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Addition of tin to a nickel-silica catalyst greatly promotes the activity and gives 
a longer catalyst life for the dehydrogenation of cyclohexanone and/or cyclohexanol 
to phenol. Outstanding results are obtained with a catalyst having a nickel-to-tin 
molar ratio of 2.5: 1. Reduction of the nickel-to-tin molar ratio to 0.9:1 gives very 
little dehydrogenation of cyclohexanone; however, a new reaction takes place, which 
is the aldolization of cyclohexanone to 2-(l-cyclohexenyl)cyclohexanone. An ex- 
planation of the promoting effect of tin and the change in reaction selectivity with 
nickel-to-tin ratio is given. 

An investigation of the reduced nickel-tin-silica catalysts by X-ray diffraction has 
revealed the presence of a supported nickel-tin alloy phase. 

I. I~vTR~DUCTI~N of cyclohexanone, cyclohexanol, and cyclo- 

With supported metal catalysts, the ma- hexane. Complete changes in reaction se- 

jority of the work reported in the journal lectivity have been observed as catalysts 
with various nickel-tin molar ratios were literature has been carried out on single used 

metal systems rather than bimetallic or * 
multimetallic catalysts. This is under- 
standable because of the complexity in- II. EXPERIMENTAL 

volved even with single metal systems. For Five catalysts were prepared by im- 
example, a metal can exist in different pregnating Davison Grade 70 silica gel 
physical and chemical forms (I-9) depend- (lo-20 mesh) with an aqueous solution or 
ing on the support. dispersion of the metal salts to the point of 

We have been examining the state of incipient wetness. The reagents used were 
metallic phases in reduced bimetallic cat- Fisher Certified nickel nitrate hexahydrate 
alysts. In an earlier paper, (10) it was re- and Mallinkrodt stannous chloride di- 
ported that a reduced impregnated nickel- hydrate. Dispersions were obtained be- 
copper silica-alumina catalyst contained cause of the precipitation of Sn(OH)Cl 
nickel-copper alloy phases, as determined upon adding stannous chloride to water. 
by X-ray diffraction. It was also found The compositions of the catalysts are given 
that the combination of the metals on a in Table 1. 
support can have a tremendous effect on Catalysts 2, 3, and 4 were prepared by 
the reaction selectivity. keeping the nickel concentration constant 

This area of research has been extended and varying the tin concentration. All cat- 
to the nickel-tin silica system where it has alysts were dried for 16 hr at 11O’C and 
been found that hydrogen reduction results calcined in air at 500°C for 20 hr. The sur- 
in the formation of nickel-tin alloy phases face areas of the calcined catalysts were 
on the silica support. This catalyst system obtained by the BET method using a ni- 
has been used to study the dehydrogenation trogen adsorbate. 
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6 SWIFT AND BOZIK 

TABLE 1 
COMPOSITION OF NICKEI~TIN-SILICA CATALYSTS 

Ni: Sn BET area 
Catalyst molar ratios W/g) 

1 12 0 o( 246.7 
2 8.3 3.7 4.5 237.7 
3 8.7 7.1 2.5 242.7 
4 6.6 14.1 0.9 209.4 
5 0 10 0 253.9 

SiOs - - - 261.4 

u Determined by X-ray fluorescence. 

The X-ray diffraction patterns of the re- 
duced catalysts were obtained with a 
Norelco diffractometer using nickel-filtered 
Cu Ka! radiation. A gas proportional coun- 
ter detector was used in conjunction with 
a pulse-height analyzer, the window of 
which was set to discriminate somewhat 
against fluorescent Ni radiation, and the 
diffraction patterns were obtained as strip 
chart recordings of the output of a counting 
rate meter. Film patterns were prepared by 
placing the catalysts in thin-walled capil- 
lary glass tubes. The diffraction films were 
obtained using Cu Ka radiation, a Ni fil- 
ter, and a camera having a radius of 57.3 
mm. The sample was exposed to radiation 
for approximately 4 hr. 

Metallic nickel was removed from the 
nickel-silica and nickel-tin-silica catalysts 
by the Mond process. The samples were re- 
duced with hydrogen for 4 hr at 5OOOC; 
and carbon monoxide (Matheson CP), 
which had been dried by passing it through 
a molecular sieve column, was passed over 
the catalyst at 80°C and a space velocity 
of 300 hr-l for 6 hr. The volatile nickel 
carbonyl which was formed was swept out 
of the sample tube and decomposed to 
metallic nickel and carbon monoxide at 
250°C in another tube. The amount of 
nickel removed from the catalyst was de- 
termined by weighing the sample tube in 
which the nickel had deposited. 

The catalysts were tested in an atmos- 
pheric pressure, bench-scale reactor. The 
reactor was constructed of 20-mm OD 
Pyrex glass tubing 50 cm long, with a po- 
rous glass disc positioned midway in the 
reactor as a support for the catalyst bed. 
The catalyst was diluted with 4-mm di- 

ameter perforated glass beads obtained 
from Fisher Scientific Company. The tem- 
perature of the furnace was controlled with 
a Variac in conjunction with a Foxboro 
Model 4036 Potentiometer Controller. The 
parts of the reactor which were out of the 
furnace were wrapped with heating tape 
and were kept at a temperature sufficient 
to keep the products in the vapor phase 
until they reached the collection system. 
Purified cyclohexanone and technical cyclo- 
hexanol were obtained from the Fisher 
Scientific Company, and cyclohexane was 
Phillips Pure Grade. All were chromato- 
graphed before using to detect any im- 
purities. The reactant was introduced into 
the system by means of a constant-drive 
syringe infusion pump (Harvard Appara- 
tus Company Model 600-000) and was 
vaporized in a flash zone before being car- 
ried over the catalyst in a stream of hy- 
drogen. The hydrogen carrier flow was 
maintained at 40 cc/min. Condensable 
components in the reactor effluent were 
trapped out in a spiral trap immersed in 
ice water. 

Reaction and catalyst pretreatment con- 
ditions are given in Table 2. 

Quantitative analysis of the products 
was made with an F&M Model 700 pro- 
grammed-temperature gas chromatograph 
equipped with a disc integrator and utiliz- 
ing a l/$-inch OD stainless steel column, 
10 ft long, packed with 20% Carbowax 
20M on Fluoropak. For the dehydrogen- 
ation runs, the temperature was pro- 
grammed from 70” to 200°C at a rate of 
lO”C/min. For the condensation experi- 
ments, the column was operated isother- 
mally at 200°C in order to shorten the re- 
tention time of heavier condensation 
products. 

III. Rmu~m 

Of the reactions studied, the dehydro- 
genation of cyclohexanone and cyclo- 
hexanol to phenol were of the most in- 
terest. These reactions are well known and 
have been investigated by several workers 
in the past (11-17’). The catalyst variation 
st.udies reported in this paper were carried 
out. under conditions to obtain high yields 
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TABLE 2 
REACTION CONDITIONS 

Dehydrogenation 

Cyclohexanone and 
cyclohexanol Cyclohexane 

Condensation 

Cyclohexsnone 
- ~ ~ ~ 
Catalyst reduction temp. (“C) 
Catalyst reduction time (hr) 
Reaction temp. (“C) 
Reaction time (hr) 
LHSV (hr-I) 
Carrier flow (Hz) (cc/min) 
Catalyst weight (g) 
Reactor bed volume (cc) 

375” 375” 375” 
3 3 3 

375 300 250 
l-7 1 l-7 

0.5-2.5 2.3 0.5-2.5 
40 32 40 

2 1 6 
12 12 15 

of phenol. The formation of phenol by de- 
hydrogenation of cyclohexanone and cyclo- 
hexanol is a reversible reaction. 

c + 2H2 (1) 

The ratio of the amounts of cyclohexanone, 
cyclohexanol, and phenol present at equi- 
librium will depend on the temperature and 
concentration. The equilibrium for cyclo- 
hexanone, phenol, and hydrogen can be ex- 
pressed by 

K = P(pheno1) X P(hydrogen)2 
Y (cyclohexanone) (2) 

where P (phenol) , P (hydrogen) , and P (cy- 
clohexanone) are the partial pressures of 
phenol, hydrogen, and cyclohexanone, re- 
spectively (16-17). A temperature around 
350°C is required to obtain a high yield 
of phenol. This was shown by a study of 
the variation in equilibrium concentrations 
of cyclohexanone, cyclohexanol, and phenol 
with temperature by Cubberley and 
Mueller (18). 

IV. CATALYST ACTIVITY STUDIES 

One of the most interesting finds re- 
ported in this paper is that the addition of 
tin to a nickel-silica catalyst greatly pro- 
motes t,he dehydrogenation of cyclohexa- 

none and cyclohexanol to phenol. This pro- 
moting effect is shown by the data in 
Tables 3 and 4. Not only does the tin pro- 
mote the initial activity, but it also gives 
a catalyst of longer life with high selectiv- 
ity to phenol. This is especially evident 
from the data obtained using the 2.5:1 
nickel-tin catalyst and using a cyclo- 
hexanone feed. The yield of phenol per 
pass is lower when a cyclohexanol feed is 
used instead of cyclohexanone. This is be- 
cause the cyclohexanol has to be converted 
first to cyclohexanone. 

With Catalyst 4 (nickel-t,o-tin ratio = 
0.9) very little phenol was formed from 
cyclohexanone. However, a new product 
was formed. This compound was 2- (l-cy- 
clohexenyl) cyclohexanone, which is formed 
via an aldol condensation reaction (3). By 
increasing the space velocity a higher yield 
of this compound 

(3) 
was obtained as shown by the data in 
Table 3. No condensation product or 
phenol was formed when cyclohexanol was 
passed over this catalyst. The products 
formed were cyclohexene and cyclohex- 
anone. Cyclohexene is formed by a de- 
hydration reaction (4). 

H 
0 

n + Hz0 (4) 
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10 SWIFT AND BOZIK 

A further investigation revealed that 
the aldol reaction, which forms 2-(l-cy- 
clohexenyl) cyclohexanone is also catalyzed 
by a tin-silica and silica catalyst as shown 
by the data in Table 5. 

TABLE 5 
CONDENSATION OF CYCLOHEXANONE WITH 

TIN-SILICA AND SILICA GEL CATALYSTS 

Catalyst. y. Conversion % Selectivity* 

SiO, 10.8 92.0 
1 y0 Sn-SiOl 15.0 87.7 
5% Sn-SiOz 29.8 72.0 
10% Sn-SiOi 27.5 93.9 

a To 2-(1-cyclohexenyl)cyclohexanone. 

A chromatographic analysis of the prod- 
uct showed cyclohexene to be the only 
other major component, amounting to 
about 4 wt % of the sample. A very small 
amount of another material which had a 
long retention time was formed. Positive 
identification of this component was not 
made, but it may be a condensation prod- 
uct of 3 moles of cyclohexanone. 

The dehydrogenation of cyclohexane to 
benzene with nickel and nickel-tin cata- 
lysts was also studied. The results obtained 
are summarized in Table 6. The data show 

TABLE 6 
DEHYDROGENATION OF CYCLOHEXANE~TO BENZENE 

Catalyst Y. Conversion TO Selectivity 

1 12.0 100 
2 9.2 100 
3 9.5 100 
4 0 - 

that the nickel is the most active catalyst 
for this reaction, and the addition of tin 
poisons the reaction. The nickel-tin cata- 
lyst with a mole ratio of 0.9:1 was com- 
pletely inactive for the reaction even at 
450°C. 

No trouble was encountered in repro- 
ducing catalyst preparations providing that 
exact calcining and pretreatment con- 
ditions were used. 

A. X-Ray Diffraction Analyses 

The X-ray diffraction patterns of the 
reduced nickel and nickel-tin catalysts are 

I I I I I 

54 50 46 42 38 

DIFFRACTION ANGLE, 2 8 

FIQ. 1. Portion of the X-ray diffraction pattern 
of reduced nickel-silica catalyst (1). 

shown in Figs. 1 through 4. All of these 
catalysts contain the same number of gram 
atoms of nickel. The X-ray pattern of Cat- 
alyst 1 exhibited intense lines due to me- 
tallic nickel. The addition of tin to this 

I 1 I I I 

52 48 44 40 

DIFFRACTION ANGLE, 2 8 

FIG. 2. Portion of the X-ray diffraction pattern 
of reduced nickel-tin-silica catalyst (2) ; nickel- 
tin molar ratio, 4.5. 
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I I I J 
50 46 42 38 

DIFFRACTION ANGLE, 28 

FIQ. 3. Portion of the X-ray diffraction pattern 
of reduced nickel-tin-silica catalyst (3) ; nickel- 
tin molar ratio, 2.5. 

catalyst had a marked effect on reducing 
the intensity of the diffraction lines, as is 
evident from Figs. 2 and 3. This decrease in 
intensity is probably due to the combining 
of some nickel to form alloy phases of 
small crystallite size or which are amor- 
phous to X-rays. Catalyst (4) with a 
nickel-to-tin ratio of 0.9 exhibits a diffrac- 

1 1 I I 

50 46 42 38 
DIFFRACTION ANGLE, 28 

FIG. 4. Portion of the X-ray diffraction pattern 
of reduced nickel-tin-silica catalyst (4) ; nickel- 
tin molar ratio, 0.9. 

tion pattern of only a highly crystalline 
nickel-tin alloy phase (see Fig. 4). All of 
the diffraction patterns were obtained 
under identical conditions. 

TABLE 7 
X-RAY DIFFRACTION LINES OF THE REDUCED NICKEL-TIN-SILICA CATALYST (3) 

Observed 
Reported Card (3-1004P 

Nickel-tin alloy 
ReportedNC;;;d, (4-0850)” 

2.92 M 2.92 80 - 
2.59 w 2.61 10 - 
2.29 VW - - 
2.16 W - - - 
2.10 M 2.09 100 - - 
2.03 M 2.03 100 2.034 100 
1.866 VW - - - 
1.765 W - - 1.762 42 
1.672 VW 1.67 50 
1.610 VW 1.60 50 - - 
1.552 VW 1.55 50 - - 
1.467 W 1.46 60 - - 
1.281 VW 1.29 50 - - 
1.246 W 1.246 21 
1.191 VW 1.19 70 - - 
1.167 VW 1.18 40 - - 
1.098 VW 1.09 80 - - 
1.064 w - - 1.062 20 

o ASTM Card File. M, medium; VW, very weak; W, weak; I, intensity. 
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With Catalysts 2 and 3, both metallic 
nickel and nickel-tin alloy phases are pres- 
ent, as verified by X-ray diffraction films. 
Table 7 shows the data obtained from 
Catalyst 3. 

The calcined tin-silica Catalyst 5 was 
examined by X-ray diffraction, and it was 
found that the tin was present as SnOa. 
After reduction with hydrogen for 3 hr at 
375°C the catalyst turned black, probably 
due to the formation of P-tin which was 
observed by X-ray diffraction. 

B. Removal of Nickel by Carbon Monoxide 
from Reduced Impregnated Catalysts 

Treatment of reduced nickel and nickel- 
tin-silica catalysts with carbon monoxide 
resulted in the removal of metallic nickel 
in the form of nickel carbonyl. Table 8 
gives the results obtained from carbon 

TABLE 8 
PERCENT OF THE TOTAL NICKEL REMOVED 

WITH CARBON MONOXIDE 

Nickel 
Y0 of the nickel 

Tin 
(%) 

removed, 
Catalyst (%) 49% 

1 12.0 0 100 
2 8.3 3.7 29 
3 8.7 7.1 15 
4 6.6 14.2 0 

monoxide extraction experiments on cata- 
lysts containing various nickel-to-tin 
ratios. 

Almost quantitative removal of nickel 
from the nickel-silica catalyst was ob- 
tained after a 6-hr period. As tin was 
added, less nickel could be removed ; and 
for Catalyst 4, no nickel was removed. The 
fact that no nickel was removed with car- 
bon monoxide from this catalyst is inter- 
esting, since in another study it was found 
that nickel could be removed from un- 
supported and supported nickel-copper 
alloys (IO). 

V. DISCUSSION 

The experimental results show that 
nickel-tin alloy phases will form upon re- 
duction of impregnated nickel-tin silica 

catalysts. The evidence for this alloy for- 
mation is provided by the X-ray diffrac- 
tion results. Also, the carbon monoxide 
extraction data indicate that nickel is com- 
bining with the tin so that as the tin con- 
tent is increased, less nickel can be removed 
as nickel carbonyl. 

Few reports of supported alloys have 
been made. Endter (19) reported that 
platinum-aluminum alloys were formed 
during the preparation of a platinum- 
alumina catalyst used in the synthesis of 
hydrogen cyanide and several reports of 
supported nickel-copper alloys have been 
made (90~(26). Alloys of Pt-Rh, Pd-Rh, 
Pt-Ru, and Os-Pt on impregnated alumina 
catalysts have also been reported (W). 
However, the existence and nature of these 
alloys were definitely not established. 

A possible explanation of the promoting 
effect of tin on nickel-silica for the de- 
hydrogenation of cyclohexanone to phenol 
is that tin oxide dispersed on a silica sur- 
face acts as a “basic site” which promotes 
enolization. The enol form is stabilized, to 
a certain degree, by bonding between the 
acidic enol hydrogen with oxygen of the 
tin oxide. Since the enol form has its ring 
partially dehydrogenated, the metallic 
nickel which is known to be present from 
the X-ray and carbon monoxide extraction 
data easily further dehydrogenates the 
ring. The surface aromatic complex then 
desorbs as phenol. The proposed mecha- 
nism is illustrated on page 13. 

According to X-ray diffraction and car- 
bon monoxide extraction data, Catalyst 4 
with a nickel-tin molar ratio of 0.9 con- 
tains no free metallic nickel. This catalyst 
produced very little phenol, suggesting that 
the nickel-tin alloy phase is a weak de- 
hydrogenation catalyst. This conclusion is 
supported by the fact that no benzene was 
formed when cyclohexane was passed over 
the catalyst at temperatures as high as 
450°C. However, this catalyst did catalyze 
the dehydrogenation of cyclohexanol to 
cyclohexanone. The major product formed 
by Catalyst 4 with cyclohexanone was 2- 
(1-cyclohexenyl) cyclohexanone. This prod- 
uct is formed by a vapor-phase aldol 
condensation reaction. A further investiga- 
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* basic site 

9 *basic site r 
0 

(tin oxide 
on silica) 

u 
cyclohexanone 

U 
en01 form 

tion revealed that the silica gel also cata- 
lyzed this reaction to some extent; how- 
ever, the addition of tin greatly enhanced 
the activity. What complex is catalyzing 
this condensation reaction is not known. 
Surface species of the type Si-0-Na have 
been proposed (24) to be present on sodium 
hydroxide-treated silica gels. These sites 
supposedly act as active basic centers 
which catalyze vapor-phase aldol conden- 
sation reactions. It is possible that tin 
could form similar type surface complexes 
or that tin oxide dispersed on silica is the 
active species. Bulk SnOz did not catalyze 
the condensation reaction under the con- 
ditions reported for the tin-silica catalyst. 
However, the area of the bulk SnOz was 
very low, approximately 5 m”/g. Since the 
tin was added as SnCl, *2H,O there was 
concern that the condensation reaction was 
promoted by a form of chloride on the 
silica surface. The chloride content of the 
silica gel was less than 0.01 wt %. After 
adding SnCl,*2H,O to give 10 wt % tin on 
silica, and calcining at 500°C for 16 hr, the 
chloride content was 0.06 wt %. Since there 
was an increase in the chloride concentra- 
tion, the possibility existed that the chloride 
was in some way responsible for promoting 
the condensation reaction. Because of this 
a chloride-free tin-silica catalyst was pre- 
pared and tested. This catalyst was pre- 
pared by dispersing a hydrated tin oxide, 
prepared by reacting tin metal with dilute 
nitric acid, onto the silica. This catalyst 
gave almost identical activity as one pre- 
pared from SnClz*2H,0. Therefore, it is 

-\I 
surface enolate complex 

H 
i ‘: 

Ni NiSn Alloy 

0 

0 

no henol 

c 

believed that a form of tin is responsible 
for the promoting of the condensation re- 
action. This subject will be discussed in 
more detail in a subsequent paper. The 
fact that very little 2- (1-cyclohexenyl) 
cyclohexanone was formed with Catalysts 
2 and 3 suggests that the rate of the de- 
hydrogenation reaction is faster than the 
condensation reaction. With Catalyst 4 
the nickel is all tied up in an alloy which 
is not active for phenol formation, thus 
permitting the condensation reaction to 
proceed over the basic sites. 

According to the electron band theory, 
the catalytic activity of transition metals 
for hydrogen transfer-type reactions, such 
as hydrogenation-dehydrogenation, is due 
to the partially empty d bands of the metal. 
Adding various amounts of hyperelectronic 
metals, (65) such as copper and tin, results 
in the donation of electrons to the base 
metal with the gradual filling of the 
d-band vacancies. This filling of the d band 
usually results in a corresponding decrease 
in catalytic activity. The results of the 
cyclohexane dehydrogenation studies over 
the nickel-tin catalysts, where the addition 
of tin to nickel reduced the activity, could 
be explained by this theory. Similar results 
were previously obtained using nickel- 
copper silica-alumina catalysts for the 
same reaction (10). 

The results presented in this paper serve 
as an excellent example of how the reaction 
selectivity can be completely changed as 
the metal ratio is varied in a bimetallic 
catalyst system. 
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