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A novel method of synthesizing cobalt carbonyl was investigated by using noble metal
catalysts. It has been observed that the materials containing palladium, i. ¢., palladium black,
palladium chloride, palladium acetylacetonate, bistriphenylphosphine dichloropalladium, and
palladium-on-carriers, have a catalytic effect on the cobalt carbonylation reaction, and that
palladium-on-carbon (Pd-C) is the most active catalyst. The reactivity of cobalt compounds
in the cobalt carbonylation reaction catalyzed by noble metals increases in this order: CoSO,«
CoO < Co(OAc), < Co-oleate <Co(OH),. When the Pd-C catalyst is used, cobalt hydroxide
reacts with synthesis gas of 150 kg/cm? to give cobalt carbonyl almost quantitatively, even at from
50 to 55°C. The catalytic activities of noble metals were shown to be, in the order of decreasing
activity: Pd>Au>Pt»Ag. The effect of the catalyst concentration and the activity of noble-
metal catalysts were also compared with those in the case of dicobalt octacarbonyl, as an auto-
catalyst.

Cobalt carbonyl has been used in various organic  from methanol, and as a metal source for the syn-
synthetic reactions, e.g¢., in hydroformylation, thesis of many organo-metal complexes. Many
oligomerization, and the synthesis of acetic acid methods of synthesizing cobalt carbonyl have been

proposed.

*1  Presented partly at the 21st Annual Meeting of Making a general classification, the methods of
the Chemical Society of Japan, Osaka, April, 1968.  synthesizing cobalt carbonyl may be divided into
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main methods, i. e., with or without an autocatalyst.
In the method without an autocatalyst, the cobalt
carbonyl is prepared from inorganic cobalt salt
and carbon monoxide in the presence of an alkaline
substance,? or from cobaltous salts of weak acids
under a high pressure of carbon monoxide® or
synthesis gas.® On the other hand, the cobalt
carbonyl is also prepared by using dicobalt octa-
carbonyl as an autocatalyst.¥ However, no syn-
thetic method using any catalyst other than the
autocatalyst has ever been reported.

In the present investigation, the promoting abi-
lity of several noble metals, i. ¢., palladium, plati-
num, gold, and silver, which have been known to
form the corresponding simple metal carbonyls
only with difficulty, has been studied in connec-
tion with the cobalt carbonylation reaction.

Experimental

Reaction Procedures. The experimental method
will be explained in terms of a typical run. An autoclave
(500 m/), made of stainless steel and equipped with a
magnetic stirrer, was used. n-Butyl alcohol (190 ml),
0.241 mol of a cobaltous compound, and 2.36 atom%
of palladium-on-cobalt were placed in the autoclave.
After the air in the autoclave had been replaced with
synthesis gas (H,/CO=1.2), the synthesis gas was
introduced up to 150 kgfem?®.

The autoclave was heated rapidly until 40°C and then
at a rate of 0.6°C per minute until the gauge pressure
began to decline. The temperature when the pressure
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Fig. 1. Definition of the initiation temperature

of reaction.
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began to drop was defined as the initiation tempera-
ture of the reaction, as is illustrated in Fig. 1, and the
initiation temperature was used as one of the scales for
measuring the reaction activity of cobalt salts and the
promoting ability of the materials added. The auto-
clave was then kept at the initiation temperature for
60 min. Thereafter, the autoclave was rapidly cooled
and depressured, and the cobalt carbonyl produced was
taken out and analyzed.

Analytical Procedures. The gasometric method
reported by Wender et al.®) was employed to determine
the content of cobalt carbonyl in the carbonylation
products. The crystals obtained from the products
were identified as dicobalt octacarbonyl by the gaso-
metric method, by infrared spectrometry, and by cobalt-
metal analysis,

The cobalt and palladium were analyzed by the
flame-photometric method.

Materials., The cobalt compounds and solvents
were commercially available and were proved to be
sufficiently pure. Materials containing palladium,
e. g., palladium chloride, palladium acetylacetonate,
and palladium black, were purchased, but bis-triphenyl-
phosphine dichloropalladium was prepared according
to the method of Chatt.®» The palladium-, platinum-,
gold-, silver-, and copper-on-carbon (300 mesh up) con-
taining 5 wt%, metal were also commercially-available
materials,

Results and Discussion

The Promoting Abilities of Materials Con-
taining Palladium, The promoting abilities
of various materials containing palladium were
investigated in connection with the cobalt-carbo-
nylation reaction. The results are summarized
in Table 1. As Table 1 shows, in the absence of
palladium, there was an induction period of about
10 min before the initiation of the cobalt carbonyla-
tion reaction even at high temperatures, from 213
to 220°C. However, the reaction occurred without
any induction period even at extremely low tem-
peratures when a catalytic amount of palladium
was present. When the amount of palladium added
was fixed at 2 atomY, the initiation temperatures
were 155, 103, and 50—55°C for palladium black,
palladium chloride, and palladium-on-carbon re-

~ spectively.

The palladium complexes containing organic
ligands, i.e., palladium acetylacetonate and bis-
triphenylphosphine dichloropalladium, were less
active than the above palladium compounds.
These findings seem to indicate that the most
efficient form of materials containing palladium
is the metal supported on a carrier.

When we compare the activity of dicobalt octa-
carbonyl as an autocatalyst with the materials
containing palladium, we find that the autocatalyst
is remarkably inferior to palladium-on-carbon.

5) H. W. Sternberg, I. Wender and M. Orchin,
Anal. Chem., 24(1), 174 (1952).
6) J. Chatt, J. Chem. Soc., 1939, 1631.
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TaBLE 1. THE ACTIVITIES OF VARIOUS PALLADIUM PROMOTERS*!
Pd Pd-* PdCl Pd PdCl Coy*4
Catalyst None black C .2H,0 (acac)y  (phsP (€O
'“};‘,j‘l‘;f’“ac 213—220% 155 5055 103 159 189 83

*1  Reaction conditions: cobalt hydroxide, 0.241 mol; materials containing palladium (2.36 atom9%,) on
cobalt and n-butyl alcohol (190 m!); initial pressure 150 atm; H,/CO ratio of synthesis gas, 1:2.

*#2  An induction period of 9 min was observed.

*3  Palladium on carbon; 300 mesh up; Pd contents 59%,.

*t 236 atom9, on cobalt hydroxide feed was added.

TaBLE 2. THE EFFECTS OF THE CARRIERS¥!

Carrier Carbon Zeolite y-Alumina Titania Black*3
SA** m?lg 1200 69 170 10 89
Particle size, mesh 300 100 300 200—300 -
Pd contents,** 9 5 7.5 3 3 99.9
Initiation temp. °C 50—55 67 124 138 155

*1  The reactions were carried out under the same conditions as are presented in Table 1.
*2  The specific surface area of Pd on a carrier catalyst measured by the BET method using nitrogen.

#3  Palladium black, referential data.
*#4  Pd concentration is fixed at 2.36 mol%, on cobalt in each case.

TaBLE 3. THE REACTIVITIES OF VARIOUS COBALT COMPOUNDS¥!

No. Cobalt compound Solvent :;;f;:nfa cz;%ﬁr(f::l%}:)
1 Cobalt metal powder*? n-butyl alcohol 78 18.2

2 Cobalt oleate n-butyl alcohol 76 73.9

3 Co(CH;COO0),+4H,0 n=butyl alcohol 75 72.8

+ CoS0,-7H,O n-butyl alcohol 220 no reaction

5 Co(OH). n-butyl alcohol 50—355 62.2

6 Co(OH), mixed solvent*3 60 97.0

¥l Reaction conditions: Feed, 0.241 mol (No. 1 to 5), 0.059 mol (No. 6); Pd on carbon (Pd content 5
wt%), 2.36 atom% on feed (No. 1 to 5), 2.41 atom% (No. 6); Solvent, 190 ml. Synthesis gas (H,/CO
1.2) 150 kgfcm?®; Reaction time, 60 min. No carbon monoxide was supplied after the initiation of the
reactions in the runs No. 1 to No. 5 but the reaction in No. 6 was carried out under a constant
pressure by supplying carbon monoxide.

*2  Commercially-available material: cobalt content 96.5 wt%, CoO 15.86%,.

3% 100 m! of n-butyl alcohol and 90 ml of toluene.

This fact is important in considering the reaction
mechanism of cobalt carbonylation in the presence
of palladium.

The Effect of the Carrier, The effect of the
carrier of the materials containing palladium on
the initiation temperature was also examined.

As Table 2 shows, the carrier remarkably affects
the activity of the materials containing palladium.
The palladium supported on a carrier is relatively
more active than palladium black, which includes
no carrier, palladium-on-carbon is the most active
material among the palladiums supported on
carriers. These results indicate the specific in-
corporation of palladium and carrier. The rela-
tion between the activity of the palladium-on-
carrier and the physical properties, i. ¢., the surface
area and the particle size, was also investigated.
However, the reactivity seems to be due to key

factors other than those properties.

The Reactivities of Various Cobalt Com-
pounds, The reactivities of various cobalt com-
pounds in the cobalt-carbonylation reaction were
examined in the presence of palladium-on-carbon;
the results are shown in Table 3.

When commercially-available cobalt metal pow-
der (300 mesh up) containing 96.5 per cent of
cobalt was used, the carbonylation reaction was
initiated at 78°C. Afterwards, it was revealed by
X-ray analysis that the remarkable activity of
cobalt metal powder was due to the cobalt monoxide
which was formed on the surface of the cobalt
metal powder rather than to the cobalt metal
itself. Cobalt acetate and oleate showed similar
initiation temperatures of from 75 to 76°C, while
cobalt hydroxide showed much lower initiation
temperatures between 50 and 55°C. The reactions
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of those cobalt compounds were carried out at each
initiation temperature for 60 min, the yields of
cobalt carbonyl were about 60 to 70 mole per cent
in each case.

These reaction conditions were unfit for deter-
mining the yield at complete conversion because
of the following reasons. First, no excess of carbon
monoxide was supplied. Second, the accurate
analysis of the product was difficult, because large
amounts of crystalline dicobalt octacarbonyl were
precipitated from the reaction mixture and mingled
with the powdery palladium-on-carbon. To
determine accurately the yield at complete con-
version for the reaction system using cobalt hydrox-
ide, palladium-on-carbon, and butyl alcohol as
solvents, the reaction with a lower concentration
in cobalt hydroxide by supplying carbon monoxide
was carried out in a solvent mixture of butyl alcohol
and toluene, which is a good solvent system for the
dicobalt octacarbonyl. Cobalt carbonyl was thus
obtained in a 979, yield when these was a reac-
tion at 60°C for 60 min, as is shown in Table 3.
Moreover, no crystalline cobalt carbonyl was
found in the reaction product. In the case of
using cobalt sulfate, no reaction occurred until
220°C. These results may be understood easily
by considering that the following equilibrium
between the formation and the decomposition of
cobalt carbonyl is partial to the left side:

92C0SO, + 8CO + 2H; == Coy(CO); + 2H,SO,

The Effect of the Palladium Concentration,
The effect of the palladium concentration in the
reaction zone on the initiation temperature was
investigated by using n-butyl alcohol as the solvent.
The results are shown in Fig. 2.

The plot of the initiation temperature against
the ratio of the promoter metal to the cobalt con-
centration indicates that the initiation temperature
significantly decreases, with only a small increase
(less than 1 atom percent on cobalt) in the con-
centration of palladium, and that less than 5
per cent of the palladium concentration gives rise
to an adequate efficiency.

By comparing the effect of the palladium con-
centration on the initiation temperature with that
of dicobalt octacarbonyl as an autocatalyst, as is
shown in Fig. 2, the strong promoting activity of
palladium-on-carbon is easily evaluated. In addi-
tion, no dissolved palladium was detected in the
solution of the reaction product by careful analysis
using a “Plane Grating Spectrograph Model GE
340.” The behavior of palladium in the reaction
mentioned above may be considered to suggest
that palladium operates catalytically in the cobalt
carbonylation reaction.

Catalytic Activity of Other Noble Metals.
The other metals which are found in the neighbor-
hood of palladium in the periodic table and which
are generally considered to form simple metal
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Fig. 2. Effects of the concentrations of promoters
on the initiation temperature.
Co(OH), 0.241 mol, Synthesis gas (H,;: CO=
1.2 : 1) 150 kg/cm?, n-BuOH 190 ml
® Pd-C (H,O (7.9 volume%, on n-BuOH) was
added in this series.)
A Coy(CO)g

carbonyls by themselves only with difficulty have
also been investigated to see if they promote the
cobalt carbonylation reaction.

The experiments with the palladium catalyst
showed that metal-on-carbon was the most active
form. Platinum, gold, silver, and copper were
tested as the metal-on-carbon for each metal. The
results are shown in Fig. 3.

The initiation temperature in the reaction using
the platinum-on-carbon catalyst fell sharply to
100°C when the concentration of platinum was
increased to 0.723 atom?%,. However, little ad-
ditional effect occurred over 1 atom9%.

On the other hand, with gold-on-carbon, the
initiation temperature fell gradually along the
curve with the platinum catalyst in the low-con-
centration region, but over 1 atom?%, it fell drama-
tically, as was the case with palladium. At the Au/
Co ratio of 4.5 atom9%,, gold-on-carbon can initiate
the reaction at temperatures as low as 55°C.
Silver-on-carbon showed only a poor activity, and
copper-on-carbon had practically no effect on the
cobalt-carbonylation reaction.

Thus, the relative activities of carbon-supported
metals in the cobalt carbonylation are as follows:
Pd> Au>Pt»Ag>Cu.

It is clear from the available data that platinum-
and gold-on-carbon are excellent alternative cata-
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Fig. 3. Promoting activities of various metals
in the cobalt carbonylation reaction.
Co(OH), 0.24]1 mol, Synthesis Gas H,: CO=
1.2:1, 150 kg/cm?®, n-BuOH 190 mi
O Pt-C (5%Pt), [1 Au-C (5%Au),
(5%Ag), V Cu—C (5%Cu)

lysts, and that palladium-on-carbon is still the best
among the five materials examined here.

& Ag-C

Summary

Cobalt carbonyl synthesis with noble metals as
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promoters has been investigated by using the initia-
tion temperature of the reaction as a measure. The
results of this study are as follows.

(1) It has been observed that materials con-
taining palladium, platinum, gold, and silver have
promoting effects on the cobalt-carbonylation reac-
tion. The form of the materials containing metal
significantly affects the promoting activity. Metal
supported on active carbon exhibits an activity
superior to that of the corresponding salts or com-
plexes. The promoting activities of the noble
metals supported on carbon examined here are in
the order of: Pd>Au>Pt>Ag.

(2) From the plots of the promoter concentra-
tion against the initiation temperature, it has been
revealed that by adding a small amount of noble
metal promoters the initiation temperature of the
reaction is markedly lowered; with an increase
in the concentration, Pd and Au serve to lower the
initiation temperature whereas Pt gives a constant
initiation temperature above a certain concentra-
tion. Dicobalt octacarbonyl as an autocatalyst
shows a concentration effect similar to those of
Pd and Au, but the activity is much inferior to
theirs.

(3) A cobalt-carbonylation reaction with a
Pd-C promoter is also affected by the kind of
cobalt compound as in the conventional case. The
reactivities are in the order: Co(OH),> Co oleate
=~ Co(0Ac)y~Co0O > CoSO,.

Cobalt hydroxide, then, reacts at temperatures
as low as from 50 to 55°C.

(4) It has been shown by a careful analysis
that no dissolved palladium is present in the
product solution. This and other data suggest
that noble-metal promoters operate catalytically
in the cobalt-carbonylation reaction.




