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The dehydrogenation of cyclohexanone, cyclohexylamine, cyclohexane, and 2-propanol
and the hydrogenation of ethylene on palladium-tin-silica and the hydrogenation of benzene
on nickel-tin-silica were studied. With nickel-silica and nickel-tin-silica, the deposition of
carbonaceous materials was studied kinetically. The X-ray photoelectron specira of palladium-—
tin and nickel-tin were observed. The catalytic activities of both of the catalyst systems
changed in similar ways with the change of the Pd/Sn and Ni/Sn ratios (atomic) of the cata-
lysts. The dehydrogenation activity increased to a maximum and then decreased, with a de-
crease in the Pd/Sn and Ni/Sn ratios. The hydrogenation activity of the tin-containing
catalysts was much lower than that of the tin-free catalysts. Carbonaceous materials were ob-
served to be deposited more easily on the nickel-silica than on the nickel-tin-silica. The
palladium-4d and nickel-3d band peaks of the alloy systems obtained by X-ray photoelectron
spectroscopy were observed to shift to higher binding energies as the Pd/Sn and Ni/Sn ratios
decreased. From the amount of carbon monoxide adsorbed, the surface concentration of
palladium and that of nickel on the catalysts were suggested to be the minor determining factor
of the catalytic activity studied here. It is concluded that tin is not just a diluent for the active

metal but is an effective component to weaken the adsorption bond.

INTRODUCTION

The nickel-tin-silica catalysts have been
reported to show high activity in the de-
hydrogenation of cyclohexanol and cyclo-

! Present address: Fuji Photo Filin Co., Ltd,,
Nakanuma 210, Minami-Ashigara-shi, Kanagawa-
ken, 250-01, Japan.

2 Present address: Sumitomo Rubber Industries,
Ltd., Tsutsui-cho 1-1-1, Fukiai-kn, Kobe, 651,
Japan.

3 Present address: Kawaken Fine Chemicals Co.,
Ltd., Imafuku-Nakadai 2835, Kawagoe-shi, Saitama-
ken, 356, Japan.

¢ Present address: Mitsubishi Plastics Industries,
Ltd., Mitsuya-cho 53-8, Nagahama-shi, Shiga-ken,
526, Japan.

hexanone to phenol by Swift and Bozik (7).
On these catalysts, the dehydrogenation
reactions, such as cyclohexanone to phenol,
cyclohexylamine to aniline, cyclohexane to
benzene, and 2-propanol to acetone, were
studied by two of the present authors
(M. M. and 8. O.), and the optimum nickel-
to-tin atomic ratio (Ni/Sn) was observed,
l.e., Ni/Sn = 2.5 for cyclohexanone (1, 2),
8 for cyclohexylamine and 2-propanol, and
10 for cyclohexane (2). The presence of
narrow-range alloy phases was observed in
addition to the metallic nickel and g-tin,
Le., NiSn (7, 2), NisSny, and Ni;Sn, (2).
These alloy phases have been considered to
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TABLE 1

Surface Area of Calcined Palladium—Tin-Silica

Pd/Sn Surface area

(m?/g)

8

240
230
250
3 243

S - w

make the adsorption bond weak, and this
weakening probably improves the dehydro-
genation activity (2).

This improvement of the catalytic ac-
tivity of nickel alloyed with tin is studied
extensively in the present work. The cata-
lytic activity of the palladium-tin—silica
was compared with that of the nickel-tin—
silica. The palladium-tin alloy system, like
the nickel-tin system, shows a complex
phase diagram, and the presence of Pd;Sn,
Pngn, Pdssnz, PdSn, Pdsnz, PdSng, and
PdSn, is accepted (8). Therefore, it is ex-
pected that the mixed alloy phases are
present on catalyst carriers like the nickel-
tin—silica. The valence band spectra of
palladium—tin and nickel-tin were ob-
served by X-ray photoelectron spectros-
copy (XPS) wusing alloy plates. The
valence band spectra of nickel-germanium,
iron—germanium, and gold-germanium were
measured by XPS by two of the present
authors (K. K. and 8. 1.) (4). These tran-
sition metal-germanium systems showed a
shift of nickel, iron, and gold valence band
peaks to higher binding energies (4).

METHODS

The palladium~tin—silica and the palla-
dium-silica catalysts were prepared by
soaking silica hydrogel in a solution of
metal salts. The details of the preparation
have been described elsewhere (2). Palla-
dium nitrate was dissolved in concen-
trated nitric acid. The total metal com-
ponent (Pd + Sn) was ca. 11 wt9], of the
total weight of the catalyst. The Pd/Sn
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atomic ratios were 0.3, 1, 3, and =
(palladium-silica).

The surface area of the calcined catalysts
was measured by BET method using nitro-
gen as an adsorbate at the boiling point of
liquid nitrogen. The results are shown in
Table 1.

The catalysts were reduced at 923 K in
flowing hydrogen for 3 hr just before the
reaction experiments. The amount of ad-
sorbed carbon monoxide was measured
immediately after the reduction by the
flow method using helium as a carrier gas
at 195 K.

The X-ray diffraction patterns of the re-
duced catalysts were obtained by a Rigaku—
Denki Geigerflex wide-angle diffractometer
using Ni-filtered CuKea radiation.

The reaction experiments were performed
in the same way as before (2). Detailed
conditions are described in each figure and
table.

The deposition of carbonaceous materials
on the catalyst was studied kinetically by
using Shimadzu MDB-10 high-sensitivity
electronic thermal microbalance. 1-Butene
was used as a source of carbonaceous
materials and the catalysts studied were of
Ni/Sn =« and of Ni/Sn = 8. Deposition
of carbonaceous materials was performed
at the normal pressure and 673-873 K. The
catalyst was hung in the thermal micro-
balance through which 1-butene was fed,
and the feed rate was 48 g of catalyst/h/mol
of C4Hs in the section of hung catalyst.
The feed was composed of 7.6 parts of
hydrogen and 1 part 1-butene. The slope
of the weight-increase curve in the initial
30 min was defined as the rate of deposition.

XPS spectra were obtained by an AEI-
ES200 electron spectrometer at ca. 1.3
X 105 Pa with a scanning interval of
0.1 eV. The sample was excited by AlKa; 2
radiation. The output of the spectrometer
was the sum of multiple scannings. The
details of the operation have been de-
scribed elsewhere (4).

Samples for XPS were alloy plates of
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palladium-tin and nickel-tin. The alloy
plates were obtained by melting the known
mixtures of palladium and tin and of nickel
and tin at 1873 K in quartz ampoules
sealed in vacuo. The melted metals were
cooled very slowly (ca. 48 hr). The alloy
blocks were cut into suitable sizes for the
electron spectrometer by using a diamond
cutter. They were reduced at 623 K in
hydrogen for 3 hr and were sealed respec-
tively in a Pyrex ampoule after evacuation
to 1.3 X 10~* Pa. The ampoule was broken
just before the XPS measurement, and the
sample plate was set on the sample holder.
The sample was again reduced in a hy-
drogen stream (3 X 10* Pa) at 423 K for
1 hr in a preparation chamber, cooled, and
transferred into the ionization chamber
(ca. 10=% Pa) after evacuation. On the
energy scale, the Fermi level was estimated
using palladium film in the usual way.

Reagents and metals, of Guaranteed
Reagents grade or comparable to that
quality, were obtained from Wako Pure
Chemical Industries, Ltd. (Osaka). The
purity of metallic palladium, nickel, and
tin was ca. 99.8, 99.7, and 99.999%, respec-
tively. Gases were obtained commercially.

RESULTS
Dehydrogenations on Palladium—Tin-Silica

Phenol was the major product of the
dehydrogenation of cyclohexanone. Ben-
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F1a. 1. Decrease in the conversion vs reaction
time in dehydrogenation of ecyclohexanone on Pd—
Sn-silica catalysts at 753 K; W/F =116 g of
catalyst-hr/g-mol of reactant; H./CeH,;,0 = 10
(molar ratio).

zene was detected as the only minor prod-
uet. Figure 1 shows the decrease of the
conversion (mole percentage) of cyeclo-
hexanone in connection with the reaction
time. Selectivity (mole percentage) of
phenol is shown in Table 2.

Aniline was the major product of the
dehydrogenation of cyclohexylamine. Ben-
zene was the minor product. Figure 2
shows the decrease of the conversion of
cyclohexylamine in connection with the
reaction time. Selectivity of aniline is shown
in Table 2.

TABLE 2
Selectivity of Dehydrogenation of Cyclohexanone and Cyclohexylamine

Pd/Sn  Reaction time  Cyelo-CsH10 — CeH:OH  Reaction time  Cyclo-CeH;;NH: — C:H;NH:
(min) (mol%, of phenol) (min) (mol%, of aniline)
© 10 97.3 10 98.3
90 ~100 30 97.4
3 10 98.0 30 99.1
90 94.2 120 ~100
0.3 30 06.4 30 38.5

90 80.0
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Fia. 2. Dehydrogenation of cyclohexylamine on
Pd—Sn-silica at 673 K ; W/F = 136 g of catalyst-hr/
g-mol of reactant; Ha/CeH \NH, = 10,

Benzene was the only product of the
dehydrogenation of cyclohexane. Figure 3
shows the decrease of the conversion of
cyclohexane in connection with the re-
action time.

Acetone was the only product of the

301 1
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Fi1a. 3. Dehydrogenation of cyclohexane on Pd-
Sn-silica at 723 K; W/F = 100 g of catalyst-hr/
g-mol of reactant; Hy/CsHiz = 10.
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dehydrogenation of 2-propanol. Figure 4
shows the decrease of the conversion of
2-propanol in connection with the reaction
time.

The four dehydrogenation reactions de-
scribed above have been studied previously
on nickel-tin-silica (2). The variation in
catalytic activity in connection with the
composition of the catalyst in the present
work is similar to that in the previous work
(2). The tin in palladium—tin-silica shows
a promoting effect on the dehydrogenation
activity as was shown in the case of the
nickel-tin-silica. The observed optimum
Pd/Sn is 3 for the dehydrogenation of
cyclohexylamine and eyclohexane and 0.3
for the dehydrogenation of cyclohexanone
and 2-propanol. The tin-silica catalyst
showed no activity for the four reactions

(@).
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Fia. 4. Dehydrogenation of 2-propancl on Pd-
Sn-—silica at 723 K; W/F =52 g of catalyst-hr/
g-mol of reactant; Hy/C;H,0H = 5.
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Deposition of Carbonaceous Materials

The hydrocracking reaction proceeded
under the above-mentioned conditions.
Activation energy was obtained from the
slope of the logarithm of the deposition
rate vs the reciprocal of temperature
(kelvin). The results shown in Table 3
indicate that the deposition of carbonaceous
materials on nickel-silica is easier than on
nickel-tin—silica.

Hydrogenation of Ethylene and Benzene

The hydrogenation of ethylene to ethane
was performed on the palladium-tin—silica,
and that of benzene to cyclohexane on the
nickel-tin—silica. Ethane was the only prod-
uct of the former reaction, and cyclo-
hexane was the only product of the latter.
As Table 4 shows, hydrogenation reactions
proceeded nearly to completion on the
palladium-silica and on the nickel-silica
under conditions by which moderate re-
sults were obtained on the tin-containing
catalysts.

Adsorption of Carbon Monoxide

Table 5 shows the amount of carbon
monoxide adsorbed on the palladium—tin—
silica. and on the nickel-tin—silica. A de-
crease in the surface concentrations of
palladium and nickel may be inferred from
Table 5. The tin—silica showed no adsorp-
tion under this condition.

TABLE 3

Activation Energy of the Deposition of
Carbonaceous Materials

Catalyst Activation
energy
(kJ /mol)
Ni/Sn = « 79
Ni/Sn = 8 126
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TABLE 4

Conversion of Hydrogenation of Ethylene
(Pd-Sn-Silica)* and Benzene
(Ni-Sn~Silica)?

Pd/Sn C:Hsy »C:H¢  Ni/Sn  CeHs — eyelo-CeHoe
% ~100 o ~100
3 §4 10 14
1 &0 8 9
0.3 28 2.5 Not detected

s Reaction conditions: W/F = 100 g of catalyst-hr/g-mol;
H./C:He = 10 (mol/mol); 463 K ; 60 min after start of reaction.

b Reaction conditions: W/F = 55 g of catalyst-hr/g-mol;
H./CeéHs = 10; 453 K; 60 min after start of reaction.

X-Ray Diffraction Patterns

Figure 5 shows the X-ray diffraction
patterns of the palladium-tin-silica. Metal-
lic palladium (5) was observed on palla-
dium-silica. Metallic palladium, Pd;Sn,
(6), PdSn (7), and PdSn; (8) were observed
on catalyst of Pd/Sn = 3. Pd:Sns, PdSn,
PdSn; (9), PdSn;, and g-tin (10) were ob-
served on the catalyst of Pd/Sn = 1. PdSn
and B-tin were observed on the catalyst of
Pd/Sn = 0.3. Only the PdSn phase was
observed in all the palladium—tin-silica.

XPS Spectra

Figures 6 and 7 show the valence band
spectra of palladium—tin and nickel-tin,
respectively. Figure 6 shows that the posi-
tion of the main peak associated with the
palladium-4d state shifts to higher binding
energies as the Pd/Sn ratio decreases.
Figure 7 shows a similar tendency for the
position of the main peak associated with
the nickel-3d state to that for the position
of palladium-4d state, but the shift is less
than that for palladium-tin,

DISCUSSION

It has been reported that tin promotes
the dehydrogenation activity of the nickel—
silica catalyst if the Ni/Sn ratio is high (2).
The similar effect for tin is observed with
the palladium-tin-silica. A small amount
of tin in the palladium—tin-silica promotes
the dehydrogenation activity, and a large
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TABLE 5
Amount of CO Adsorbed on Palladium-Tin—Silica and Nickel-Tin—Silica at 195 K

Pd/Sn Pd in CO adsorbed Ni/Sn Niin CO adsorbed
metal part (X 10 metal part (X10mw
(atom %) molecules/g (atom %) molecules/g
of catalyst) of catalyst)
© 100 5.1 ® 100 3.4
3 75 4.8 8 89 1.7
1 50 2.2 2.5 71 1.4
0.3 23 2.0 1 50 1.2
0 0 0.0 0.6 33 1.2

amount of tin depresses the dehydrogena-
tion activity as shown in Fig. 2 for cyclo-
hexylamine and in Fig. 3 for cyclohexane.
For the dehydrogenation of eyclohexanone
(Fig. 1) and 2-propanol (Fig. 4), similar
results are expected in analogy with the
previous work (2). The dehydrogenation of
2-propanol was confined to the HC-OH

T T T T T
- ] -
Py:oo
Sn
L : 4
i Pd 1
3 -
- 5 =3
§
B[ 23 5
N 35 2 | 1
> 11 “” |
3 3/‘
gt ]
2 6 Pd_ _
= v % 7!
2 ]
5[ Z5 3
A
]
L P ]
<, =03
6 3
Il T Il T T
30 45 50
28 (degree)

Fig. 5. X-ray diffraction patterns of reduced
Pd-Sn-silica: (1) Pd, (2) Pd;Sns, (3) PdSn, (4)
PdSn;, (5) PdSns, (6) 8-Sn, Ni-filtered CuKa.

bond; on the contrary, the dehydrogena-
tions of cyclohexanone, cyclohexylamine,
and cyclohexane propagated to the entire
structure of the six-membered ring. The
influence of the catalyst composition on
the dehydrogenation activity, however, was
similar in the four reactions in the two
catalyst systems. Therefore, whether the
dehydrogenation is localized to a bond or
propagated to the entire ring seems to be
independent of the catalyst composition.
The initial steps of the dehydrogenation
of these cyclic reactants may be localized
to a bond. This inference may be in accord
with the results of Blakely and Somorjai
(11). They observed the formation of
cyclohexene in the dehydrogenation of
cyclohexane to benzene under relatively
mild conditions (423 K) at 10~7 Torr (ca.
1.33 X 10~® Pa) on the stepped platinum
surface in flow condition. Therefore, mono-
olefinic products seem to be formed in the
early steps of the dehydrogenation of
cyclic reactants studied here, but they were
not observed, presumably, due to a high
reaction temperature.

A comparison of the activity of the
catalyst of the optimum activity for the
dehydrogenation reactions shows that the
dehydrogenation activity decreased most
quickly with cyclohexanone (Fig. 1), next
with cyclohexylamine (Fig. 2), and most
slowly with cyclohexane (Fig. 3). A similar
tendency was observed for nickel-tin-silica
(2). As is well known, accumulation of the
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carbonaceous deposit on the catalyst sur-
face will certainly bring about a decrease
in activity in connection with reaction
time, especially, at a high reaction tem-
perature and on the metallic catalysts
(12). Rapidly decreasing activity indicates
rapid deposition of carbonaceous materials.
Carbonaceous materials, which are the
wholly dehydrogenated—polymerized ma-
terials formed from the reaction mixture,
appear to be formed rapidly from strongly
adsorbed reactants. The catalysts which
adsorb reactants strongly may lose their
activity rapidly due mainly to the deposi-
tion of carbonaceous materials. To confirm
this, the deposition of carbonaceous ma-
terials was studied kinetically. Table 3
shows the activation energy of the deposi-
tion of the carbonaceous materials in the

counting rates ( arbitrary unit }

1 H 1 I " | " i

8 6 4 2 O=Ef
binding energy (eV}

Fis. 6. XPS spectra of valence band of Pd-Sn.
Maximum and minimum counts: () 7431 and
1541; (1.9) 4693 and 941; (1) 3152 and 743; (0.54)
1996 and 795,
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( arbitrary unit )

counting rates

1 1 1 1

8 6 4 2
binding energy {eV)

) .

1 s
0=Ef

Fia. 7. XPS spectra of valence band of Ni-Sn.
Maximum and minimum counts: (=) 5298 and
868; (8) 1739 and 574; (2.5) 2340 and 669; (1)
1652 and 622; (0.5) 1105 and 774.

initial 30 min. The activation energy is
lower on the nickel-silica than on the
nickel-tin—silica. Hence, carbonaceous ma-
terials accumulate more rapidly on tin-free
or tin-poor -catalysts than on tin-rich
catalysts. In summary of the above, the
tin-free or the tin-poor catalyst the activity
of which is inherently high shows very
limited activity due to the deposition of
carbonaceous materials. This indicates that
the amount of strongly adsorbed materials
may decrease on the tin-poor catalysts. Tin
will make the adsorptive ability of the
catalysts weak.

The hydrogenation reaction proceeds at
a lower temperature than does the dehydro-
genation reaction, and, therefore, a slow
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deposition of carbonaceous materials is
expected.

Table 4 shows that both of the hydro-
genations proceed almost completely on
the tin-free catalysts and moderately on
the tin-containing catalysts under the same
reaction conditions. The rapid decrease of
hydrogenation activity in connection with
the decrease in the Pd/Sn and Ni/Sn ratios
is noteworthy in comparison with the
change in the dehydrogenation activity
described above. Slow deposition of car-
bonaceous materials because of low tem-
perature seems to contribute to the high
activity of the palladium-silica and nickel-
silica in the two hydrogenation reactions.
The rapidly decreasing hydrogenation ac-
tivity in connection with Increasing tin
concentration seems to be brought about by
the weakened adsorptive ability of the tin-
containing catalysts discussed above. Con-
cerning the palladium—tin system, Clarke
and Taylor have deduced that the adsorp-
tion bond between palladium and alkene is
weakened by alloying with tin (13). With
regard to platinum-tin alloy which re-
sembles the present systems very much,
Verbeek and Sachtler, using an adsorption/
desorption technique, i.e., TPD, reported
that no self-hydrogenation or hydrogenoly-
sis of ethylene was observed on Pt;Sn,
PtSn, and PtSn, in contrast with the re-
sults obtained on Pt, on which hydrogen,
methane, and ethane were produced (14);
they also reported that a high-temperature
desorption peak of ethylene observed on
Pt:Sn decreased considerably on PtSn.
They interpreted these results on the basis
of the decrease of integral heat of adsorp-
tion of ethylene due to alloying with tin.
It may be reasonable to conclude that the
adsorptive ability of palladium and nickel
decreases upon alloying with tin.

The observed optimum Pd/Sn and Ni/Sn
ratios for the dehydrogenation reactions
decrease in this order: cyclohexane (Pd/
Sn = 3, Ni/Sn = 10), eyclohexylamine (Pd/
Sn = 3, Ni/Sn = 8), 2-propanol (Pd/Sn
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= 0.3, Ni/Sn = 8), and cyclohexanone
(Pd/Sn = 0.3, Ni/Sn = 2.5). The above
order of the optimum composition agrees
with the increasing order of the polarity
of the bond through which the reactant is
inferred to be adsorbed by the catalyst
initially according to the discussion in the
preceding part. The values of the polarity
of the bond, bond moment, are as follows:
C-C, 0; C-N, 0.22 D; C-0, 0.74 D; and
C=0, 2.3 D; and carbon is on the positive
side (75). The reactant containing the
bond of the high bond moment favors
the catalyst with a low adsorptive ability.
The reactant which contains the bond with
the high bond moment appears to be
strongly adsorbed by the catalyst so that
the carbonaceous materials deposit rapidly,
and so that the catalyst with the low
adsorptive ability is able to dehydrogenate
the reactants which are liable to form the
carbonaceous materials.

The surface concentration of palladium
and that of nickel may be estimated from
the amount of carbon monoxide adsorbed
at 195 K (Table 5). The amount of carbon
monoxide adsorbed by these catalysts de-
creased from 1 to 0.39 for a palladium con-
centration in the range of 100 to 23 atom%,
and from 1 to 0.35 in the range of a nickel
concentration of 100 to 33 atom%,. The
amount adsorbed decreased greatly between
Pd/Sn = 3 and Pd/Sn = 1 and between
Ni/Sn = and Ni/Sn = 8 as shown in
Table 5. The difference in the amount
adsorbed is small among the tin-containing
catalysts except for Pd/Sn = 3 as shown
in Table 5. Although, bridge and linear
types are known for the adsorbed state of
carbon monoxide on palladium—silver (16)
and also on nickel-copper (I7), these
observed values are considered a measure
of the relative values of surface concentra-
tion. Noteworthy features are as follows:
The amount of carbon monoxide adsorbed
decreased with decrease in concentration of
palladium and also of nickel; and the
number of surface palladium and nickel
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atoms ol tin-free catalysts is much greater
than that expected from the amount ad-
sorbed because the bridge type 1s abundant
on the catalysts of palladium and nickel
(16, 17). The adsorbed amount of carbon
monoxide indicates that the difference be-
tween the surface compositions of palla-
dium and nickel among tin-containing
catalysts is small, but the difference in
activity among tin-containing catalysts was
observed to be not small. Therefore, we
have judged the surface concentration to be
a minor determining factor for catalytic
activity than the above-proposed adsorp-
tive ability of the catalysts.

Figure 6 shows that the position of the
main peak associated with palladium-4d
state shifts to higher binding energies as
the Pd/Sn ratio decreases. The similar but
smaller shift can he observed for the main
peak associated with the nickel-3d state as
shown in Fig. 7. The similar shift was
ohserved with palladium—tin-silica and
nickel-tin-silica, and the details will be
published (78). The observed shift of the
valence band resembles very much the
shift observed on the valence bands of the
following systems; i.e., nickel-germanium,
iron—germanium, and gold—germanium (4).
In these germanium alloy systems, the
position and the shape of the main peak
associated with the valence d-bands of
nickel, iron, and gold changed gradually as
the germanium content increased (4). It
has been suggested that the shift of the
main peak is brought about by the for-
mation of bonding orbitals (4). This sug-
gestion is probably appropriate for the
present cases of palladium—tin and also of
nickel-tin. The same tendency is also
known about the valence band of the gold—
tin system (19).

A remarkable difference can be seen
between the valence band spectra of the
two present systems and those of the
nickel-copper system which was reported
by Hiifner e al. (20). In the latter system,
the valence band spectra are the super-

posed speetra of the valence bands of
nickel and copper, and the shape of the
d-band spectra does not change signifi-
cantly for all compositions (20). This may
indicate that copper atoms have little
influence electronically on their nickel
neighbors as Clarke reported (21), or that
the sharing of electrons between nickel and
copper is limited as discussed previously
(4)-

According to Byrne et al. (22), the value
of activation energy of the hydrogen—
deuterium exchange reaction on nickel—
copper catalysts was kept nearly constant
irrespective of the concentration of nickel,
but. the value of the pre-exponential factor
roughly tended to decrease with decreasing
nickel concentration. On this point, Takasu
and Yamashina showed that the rate con-
stant of the hydrogen—deuterium exchange
on nickel-copper decreased with decreasc
in the surface concentration of nickel which
was measured by Auger spectroscopy (23).
Thus, the activity is altered directly by the
concentration of nickel. This may be attrib-
uted to the retained d-holes at nickel
atoms. The nickel d-band of nickel-copper
does not appear to alter significantly in
energy or shape with nickel concentration
as observed by Hiifner et al. (20). The
nickel d-band observed by them traverses
the Fermi level at all compositions, so that
there are always d-holes at nickel atoms as
discussed by Clarke (21). Therefore, copper
is merely a diluent in hydrogen—deuterium
exchange on nickel-copper as Clarke dis-
cussed (21). It may be proposed that the
density of occupied state, based on the
nickel part, at the Fermi level is kept
nearly constant in the nickel-copper sys-
tem. Unlike these cases, the valence bands
of the two present alloy systems are not
the superposition of the components, but
shifted to high binding energies. This shift
of the valence band with increasing tin
concentration may indicate a decrease in
the density of the occupied state at the
Fermi level. These results correspond to
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the weakening of the adsorptive ability
with increasing tin concentration. Verbeek
and Sachtler interpreted the weaker ad-
sorption of deuterium on Pt-Sn alloys than
on platinum on the basis of strong ligand
effect (14). The ligand effect seems to ex-
plain the present results, and we propose
the formation of bonding orbitals between
palladium and tin and between nickel and
tin as discussed above.

Bouwman et al. have reported the surface
enrichment of platinum by the reduction of
platinum—tin alloys at 773 K (24). With
the assumption of the resemblance of
platinum—tin to the two present systems,
the surface composition of the present
systems, i.e., of the catalysts and the XPS
samples, appears to be nickel-rich or palla-
dium-rich, because they were reduced by
hydrogen just before the reaction experi-
ment and also before the XPS observation.

According to Sinfelt et al. (25), the
rate-determining step of the dehydrogena-
tion of cyclohexane is the desorption of
benzene. It may be shown by this mech-
anism that the weakened adsorption on the
tin-containing catalysts leads to easy de-
sorption of the dehydrogenation products,
but, too great an amount of tin leads to an
over-weak adsorption of the reactant. This
reason, together with the decrease in car-
bonaceous deposits, probably accounts for
the presence of the optimum composition
observed in our work.

To sum up, tin brings about a similar
effect on the palladium—tin and also on
nickel-tin in catalytic activity and also in
XPS of the valence bands discussed here.
It is concluded that the role of tin in the
two present catalyst systems is to make the
adsorption bond weak.
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