
as well as the oxides of scandium, yttrium, zirconium,
hafnium, and chromium, towards the hydrogenation of
ethylene. All the catalysts were prepared in the same
way and were conditioned in a vacuum (to 107° torr) at
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various temperatures. Praseodymium, cerium, and
terbium oxides were also hydrogenated and the reduced
specimens were further conditioned in a vacuum at the
same temperature.

I
/
3 //
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3 \
8 \
\
\
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\
\
\
I Y A | 11 ]
Lo PrNd  SmEu Gd Tb DyHo Er Tu Yb Lu

oxide

Figure 3. “Maximum” catalytic activity of rare-earth
sesquioxides in the hydrogenation of ethylene at -78°C.

The catalytic activity of lanthanum, praseodymium,
and neodymium exides passed through a maximum with
increase in the temperature of ignition; with all the other
rare-earth sesquioxides the activity increased steadily.
This feature of the behaviour of the three oxides was due
to their ability to undergo a polymorphic transformation
over the temperature range 600-900°C, from a body-
centred cubic structure (C-form) to a hexagonal structure
(A-form), It was therefore assumed that the accom-
panying increase in coordination number of the cation
(from 6 to 7) diminished the catalytic activity., A similar
conclusion follows also from results for non-stoichiomet-
ric oxides of cerium, terbium, and praseodymium, The
dioxides of these metals have a fluorite structure with
coordination number 8, and do not exhibit catalytic activ-
ity. The appearance of activity in the terbium and praseo-
dymium oxides after ignition at 800°C is due to their
partial decomposition, leading to a structure, derived
from fluorite, with a certain number of vacancies in the
oxygen sublattice and some cations having coordination
number < 8,

Fig. 2 shows that the law of variation of specific cata-
lytic activity in the series of rare-earth oxides is deter-
mined by the temperature of ignition. Thus the activity
of lanthanum oxide is least after vacuum treatment at
600°C, and greatest after such treatment at 800°C.
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Praseodymium and neodymium oxides exhibit maximum
activity after ignition at 700°C, but many other oxides at
900°C. Thus these oxides require different ignition
temperatures before they develop their maximum catalytic
activity. The results indicate the difficulty of comparing
the catalytic activities of oxide systems.

10%7, moles m™2 57!

3}

| | I
scz 03 Y?. 05 Lu103

Figure 4. Activity of oxides of the scandium subgroup in
the hydrogenation of ethylene at -78°C.

It has been suggested ** that oxides should be compared
after they have been ignited at temperatures ensuring
maximum activity. Fig.3 shows that such comparison
gives for rare-earth oxides activities differing by factors
of 10-10°. 1In this respect the rare-earth oxides differ
significantly from those of transition elements in the
fourth ?eriod, whose catalytic activities vary by factors of
10°-10°. The greatest variation in activity is observed
in the series of oxides from lanthanum to gadolinium
(cerium subgroup), the remaining oxides (yttrium sub-
group) show a less marked variation, It is interesting
that the fundamental chemical properties also show
greater variation in the former than in the latter subgroup.
Scandium and yttrium oxides were closely similar in cata-
lytic activity (Fig.4), as in many other chemical proper-
ties, to oxides of the yttrium subgroup.

Table 5, Hydrogenating activity of oxides (rate of hydro-
genation of ethylene at -78°C) and electron configuration of
cations.

9, 109
Oxide Configuration m 0112 r;'.2 sl Oxide | Configuration moleomth &1
Sc,0. 0.18 La,O 4f05d° 2.8
Ti;" ade 0.0 retss, 16) Jebe | ¥ 0'0
Y,0; 0.6 Lu,O. 4f1454° 0.25
2404 i o) HIO, 0.04

Comparison of the activities of a few pairs of oxides
(Table 5) indicates that catalytic activity does not depend
solely on the electron configuration of the cation. Theo-
retical views suggested *° that the activity of scandium
oxide would be low, which is inconsistent with recent
results ¥,
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The fall in catalytic activity of the oxides observed
from lanthanum to lutetium and from lanthanum to scan-
dium (Fi‘és. 3 and 4) correlates with the decrease in their
basicity ™. This correlation explains also certain other
experimental results: (i) acidic oxides—the dioxides of
cerium, praseodymium, terbium, zirconium, and titani-
um—are not active catalysts for the hydrogenation of
ethylene; and (ii) acidic impurities—oxides of nitrogen,
carbon dioxide, and water—are catalytic poisons.

2. Multicomponent Oxide Catalysts

Study of a chromium-alumina catalyst in the hydro-
genation of butene revealed* that it was relatively unstable
and highly sensitive to traces of moisture, oxygen, and the
treatment conditions. The butene was 5-50% hydro-
genated over the temperature range 220-340°C. Hydro-
genation of ethylene on this type of catalyst®® gives yields
of ethane reaching 80-90% with an equimolecular mixture
of ethylene and hydrogen having a space velocity of 1000
h™! at 400-470°C. The hydrogenation of propene on a
potassium-chromium—alumina catalyst has been studied ™
by a pulse method at 450-600°C.

10%7, moles m™2 7!
10%7, moles m™2 57!

50 |~ — 50

5

| H

0 20 cCr,wt%

Figure 5. Rate of hydrogenation of ethylene at —=78°C on
alumina-chrome catalysts obtained by the impregnation with
chromium trioxide of: 1) boehmite; 2) bayerite; 3)y-
alumina; 4) hydrargillite.

A circulatory static method, with an equimolecular
mixture of hydrogen and ethylene at an initial pressure of
60 torrs, has been used® to investigate the effect of
method of preparation on the activity of these types of
catalyst in the hydrogenation of ethylene at ~78°C. The
catalysts can be divided into two groups according to the
dependence of the activity on the chromium content (Fig. 5).
One group includes chromium-alumina catalysts based on
boehmite and bayerite (curves I and 2); catalysts pre-
pared from hydrargillite and from y -alumina belong to the
second group. Catalysts of the first group become more
active with increase in the chromium content, whereas the
activity of the others passes through a maximum at 7-10
wt.% of chromium,



Russian Chemical Reviews, 45 (2}, 1976

The difference observed between the two types of
chromium-alumina catalysts was explained by differences

in the distribution of chromic oxide on the carrier surfaces.

This involved the postulate that, with boehmite and bayer-
ite catalysts, the proportion of Cr* ions in the surface
layer increased continuously with the concentration of
chromic oxide. With catalysts based on hydrargillite and
v -alumina a similar relation is observed only at low con-
centrations of chromic oxide. With further increase the
fine crystals (or clusters) of the oxide become larger,
which may lead to a decrease in the surface concentration
of Cr*, and hence in catalytic activity. Catalysts based
on hydrargillite are the most active: with 6~8% of chro-
mium their activity is about tenfold that of any other
chromium-alumina catalyst, and they are only slightlv
inferior to chromic oxide, for which the reaction velocity
under the same conditions is 50 X 10™® mole m™2 s™*,

The introduction of potassium into a boehmite chromium-
alumina catalyst diminishes the activity (Table 6).

Table 6.

Potassium, wt.% 0 0.5 1.0 2.0 4.0
1097, moles m-2 571 27 25 23 19 17

Fig. 6 illustrates the degree of conversion of ethylene
into ethane on a chromium-alumina catalyst as functions
of the partial pressures of water, pyridine, ammonia, and
thiophenol. The toxicity of these substances towards
catalysts varies in the same sequence as their acidity,
which reveals the basic nature of the active centres.

0.6
8
w04
2
z
3
B 0z
g A
b
o0
)
= 4 s ] i s
5 10 15 20

p, torrs
Figure 6. Kinetic isotherms for the poisoning of an
alumina~chrome catalyst in the hydrogenation of ethylene
at 420°C by: 1) ammonia; 2) pyridine; 3) water; 4) thio-
phenol,

In the presence of a zinc chromite catalyst?®® ethylene

was hydrogenated at 215-250°C. On an Mo0Qs.AL:Os cata-
lyst®, after activation with hydrogen at 500°C, ethylene
was hydrogenated over roughly the same temperature
range as on chromic oxide catalysts. A vanadium-alu-
minium catalyst is active*! in this hydrogenation at 400-
450°C. Komarevsky et al.>**° found that this catalyst,
reduced with hydrogen at 400°C, catalysed the hydrogena-
tion of butene, hexene, octene, butadiene, and acetylene;
under 115 atm at 475°C even benzene could be 27% hydro-
genated.
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The hydrogenation of heptenes is strongly catalysed by
C00.M00s.A1:03 over the range 250-275°C.°" Parravano
et al.® reported that ethylene can be hydrogenated on an
aluminosilicate at 345°C, a result qualitatively confirmed
by Topchieva et al.*® According to these workers alu-
minosilicates catalyse the hydrogenation of propene only
after pretreatment with hydrogen at 550°C. An alumino-
silicate containing 0.01% of sodium was more active than
a specimen containing a larger quantity. The rate of
hydrogenation of ethylene diminishes with increasing
acidity of aluminosilicate catalysts ®.

Table 7. Activity (measured by rate of hydrogenation) of
neodymium compounds.
C d 1037, mol.
ompoun 1 Nd3+ jon-l

Nd203, A-form 0.5

Nd»03, C-form 1.2

74 mole % Nd203-CeO, 1.2

37 mole % Nd203-CeOy 0

7Nd203.98i0, 0.022

Several neodymium compounds have been compared
with the A- and C-forms of the oxide in the hydrogenation
of ethylene at =78°C (Table 7)." Analysis of the results
revealed a relation between the activity and the coordina-
tion number of neodymium. The C-form of the oxide and
a solid solution of 74 mole % of the oxide with cerium
dioxide, containing Nd* in octahedral coordination, had
similar activities per cation. The corresponding 37
mole % solid solution was catalytically inactive and con-
tained cations only with coordination number 8. The
orthosilicate 7Nd20,.98i0z contained two types of cations,
the relative proportions of which with 7 and 9 coordination
were 2:5, If it is postulated that the latter cations are
inactive, recalculation for cations of coordination number
7 yields a value (8 X 10™° mol. s™ ion™ Nd*) very close
to the activity of the A-form of neodymium sesquioxide
with Nd* ions in the same coordination.

3. Zeolite Catalysts

Until recently few studies had been made of the influ-
ence of zeolites on hydrogenations. The activity of y -type
zeolites in the hydrogenation of ethylene was first estab-
lished by Minachev et al. ® for the neodymium, calcium,
and decationised forms. Hydrogenation took place with a
space velocity of 2000 h™ at 78-150°C. With the condi-
tions adopted for regeneration (treatment with air at
500°C for 2 h) the activity of the catalysts diminished from
experiment to experiment. The zeolite containing neo-
dymium was more active than the calcium and decationised
forms; the sodium form was inactive. It is significant
that the hydrogenation of ethylene in the presence of neo-
dymium y -zeolite was promoted by oxygen, which was
later found to activate the hydrogenation of ethylene also
with alumina %,

Results obtained by Topchieva et al.***® using a pulse
method indicated that sodium, yttrium, and chromium-
zeolites were active in the hydrogenation of propene at
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200°C. The activity of the yttrium form depends on the
temperature of pretreatment with hydrogen (200-640°C),
reaching a maximum after activation at 350°C. Exchange
of sodium for yttrium exceeding 50% produces sharply
diminished selectivity of hydrogenation. Thus, whereas
propane was the only product with yttrium y-zeolite at a
degree of exchange of 46%, the selectivity of the reaction
with a specimen having 77% exchange did not exceed 30%.
Similar results were obtained with the chromium form
(degrees of exchange 4% and 11%), At 200°C the degree
of hydrogenation on chromium y -zeolite reached 23-50%.
All specimens rapidly lost their activity. The initial
activity of the sodium form was lower than those of the
yttrium and chromium forms.

Table 8. Catalytic activity of zeolites and oxides in the
hydrogenation of ethylene.
Catalyst Temperature, °C Reaction velocity,
4 activation hydrogenation 1037, mol. 51 jon-
0.8CrNaV; Si/Al=2.1 500 —30 3.0
600 —30 3.4
700 20 0.5
0,65CrNay; Si/Al=25 450 —40 0.04
500 —40 0.1
0.27CrNay; Si/Al=25 500 —60 34
600 —60 0.8
027FeNay; SijAl=25 400 400 0.1
500 400 0.2
0.57LaNay; Si/Al=2.1 500 20 0.2
0.25NdNay 500 20 0.8
Cr.0; 500 —178 6.6
Nd:Os 700 —78 2.0
La,0s 800 —18 4.0
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Figure 7. Dependence of activity of CrNa Y -zeolite in the
hydrogenation of ethylene at 20°C on the degree of exchange
of Na* for Cr*,

A detailed comparative investigation of the catalytic
properties of various cation-exchange forms of y-type
zeolites in the hydrogenation of ethylene as functions of
the type of cation, degree of exchange, and ratio of silicon
to aluminium has been made ®*® by a circulatory static
method with an equimolecular mixture of hydrogen and
ethylene at an initial pressure of 60 torrs. This has
shown that, after vacuum treatment (10~ torr) over the
range 400-700°C (in steps of 100 deg), the sodium,
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copper, barium, calcium, and decationised forms of the
zeolites were inactive from -78 to 400°C. Only zeolites
containing tervalent cations—chromium, lanthanum,
neodymium, and iron—were active (Table 8). With
increase in the fraction of chromium exchange cations
from 0,08 to 0.65 the catalytic activity passes through a
maximum at a degree of exchange of 0.27 (Fig. 7).

Increasing the ratio of silicon to aluminium from 2.1 to
2.5 (cf. 0.8 CrNa and 0.65 CrNa Y-zeolites [Table 8])
leads to a change in catalytic activity. These results
suggest non-uniformity of the active centres, probably due
to differences in the distribution of cations among several
possible sites ™. Table 8 indicates also that the chromium
form of the zeolite acquires its maximum activity after
being heated in a vacuum at 500°C, which was the optimum
temperature also for other cationic forms., Ignition at
temperatures above 600°C caused irreversible loss of
activity, although the zeolites retained their crystalline
structure. This peculiarity of behaviour can be attributed
to migration ®*% of cations from large to small cavities,
so that ion-exchange cations may form part of the active
centres of hydrogenation. This hypothesis is supported
by the qualitative analogy between the catalytic properties
of oxides and zeolites., Oxides of tervalent elements form
the activity sequence

Cry05>L8;05>Nd,053> Fe,0,,
which on the whole is consistent with that of the zeolites
CrNaU>NdNaU> LaNaU>>FeNau.
The activation energies for the hydrogenation of ethylene
on oxides and zeolites are roughly equal at 3-8 kcal mole™,
The lower activity of zeolites than of oxides may evidently

be attributed to steric inaccessibility of some of the ion-
exchange cations.

Table 9.

NaM LiM KM CaM MgM ZnM CIM HM
98.3 87.7 11.0 98.6 69.4 59.7 17.4 19.7

Zeolite
Cyclohexane, %

Cationic forms of mordenite were first shown by
Minachev et al.® ™ to catalyse the hydrogenation of
ethylene and benzene. Under the conditions adopted—
4H: + C2H4 with space velocity 750 h™ under 1-30 atm at
215-235°C —ethylene was completely hydrogenated in the
presence of NaM zeolite; with the potassium form hydro-
genation was 20-92% complete. Table 9 gives the yields
of cyclohexane from the hydrogenation of benzene (CeHs +
5Hz at 1 h™ under 30 atm at 250°C).

III. NATURE OF THE CATALYTIC ACTIVITY

Despite the differences in approach by different authors
and the use of an extremely wide range of methods, only
a limited number of hypotheses have been made on the
nature of the catalytic activity: (i) many workers suppose
that coordinatively unsaturated cations are present in the
active centre; (ii) in several papers catalytic activity was
associated with ions of metals in a certain valency state;
and (iii) several investigators assume that an active centre
contains not only cations but also oxygen ions.
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The first hypothesis provided an explanation for the
many experimental data on the influence of heat-treatment
conditions and the reversible poisoning effect of water
vapour on the catalytic activity of oxides of aluminium 6”,
zinc #729%2  chromium'®7°, rare-earth metals *~%,
and silicon'®, as well as that of zeolites ®®. On this
hypothesis the reason why oxides must be ignited for
catalytic activity to develop is that, under the usual con-
ditions of storage, the surface becomes hydrated by con-
tact with atmospheric moisture, and contains no coordi-
natively unsaturated ions. The increase in activity as the
temperature of ignition of the oxides is raised is attributed
to increase in the number of such cations. The activity
of zeolites passes through a maximum as this temperature
is raised, which could be explained *® by two factors: the
activity of the zeolites is increased by the appearance of
coordinatively unsaturated cations at high temperatures;
on the other hand, the number of cations accessible to
reactant molecules diminishes because of their migration
into small cavities., Incorporation of cations into active
centres follows also from the identity of the activity
sequences of oxides and corresponding cationic forms of
zeolites.

20H™—=H,0 + 0?+[ 1"

@w O o

* Anionic vacancy on surface.

Figure 8. Diagram of cross-section through surface of
aluminium oxide at various stages of dehydroxylation, with
the surface: I) completely hydrated; II) completely dehy-
droxylated; IN) partly dehydroxylated.

However, no quantitative comparison between the num-
ber of cations in a certain coordination environment and
catalytic activity was made in the above studies. Such
comparison is now possible for alumina, whose ability to
catalyse the hydrogenation of ethylene at 250-450°C
appears only after heat-treatment at 450°C, ®” when at
least 30% of the surface aluminium ions change their
coordination from 6 to 5. Yet according to Weller and
Hindin” the number of active centres does not exceed 1~-2%
of the total number of surface ions, since at this particular
coverage with water the catalytic activity of alumina is
completely lost. Raising the temperature of ignition from
450 to 550°C increases the number of coordinatively
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unsaturated cations only by 30%, while the catalytic activ-
ity increases by a factor of 20! Thus no direct functional
dependence is present between the total number of coor-
dinatively unsaturated cations and catalytic activity.

This conclusion suggests the non-uniformity of such
cations, which is clearly illustrated by Peri's model of
dehydroxylated aluminium oxide ™, The partly dehydroxy-
lated surface (Fig.8) contains a disordered layer of ions:
at some sites (Ille¢) oxygen ions accumulate in direct con-
tact, and at others (IIIb) coordinatively unsaturated cations
are situated side by side. Catalytic activity towards
hydrogenation could then probably be related to sites of the
latter type. Their ability to catalyse migration of the
double bond in butenes had earlier been proved by Peri™.
The number of such sites (Fig.8—1I and III) and hence also
the catalytic activity of the oxide should pass through
maxima with increase in the degree of dehydroxylation
(and in the ignition temperature). This conclusion is
consistent with results for chromic oxide *® and zinc
oxide ®,

The relation between catalytic activity and the valency
state of the cations has been discussed. Chromic oxide,
CrNa Y-zeolite, and chromium-alumina catalysts strongly
catalysed the hydrogenation of ethylene in the absence of
Cr® ions™. Catalysts containing a considerable quantity
of Cr® and Cr® ions were inactive, which allows us to
reveal the catalytic activity of Cr® ions. With cerium,
praseodymium, and terbium the sesquioxides also posses-
sed catalytic activity, but the dioxides were almost
inactive. Under the experimental conditions ™ ions of
bivalent rare-earth metals were not formed, and hence
the activity of these elements was due to the tervalent
cation.

It was postulated in most of the above papers that
ethylene underwent hydrogenation on a centre containing
not only a cation but also an oxygen ion, but no evidence
was given. Such evidence includes *® the relation found
between catalytic activity and basicity, which may be
governed ™ by the oxygen ions.

IV. KINETICS AND MECHANISM OF THE HYDROGENA -
TION OF ALKENES

The mechanism of the hydrogenation of alkenes (mainly
ethylene) has been studied most thoroughly on the oxides
of aluminium, zinc, chromium, and rare-earth metals,
Kinetics, infrared spectroscopy, thermal desorption,
and other methods enabling the reactivity of adsorbed
species to be estimated have been used. In a few cases
a tracer technique was applied. Since a kinetic method
has been used most frequently, we begin with an account
of the principal results obtained in studies of the kinetics
of hydrogenation.

Table 10 shows that many kinetic equations have been
suggested. One example indicated that the reaction
velocity is almost independent of the partial pressures of
the components®?, According to others 2°726:38:%,%9:7 t1q
rate is determined solely by the pressure of hydrogen or
ethylene. Two formulae*?* were of the first order with
respect to the initial reactants, and in three cases °*/%*
equations of the type 7 = kPHzPCnH:;f were found. Thus
inspection of Table 10 indicates that the kinetic orders
with respect to hydrogen and the alkene usually vary from
first to zero. The rate of the reaction is unaffected by
the pressure of alkanes, except in experiments with silica
and Co0.MoQOs.Al20s catalysts. The form of the kinetic
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equation depends on the chemical composition of the
specimen, the conditions of pretreatment, and the tem-
perature range of the investigation (cf.2 and 3, 9-11, 13
and 14 in Table 10). The activation energy of the reaction
varies over a wide range, from 0 to 24 kcal mole™,
probably being a function of temperature. With the oxides
of aluminium, zinc, and rare-earth metals the activation
energy falls to zero with rise in temperature.

Table 10. Kinetic equations and activation energies of
hydrogenation of alkenes on oxides.
Activation
No. Catalyst Equation energy, Temp. range, Ref.
kcal mole~! °C
1 | ALOs r = kPy P&%, 9 120—180 9
0 300430
2 |ALO, r=kPy (1 —8c)0cy, 7.7 —20+-25 e
3 |AlLLO, r=FkPy 8y, 0 90—240 1
4 |[Si0, r = kP, ! + K'Pc,u.) 8 350—500 15
5 [V,08 r=#kPyPcu, 22.0 400—550 a
6 |Cr,04 r=kPYPEN, 18 200—350 18
7 |ZnO r=kP¥Y, 18 39—56 22
8 {ZnO r=kPy, 22 140—162 | 23, 2¢
9 [Zn0 r=kPy, 22 80—125 | 25, 2
40 {ZnO r = kPY2PEL, 4.5 140—475 2, 26
11 {ZnO r=kPcp, 0 210—225 25, 26
12 |ZnO r= kP -Ocy, - 20 29%, 78
13 Ml’a?)' (Y.la, Ho, [r=4hP}} 5—6 130—180 | 35, 38, 39
14 MEE)), (Y,La,Ho, |r= kPH.PC.H. 0 230—260 | 35, 38, 39
15 | WO; r=kPy PR, - 125—250 0
16 | Vg05-Al,0s r=kla+ (KH)™"IPc 7.6 400—550 4
17 | CryO5-Al0s r=kPy PEY, 10 220—340 Y
18 | MoO,-AlOp r=kPy PES, 4 150—450 5
19 | CoO-MoOs-ALOs | r=kPy (P . 1Pc )| 22-5—24.5 | 250—375 57
20 | Y,0s, La,0p, HoOs| r == kP, 5—6 —22--22 7

* Experiments conducted in a stream of hydrogen after pre-
liminary adsorption of ethylene, where 6C,H, is the degree
of surface coverage with ethylene.

The kinetic results can equally well be explained by the
ideas of Eley and Rideal, who assume activation of only
one of the reactants (hydrogen or alkene), and by those of
Langmuir and Hinshelwood, who regard the interaction of
adsorbed species as the limiting stage. In most of the
papers cited it is assumed that the catalytically active
surface is homogeneous. Nevertheless, the kinetic equa-
tions with fractional powers of reactant partial pressures
(Table 10) can be explained also by energetic non-uni-
formity of the active centres.

Sinfelt ® explained the kinetics of the hydrogenation of
ethylene on aluminium oxide by means of Twigg's mecha-
nism”, involving a stage of interaction between hydrogen
adsorbed by van der Waals forces and chemisorbed
ethylene:

1
CH( 2 CIHn—an 3
2
»

»
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3

CH,—CH, + H, 2 CH; + H-5 GH,
L}

Lol 1

A comparative study of the catalytic activity of aluminium
oxide towards the hydrogenation of ethylene and of hydro-
gen-deuterium exchange data suggested 7 that activation
of ethylene was the limiting stage. Lucchesi et al.™
detected by infrared spectroscopy the adsorbed ethylene
and ethyl assumed in Twigg's mechanism.

Amenomiya and Cvetanovic® used thermal desorption
to examine the mechanism of the hydrogenation of ethylene
on aluminium oxide, and established the presence of two
types of adsorption centres, differing in energy of bonding
with ethylene. These centres occupy 2.8% of the alumina
surface; 60% of them have an activation energy of desorp-
tion of 26.8 kcal mole™, and 40% an activation energy of
36.4 kcal mole™. Hydrogenation of ethylene occurred
more readily on centres of weak adsorption. Ethylene
sorbed on them gave with deuterium 1,2-dideuteroethane,
which was regarded as indicating hydrogenation by Twigg's
scheme. Interaction of the firmly bound ethylene with
deuterium gave a mixture of all possible deuteroethanes,
which was explained by a mechanism analogous to that
suggested by Horiuti and Polanyi®!:

Cotla 2 GH, a4s

H= {Hads
2
Hads

} 2 GHy ads} - GH,

This involves a stage of dissociative chemisorption of
hydrogen on centres with weak bonding of ethylene, and
the formation of ethane via a semi-hydrogenated state.

An attempt” at a geometrical interpretation of the
activation of ethylene on aluminium oxide suggested two
possible mechanisms-—adsorption of ethylene on two
neighbouring aluminium ions in the corundum structure or
two-point adsorption on an aluminium ion and an oxygen
ion—the length of the aluminium-carbon bond being taken
as 1.8 A in both cases (as in aluminium alkyls), The
activation of ethylene on vanadium sesquioxide was
assumed® to involve adsorption on two vanadium cations.

Interesting results were obtained in studies of the
mechanism of the hydrogenation of ethylene and propene
on chromic oxide, which showed'®”*° that hydrogenation
with deuterium at —=78°C did not involve exchange with the
hydrogen of the hydrocarbons. The hydrogenation of
ethylene with an equimolecular mixture of gaseous hydro-
gen and deuterium gave® ethane, deuteroethane, and
dideuteroethanes. Conner and Kokes® therefore assume
dissociative chemisorption of hydrogen and successive
addition of hydrogen atoms. A similar conclusion con-
cerning the mechanism of the hydrogenation of ethylene on
cobalt oxide between —78 and 30°C was drawn by some
Japanese workers “ from a study of reaction velocities and
product compositions for the four systems

1. GHy+H, 3. CHy + GDy + Hy
2. GH+ D, 4 GHy+H,+D,

The largest number of investigations on the mechanism
of hydrogenation have been made with zinc oxide.
Teichner et al.?*"2%#% on the basis of a kinetic study,
suggested a mechanism involving interaction between
associatively adsorbed ethylene and dissociatively sorbed
hydrogen. In contrast to the Horiuti-Polanyi scheme“‘,
all stages were assumed to be in equilibrium. This

scheme was made somewhat more detailed. Catalytic
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activity was found ** to be independent of the concentra-
tion of electrons in the conduction band. This was
regarded as indicating a covalent form of chemisorption
of hydrogen, as was confirm~1 also by infrared spec-
troscopy.

On the basis of infrared spectra Dent and Kokes® con-
sider that hydrogen is chemisorbed on coordinatively
unsaturated zinc and oxygen ions:

H H
I Uy

H, + b 2 —Zn—-0—
An analogous conclusion was reached by Eischens et al,®*
In the view of the former workers® the chemisorption of
ethylene is a consequence of 7-electron interaction with
oxygen ions., Hydrogenation of adsorbed ethylene takes
place by the successive addition of hydrogen atoms bound
to zinc and oxygen atoms. In the first stage 7 -adsorbed
ethylene becomes detached from oxygen and bound in its
semi-hydrogenated form to a zinc atom. The truth of
this mechanism is confirmed® by the detection, in the
infrared spectra, of the compound Zn-CzHs, which on
treatment with hydrogen disappeared at a rate closely
similar to the rate of hydrogenation. Krause®® also sup-
poses that the hydrogenation of ethylene on zinc oxide
involves an intermediate semi-hydrogenated form adsorbed
on zinc atoms. In contrast to Dent and Kokes ****, he
assumes that the 7 -adsorbed ethylene is attached only to
zinc atoms,

Table 11. Results for the mechanism of the hydrogenation
of ethylene on dysprosium sesquioxide at ~55°C.
No. Initial compound Reaction products
1 OHgy,f + D2 HD found only at > 120°C
2 Hags (w+8)***+ D) HD in minor quantity
3 Hags(s) + D2 HD not detected
4 Hagg(w +5) + CaDg CaH7Dy4 not detected
5 CaD4 ags + Ha CoHaDy
6 CoH4 + Hy CaHg; r=0.46 x 10-9%
7 CoH4 + Dy 99% CoH4D2; r=0.30 x 102
8 CD4 +Hy 97% CaDaHa; 7 = 0.42 x 10°9
9 CaHg + CoDg HD, CaHg _xDx, CoHgxDx—
not detected
10 CoHg + Dy HD, CyHg -xDy—not detected
11 Hy+Dj HD, r=0.38 x 109
12 CyH4 +Hy + Dy 47% CoHg, 21% CaHsD,
(1.7:1:1) 32% CyH4D7; HD**

* Rates of reaction for 50% conversion 7, mole m™2 g™,

** Detected only after ethylene had been completely hydro-
genated.
*** Weakly (w) and strongly (s) adsorbed.

Baranski and Cvetanovic®® have been able by means of
thermal desorption to study the reactivity of five forms of
adsorbed hydrogen and two forms of ethylene. They
found that only the most weakly bound forms of hydrogen
and ethylene take part in hydrogenation. The heat of
adsorption of such ethylene is 4-6 kcal mole™. The
yellow colour of tungsten oxide does not vanish when
ethylene undergoes hydrogenation on the oxide. This
suggested *° that the reaction does not involve atomic
hydrogen, and that ethane is formed by Twigg's scheme
of interaction of physically adsorbed hydrogen with
chemisorbed ethylene.
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The mechanism of the hydrogenation of ethylene and
propene on rare-earth oxides has been studied by both
kinetic and isoto?e methods. Kinetic investigations by
Topchieva et al, ***®'* established for the temperature
range 130-190°C a mechanism of hydrogenation analogous
to that of Polanyi and Horiuti®!, with interaction between
the adsorbed alkene and dissociatively chemisorbed hydro-
gen assumed to be the limiting stage. The mechanism
of the low-temperature hydrogenation of ethylene on dys-
prosium sesquioxide has been examined by isotope and
thermal-desorption methods ***7"%°, A series of reactions
which might hypothetically occur in the ethylene-hydrogen—
oxide system was studied (Table 11), It is evident for
reaction I that the hydrogen of surface hydroxyls is not
exchanged, and is probably not involved in hydrogenation,
under the conditions of catalysis (-=55°C), In conformity
with reactions 2 and 3 it was established that the two differ-
ent forms of chemisorbed hydrogen differed in reactivity.
These results suggested that firmly sorbed hydrogen
played no part in hydrogenation. Reactivity of adsorbed
ethylene was shown in reaction 5. The hydrogenation of
ethylene (reactions 7 and 8) gave only simple addition
products. These results indicate absence of dissociative
adsorption of ethylene or the ethane formed, which is
supported by the investigation of reactions 9 and 10, when
the hydrogen of the hydrocarbons (ethane and ethylene) is
not exchanged. Yet in the hydrogenation of ethylene with
a mixture of protium and deuterium (reaction 12) the
products of simple addition—ethane and dideuteroethane—
were accompanied by deuteroethane CzHsD, although Hz~D:
exchange does not take place under the conditions of
hydrogenation. Thus the above investigation shows that
the reaction may occur via a semi-hydrogenated form:

ks }liT"‘—l *'%TH:—n
ke £,
Hy aas @Hpge) + GH, 55— GHj 95 = GiHle,

where stage 3 is irreversible,

Comparison of rates of hydrogenation of ethylene by
reactions 6 and 7 revealed a kinetic isotope effect 7y/7p =
1.5. Yet rates of hydrogenation of deuteriated and ordi-
nary ethylene (reactions 6 and &) were almost the same.
Hydrogen—deuterium exchange and the hydrogenation of
ethylene took place at closely similar rates. Further-
more, the activation energies of the two reactions are
also equal at ~ 5 kcal mole™'. These results suggest
that the hydrogenation of ethylene is limited by the activa-
tion of hydrogen. Nevertheless, such an assumption does
not mean that hydrogenation can take place e.g. by the
interaction of chemisorbed hydrogen with physically
sorbed ethylene, according to Jenkins and Rideal's mecha-
nism®, In the presence of oxide catalysts migration of
the double bond in butenes is considerably more rapid than
hydrogenation ®**', The sequences of catalytic activity of
oxides for these reactions were closely similar, which
suggested that active centres for activation of the double
bond and for hydrogenation were analogous in nature.

The mechanism of catalytic hydrogenation should therefore
involve both stages—chemisorption of the alkene and
chemisorption of hydrogen.

V. CONCLUSION

The information reviewed above shows that oxide cata-
lysts are more complicated than metallic catalysts® ™,
Work on the latter has developed several methods for
obtaining pure and crystallographically uniform surfaces,



162

which has permitted the comparison of metals according
to their specific catalytic activity. With oxide catalysts
such comparison encounters several difficulties, pri-
marily because of the significant dependence of catalytic
activity on conditions of pretreatment. This dependence
is not always due solely to the desorption of impurities,
as with metals, but is connected with surface oxidation,
reduction, and dehydroxylation. Changes in chemical
composition are often accompanied by crystallographic
changes, which may also influence catalytic activity.
This was shown quite clearly by the catalytic properties
of oxides of rare-earth metals,

Existing data indicate that, with rise in the tempera-
ture of ignition, the activity of an oxide catalyst per
square metre of surface increases to a certain limit or
else passes through a maximum. The present Reviewers
have therefore proposed comparing the “maximum”
activities of oxides. However, the effect of ignition
temperature on the activity of several oxides has not been
studied, so that this approach does not lead to a quantita-
tive comparison of all the catalysts studied.

Qualitative consideration of the data enables oxides to
be divided into four groups

(1) very active—~Crz0s, Laz0s, Pr20s, NdzOs

(2) active—Sc20s, Y203, Sm20s, Euz20s, Gdz0s, T0=0s,
Dyz03, Hoz03, Er203, Tuz0s, Yb20s, Luz0s

(3) moderately active—Co0s0s, ZnO

(4) relatively inactive—Vz0s, NiO, Fex0s, AlOs,
Si0z, HfO:.

The oxides—Zr0z, MoOz-x, MgO, MnO, TiOz, CeOs:.
PreOun, and ThsO;—exhibit hardly any activity.

It follows from the above enumeration that hitherto no
study at all of catalytic activity has been made on the
oxides of gallium, indium, thallium, germanium, tin,
lead, niobium, tantalum, antimony, bismuth, tellurium,
alkali metals, transuranium elements, and certain other
elements intermediate in properties between metals and
non-metals. No data are available on the catalytic pro-
perties of oxides of the platinum subgroup.

The lack of data for many oxides and the limited study
made of others are probably among the main factors
preventing any general approaches to the prediction of
catalytic activity. The ideas of Dowden, who discussed
the energetics of the interaction of an adsorbed particle
with a coordinatively unsaturated cation, provide a partial
understanding of the variation of activity in oxides of the
first transition series. In order to explain the catalytic
properties of rare-earth oxides the Reviewers suggested
that activities were determined by interaction of an
adsorbed molecule with a basic centre. This hypothesis
provided a qualitative explanation also of the decrease in
activity on passing from oxides to zeolites and silicates.

Thus the development of approaches to the forecasting
of catalytic action depends on elucidation of the chemical
nature and the structure of the active centre. However,
an exact solution of the problem is impossible without
elucidation of the chemical nature of the adsorbed species
interacting on the surface and the mechanism of the
reaction. Despite the abundance of kinetic papers, the
mechanism of hydrogenation remains little studied. In
experiments with butenes not only can hydrogenation be
followed but the main laws governing migration of the
double bond, which requires activation of the latter, can
be determined. A series of oxides shows analogous
variation in activity towards hydrogenation and towards
migration of the double bond, which suggests that the
active centres for activation of the alkene and for its
hydrogenation are the same in nature. Migration of the

Russian Chemical Reviews, 45 (2}, 1976

double bond always occurs under milder conditions and at
higher rates than does hydrogenation, which leads to the
postulate that activation of hydrogen is the limiting stage.
This conclusion has been proved experimentally in a study
of the mechanism of the hydrogenation of ethylene on
dysprosium oxide.

In spite of the differences in systems studied and in
methods of investigation, most workers now consider that
the active centre contains an ion-pair comprising a coor-
dinatively unsaturated cation and an oxygen ion, which
adsorb a polarised hydrogen molecule:

HO- — Ho*
| |

| I
| !

I&I’te’” 102‘

This mechanism of activation of the hydrogen molecule
suggests that a correlation will exist between catalytic
activity and the polarising effect of the ion-pair, which on
the whole is apparent. Published information indicates
that oxides of trebly charged cations are the most active,
whereas those containing doubly and quadruply charged
cations either are relatively inactive or do not catalyse
hydrogenation at all. It follows also from the above
mechanism that easily polarisable substances will act as
poisons of catalytic hydrogenation. The relation found
between the toxicity of poisons and their ability to abstract
a proton supports the hypothesis that catalytic activity is
due to an ion-pair. Metals, on the other hand, are not
poisoned by most of the substances that are highly toxic
to oxides (e.g. water, pyridine, alcohols, ketones).

In the case of alumina, detailed investigation has shown
that not all coordinatively unsaturated ions are catalyti-
cally active. Centres of catalytic activity may be two
adjacent segments of the surface (electron-donating and
electron-accepting), respectively aggregates of coordina-
tively unsaturated cations and of oxygen ions. The
diminished catalytic activity of oxides after ignition at high
temperatures can be explained in terms of such a model by
a redistribution of surface oxygen ions leading to a regular
surface structure.

The absence of sufficiently accurate models of the sur-
face for most oxides is currently a serious obstacle to
confirming or refining existing views on the nature of
active centres.
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