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Process for producing oxygen-containing hydrocarbon compounds.

@ Compounds containing oxygen, hydrogen and carbon
having 1 or 2 carbon atoms can be prepared by reacting a
gaseous mixture of carbon oxide and hydrogen in the pres-
ence of a catalyst composition comprising
(A} substantially metallic rhodium;
(B) an oxide of a metal of Group lla, llla, IVa or Va of the
- Periodic Table of short form; and optionally
< {C) anelement selected from niobium, tantaium, chromium,
manganese~&nd rhenium when the metal oxide (B) is of a
metal of Group llla, IVa or Va.
This catalyst composition is highly efficient under relatively
mild reaction conditions and can be prepared easily and inex-
pensively.
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Title:
PROCESS FOR PRODUCING OXYGEN-CONTAINING
HYDROCARBOX COMPOUNDS

This invention relates to a process for produ-
cing oxygen-containing hydrocarbon compounds having 1
or 2 carbon atoms by reacting a gaseous mixture composed
of carbon oxide and hydrogen in the presence of a
hydrogenation catalyst., More specifically, this invention
pertains to a process for advantageously producing oxygen--
containing hydrocarbon compounds having 1 or 2 carbon
atoms, particularly ethanol, from the aforesaid gaseous
mixture using a catalyst composition comprising metallic
rhodium and a certain metallic oxide as a hydrogenation
catalyst. .

In recent years, there has been a worldwide
scarcity of o0il resources, and it is anticipated that a
balance between supply and demand of oils will be aggra-
vated in near future. IMaphtha derived from crude oils has
become increasingly costly in recent years, and the cost
of production of low-boiling olefins, acetic acid, acetal-
dehyde, ethanol, etc., which are the basic products of the
petrochemical industry from naphtha, has tended to increase
year by year. Accordingly, there has been an increasing
need to develop a process for producing these basic raw
materials of the petrochemical industry at low cost from
a synthesis gas comprising a mixture of carbon monoxide and
hydrogen.

Presently, the synthesis gas is produced indust-
rially by steam-reforming of naphtha and natural gases,
but it is expected that in near future synthesis gases
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from low-cost carbon resources occurring abunduntly through-
out the world such as heavy oils, coals and oil sands

will go into industrial production. The synthesis gas

will therefore be an advantageous raw material both in

cost and supply.

Extensive investigations have been made hereto-
fore about the production of hydrocarbons or both hydro-
carbons and oxygen-containing hydrocarbon compounds from
a gaseous mixture of carbon oxide (carbon monoxide or
carbon dioxide) and hydrogen (a synthesis gas process or
a modified Fischer-Tropsch method). It has been reported,
for example, that various oxygen-containing hydrocarbon
compounds and hydrocarbons can be synthesized by reacting
a synthesis gas comprising carbon monoxide and hydrogen
in a ratio of from 4:1 to 1:4 in the presence of a hydro-
genation catalyst comprising a metal of the iron group or
noble metal group at a temperature of 150 to 450°C and a
pressure of 1 to about 700 atmospheres (F. Fischer, H.
Tropsch, Ber., 59,830, 832, 923 (1926), and H. Pichler,
Adv., Catalysis, IV, 271 (1952)). The product obtained
by this method is a mixture of oxygen-containing hydro-
carbon compounds and hydrocarbons having 1 to 20 carbon
atoms, and this method cannot afford industrially useful
oxygen—containing hydrocarbon compounds having low carbon
numbers selectively and efficiently.

As a method for synthesizing oxygen~containing

“hydrocarbon compounds and lower olefins from a synthesis

gas, the Hydrocol method comprising performing the reaction
at 300 to 350°C and 20 to 50 atmospheres using a catalyst
composed of iron or cobalt supported on magnesium oxide,
thorium oxide, etc. (see H. Pichler, Adv. Catalysis IV,

271 (1952)), and the Synthol method involving performing
the reaction at 300 to 400°C and 70 to 250 atmospheres
(F.Fischer, H. Tropsch, Bremmstoff-Chem., &, 276 (1923),

5, 201, 217 (1924), Z, 97, 299 (1926), 8, 65 (1927))

have already been known. These methods, however, have
poor selectivity. They are advantageous for production of
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higher olefins, but cannot selectively give olefins having
2 to 4 carbon atoms and oxygen-containing hydrocarbon
compounds having 1 or 2 carbon atoms which are useful as
industrial materials.

On the other hand, as regards the use of a
rhodium catalyst, a method was suggested which comprises
contacting a synthesis gas at atmospheric pressure with a
rhodium-supported catalyst containing a silica or alumina
carrier or a rhodium metal plate to produce methane and
not more than 10% of C,-C, hydrocarbons (see M. A. Vannica,
J. Catal., 37, 449 (1975), and B. Sexton, G.A: Somorjai,
ibid. 46, 167 (1977)). Furthermore, about the selective
production of oxygen-containing hydrocarbon compounds
having low carbon numbers by reaction of a synthetic gas
using a rhodium-supported catalyst, there were proposed
a method which comprises reacting a synthetic gas at 290
to 325°C and 35 to 350 atmospheres while maintaining the
CO/H2 ratio at much higher than 1 and the flow rate of
the reactant gas at 10°n™% or higher as SV, to produce a
mixture of oxygen-containing hydrocarbon compounds having
low carbon numbers, especially acetic acid, acetaldehyde
and ethanol, in a carbon efficiency, based on the consumed
carbon monoxide, of 50% (Belgian Patent No. 824822, TD
Mo, 2503233, and Japanese Laid-Open Patent Publication
No. 80806/76); and a method which comprises reacting a
synthesis gas at a flow rate of at least 107 11 under
a pressure of 50 to 300 atmospheres using a silica carrier
catalyst containing rhodium and iron to produce methanol
and ethanol at substantially the same carbon efficiency
as in the aforesaid method (see Belgian Patent No., 824823,
and Japanese Laid-Open Patent Publication No. 80807/76).
These methods give methanol and ethanol in a substantially
equimolar ratio, but cause formation of large amounts of
methane or hydrocarbons having 2 or more carbon atoms as
by-products. At a low CO concentration in the synthesis
gas (CO/H2=1.O or less), a low pressure (1 to 50 atmos-
pheres) or a low flow rate (not more than 102 h™! as SV)
which are advantageous conditions for economical industrial
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procesges,by-product hydrocarbons tend to increase further
in these methods, and the selectivity for industrially
useful oxygen-containing hydrocarbon compounds having 1
or 2 carbon atoms such as ethanol is drastically reduced.

5 According to an improved method -involving use

of a catalyst comprising both rhodium and manganese (see
Japanese Laid-Open Patent Publication No. 14706/77), an
increase in the conversion of CO per unit weight of rhodium
is noted, but the addition of manganese can scarcely

10 increase the selectivity for the formation of oxygen-
containing hydrocarbon- compounds. It has been pointed
out that the addition of an excessive amount of manganese
rather increases formation of hydrocarbons and reduces
the selectivity for the formation of the desirable oxygen-

15 containing hydrocarbon compounds.

A method has also been known for producing 2
mixture of methanol and ethanol from a synthesis gas by
reacting it at 1 to 50 atmospheres and 150 to 300°C using
a catalyst obtained by supporting a rhodium cluster or

20 platinum cluster on an oxide of at least one metal selected
from metals of Groups IIab, IIIab and IVab of the periodic
table of short form (see Japanese Laid-Open Patent Publi-
cations Nos. 41291/79 and 44605/79). Although the catalyst
used in this method is highly active, this method still

25 has various difficulties which have to be overcome. For
example, catalyst preparation requires the use of a
special and expensive noble metal carbonyl cluster compound

as a raw material, and includes operation in an inert at-
mosphere (in vacuum or in an inert gas). The catalyst has
30 a short lifetime under high-temperature and high-pressure
conditions which are required for achieving a high con-
version, and there is a 1imit to the operable temperature
range for the catalyst.
In view of the prior art techniques discussed
35 above, it has been desired to develop a rhodium-containing
catalyst which is suitable for selective production of
dxygen—containing hydrocarbon compounds having 1 or 2
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carbon atoms, particularly ethanol, at a high carbon
efficiency under relatively mild low-pressure reaction
conditions. The use of such a rhodium-containing catalyst
will provide a new technique which supersedes synthesis

of methanol from a synthesis gas or production of ethylene
from naphtha.

It is an object of this invention to provide a
process for producing oxygen-containing hydrocarbon com-
pounds having 1 or 2 carbon atoms at a high carbon effi-
ciency from = gaseous mixture of carbon oxide and hydrogen
using a rhodium-containing catalyst which is relatively
inexpensive and is easily available.

Another object of this invention is to provide
a process for producing oxygen~containing hydrocarbon
compounds having 1 or 2 carbon atoms, especially ethanol,
from a gaseous mixture of carbon oxide and hydrogen.

Other obJjects and advantages of this invention
will become apparent from the following description.

It has now been found in accordance with this
invention that when a catalyst composition consisting basi-
cally of (A) substantially metallic rhodium and (B) an
oxide of a metal (to be referred to as a "metal oxide")
selected from metals of Groups IIa, IIIa, IVa and Va
of the periodic table of short form is used in the produc-
tion of oxygen-containing hydrocarbon compounds by reac-
ting a gaseous mixture composed of carbon oxide and hydrogen,
the carbon efficiency of the oxygen-containing hydrocarbon
compounds having 1 or 2 carbon atoms is markedly improved,
and reaches 50% or more. It has also been found that the
catalyst composition used in this invention generally has
a wide operating temperature range, and exhibits superior
catalytic activity at a wide temperature range of from
about 100 to about bOOOC, and its catalytic activity lasts
for an extended period of time even under high-temperature
high-pressure reaction conditions.

According to one aspect of this invention, there
is provided a process for producing oxygen-containing
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hydrocarbon compounds having 1 or 2 carbon atoms which
comprises reacting a gaseous mixture consisting of carbon
oxide and hydrogen in the presence of a hydrogenation
catalyst, said hydrogenation catalyst being a catalyst
composition comprising N

(A) substantially metallic rhodium, and

(B) an oxide of a metal selected from metals of
Groups IIa, IIIa, IVa and Va of the periodic table of
short form.

In the present specification and the appended
claims, the term "oxygen-containing hydrocarbon compounds
having 1 or 2 carbon atoms" denotes hydrocarbons having 1

.or 2 carbon atoms and an oxygen atom, such as methanol,
_ ethanol, formaldehyde, acetaldehyde, formic acid and acetic

acid.

The term "carbon oxide" inclusively represents
both carbon monoxide (CO) and carbon dioxide (COZ)' In
the present invention carbon monoxide and carbon dioxide
are used either singly or as a mixture. Preferably, the
carbon oxide is carbon monoxide.

The "periodic table of short form", as used in
the present application, denotes a periodic table of the
type described at page 738 of "Encyclopaedia Chiﬁica",
vol, 5 (1951), Kyoritsu Shuppan K.K., Tokyo, Japan.
According to this periodic table, Group IIa includes Be,
Mg, Ca, Sr, Ba and Ra; Group IIla, Sc, Y, lanthanide
elements and actinide elements; Group IVa, Ti, Zr and Hf;
and Group Va, V, Nb and Ta. '

The term "carbon efficiency of oxygen-containing
hydrocarbon compounds", as used in this application,
denotes the percentage of the oxygen-containing hydrocarbon
compounds in moles based on the consumed carbon oxide calcu- -
lated for carbon (6n the carbon basis).

The term "selectivity for ethanol", as used in
this application, denotes the percentage of ethanol based

on the resulting oxygen~containing hydrocarbon compounds
calculated for carbon, (on the carbon basis).
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The metallic oxide used in the catalyst composi-
tion in accordance with this invention is an active
catalytic ingredient having the ability to increase syner-
gistically the catalytic activity of metallic rhodium which
is a main catalytic ingredient. At the same time, the metal
oxide serves as a carrier for metallic rhodium. The
catalyst composition preferably consists essentially of
metallic rhodium and the aforesaid metal oxide.

Fxamples of the metal oxide include magnesium
oxide, calcium oxide, beryllium oxide, lanthanum oxide,
cerium oxide, neodymium oxide, yttrium oxide, zirconium
oxide, titanium oxide, thorium oxide, vanadium oxide,
niobium oxide and tantalum oxide. Of these, lanthanum oxide,
neodymium oxiee, cerium oxide, yttrium oxide, thorium
oxide, titanium oxide, zirconium oxide, niobium oxide, and
tantalum oxide are preferred. Thorium oxide, titanium
oxide, zirconium oxide, niobium oxide and tantalum oxide
are especially preferred. .

These metal oxides can be used either singly or
in combination with each other. 1In order to support
metallic rhodium, the metal oxide may generally be a
solid in the form of powder, granule, pellet or lump having
a surface area of generally at least 1 mz/g, preferably
10 to 1000 m®/g.

Deposition of metallic rhodium on the metal
oxide can be effected by any customézy method so long as
substantially all of the rhodium deposited on the metal
oxide is metallic. Advantageously, this can be performed
using a simple organic or inorganic salt of rhodium.

The "simple salt of rhodium", as referred to herein,
means a compound simply containing mono- or -di-nuclear
rhodium element, and is clearly distinct from the cluster
compound of rhodium mentioned hereinabove., Specific
examples of the simple salt of rhodium include inorganic
salts of rhodium such as the chloride, nitrite and
carbonate of rhodium, and organic salts of rhodium such
as the acetate, oxalate, ethylenediamine complex
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[P\h(I\H{ZCQHam-IZ)B)Cly pyridine complex (Ru(C,H,N) 4013),
acetylacetonato salt, cyclooctadiene complex, dicyclo-
pentadienyl complex, T-allyl complex, and allene complex
of rhodium.

5 Deposition of metallic rhodium on the metal
oxide from these rhodium salts may be performed, for
example, by a method which comprises dissolving the
rhodium salt in a suitable solvent (for example, water,
an alcohol such as methanol or ethanol, an ether such as

10 tetrahydrofuraﬁ or dioxane, or a hydrocarbon such as
hexane or benzene), impregnating the metal oxide with the
resulting solution, removing the solvent, and then heat-
treating the impregnated metal oxide in an atmosphere of a
reducing gas such as hydrogen gas or synthesis gas under

. 15 atmospheric ortelevared pressures until substantially

3 all of the impregnated rhodium salt is converted to
metallic rhodium (for example, at a temperature of about
50 to about 500°C for about 10 minutes to about 2 days;
this reducing treatment can be performed in a reactor

20 prior to the performance of the process of this invention);
or chemically reducing the impregnated metal rhodium salt
with a reducing agent such as formaldehyde, hydrazine,
metal hydrides (e.g., sodium hydride or potassium hydride),
metal borohydrides (e.g., sodium borohydride), or complex

25 metal hydrides (e.g., lithium aluminum hydride). As a
result, there can be obtained a catalyst composition in
accordance with this invention in which substantially

metallic rhodium is supported and combined with the metal
oxide.

30 The content of metallic rhodium is not critical,
and can be widely varied depending upon the type or shape
of the metal oxide used, etc. Generally, it is advantageous
that the content of metallic rhodium is about 0.0001 to
about 507 by weight, preferably about 0.01 to about 25%

35 by weight, more preferably about 0.1 to about 10% by
weight, based on the weight of the catalyst composition.

The catalyst composition consisting essentially
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of metallic rhodium and the metal oxide so prepared can
be directly used in the process of this invention. In
accordance with this invenmtion, it has been found that
the Jjoint use of the metallic rhodium and metal oxide with
silica gives further increased catalytic activity, and
a very high selectivity for ethanol. This discovery is
surprising in view of the fact that the conjoint use of
metallic rhodium and the metal oxide with alumina which
is frequently used as a catalyst carrier results in
reduced catalytic activity.

Accordingly, an especially preferred catalyst
composition in accordance with this invention consists
essentially of metallic rhodium,the metal oxide and silica.
This preferred catalyst composition may comprise silica
as a substrate and deposited thereon, metallic rhodium
and the metal Oxide; or an intimate composite of silica
and the metal oxide, and metallic rhodium deposited on
the composite. _ ‘

In the case of the former type, deposition of
metallic rhodium and the metal oxide on silica can be
performed by any method known per se. Deposition of
metallic rhodium can be performed by the method described
hereinabove. On the other hand, deposition of the metal
oxide can be performed, for example, by dissolving an
inorganic or organic metal compound of a metal of Groups
ITa, IITa, IVa and Va of the periodic table of short
form in a suitable solvent (for example, water, an alcohol
such as methanol or ethanol, an ether such as tetrahydrofuran
or dioxane, or a hydrocarbon such as hexane or benzene),
impregnating the resulting solution in silica in various
forms such as a powder, pellet, granule or lump, removing
the solvent, and then heat-treating the impregnated silica
in an atmosphere of an oxygen-containing gas (e.g., air),
an inert gas (e.g., nitrogen, argon, helium, or ‘carbon
dioxide gas), or a reducing gas (e.g., hydrogen or synthe-
sis gas) depending upon the type of the metal compound
used until substantially all of the impregnated metal
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compound is converted to the corresponding metal oxide
(for example, heating it at a temperature of about 100 to
about 600°C for about 30 minutes to about 2 days). As a
result, the metal oxide can be deposited on silica.
The inorganic or organic metal compound used in

Ul

the deposition of the metal oxide includes the chlorides,
oxynitrates, nitrates, carbonates, hydroxides, acetates,
formates, oxalates, silyl ether salts, acetylacetonate
salts, polyhydroxystearates, alkoxides, dicyclopentadienyl
10 complexes, MT-allyl complexes, benzyl complexes, and
allene complexes of metals of Groups Ila, IITa, IVa and Va
of the periodic table of short form.
Specific examples of these inorganic or organic
metal compounds are magnesium chloride (MgClZ), magnesium
15 bromide (MgBr,), magnesium nitrate ((Mg(NOB)Zj’ magnesium
nydroxide (Mg(OH),), magnesium carbonate (MgCOB), magnesium
formate (Mg(HCO0),), magnesiun oxalate (Mg0204'2H20),
magnesium chlorate (Mg(Cth)zj, magnesium methoxide
(Mg(OCHS)Z), magnesium ethoxide (Mg(OC2H5)2], magnesium
20 propoxide (Mg(oc3ﬂ7)2), magnesium butoxide (Mg(OCng)Z],
magnesium methylcarbonate (Mg(CH3OCOO)2], calcium chloride
(CaCl,), calcium bromide (CaBr,), calcium formate (Ca(HCOO)Zj,
calcium oxalate (CaCZOA-ZHZO), calcium hydroxide (Ca(OH),),
calcium ethoxide (Ca(002H5)2) , calcium butoxide (Ca(OChHg)Z],
25  beryllium chloride (Bec12), beryllium ethoxide (Be(OCZH5)2],
beryllium formate (Be(HCOO)Z){ lanthanum chloride
(LaCl ~3H20), lanthanum nitrate (La(N03)3'6H20], lanthanum
oxalate (Laz(Czoa)B'nHZO), lanthanum acetate (La(CH3COZ)2-
4H20], lanthanum acetylacetonate (La(05H702)3'H20J, lantha-
30 num carbonate (LaZ(COS)Bj’ neodymium chloride (NdCl3°3H2O),
neodymium bromide (NdClB), neodymium nitrate [Nd(NOB)B'BHZOj’
neodymium acetate (Nd(CHBCOO)B’nHZO], neodymium acetyl-
acetonate,(Nd(c5n702)3-ﬁzo), yttrium chloride (YClB),
yttrium chlorate (Y(C103)3-9H20], yttrium perchlorate
35 (Y(C104)3'9H20], yttrium carbonate (Y2(003)3'3H203,
Vttrium ammonium carbonate ((NHQ)Y(COB)Z'HZO), yttrium
formate [Y(HCOO)B-ZHZO), yttrium tartrate (Y2(04H405)3°nH20),
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yttrium acetylacetonate (Y(C5H702)3-H20), cerium chloride
(Ce013-7H20), cerium nitrate [Ce(N03)3°6H20], cerium
acetate (Ce(CH3C02)3'H20],_cerium acetylacetonate (Ce-
(C5H702)3], cerous ammonium nitrate (Ce(NO3)2'2(NH4N03)'

5 4H,0), ceric ammonium nitrate (Ce(NO3)4-2(NH4N03)'nHZO],
cerium carbonate (Ce2(003)3'8H20), cerium oxalate
(Cez(C204)3°9H20), zirconium oxynitrate (ZrO(NOB)Z'ZHzo),
zirconum nitrate (Zr(N03)3'6HZO), titanium nitrate
[Ti(N03)3’6H20], zirconium oxyacetate (ZrO(CHBCOO)Bj,

10  titanium oxyacetate (TiO(CHBCOO)BJ, zirconium oxychloride
(ZrOClZ), titanium oxychloride (TiOClZ), zirconium tetra-
chloride (ZrClh), titanium tetrachloride (TiClh), zirconium
acetate (Zr(CHBCOO)zj, titanium acetate (Ti(CHBCOO)Zj,
zirconium ethoxide [Zr(OC2H5)4], titanium ethoxide

15 [Ti(OCZHS)Aj, zirconium isopropoxide (Zr(O-isoC3H7)4j,
titanium isopropoxide (Ti(OfisoC3H7)4), zirconium n- ‘
propoxide [Zr(On—C3H7)4], titanium n-propoxide (Ti(on-C3H7)4j’
zirconium butoxide (Zr(OCaHg)Aj, titanium butoxide
(Ti(OCAHg)Aj, dicyclopentadienyl zirconium chloride

20 ((ZZ—CSH5)ZZr012], dicyclopentadienyl titanium chloride
((ﬂ:-C5H5)TiC12), dicarbonyldicyclopentadienyl zirconium
(( ﬁ—CsH5)22r(CO)2), dicarbonyldicyclopentadienyl titanium
(( EFCSH5)2T1(CO)2], zirconium acetylacetonate (Zr(C5H702)4],
titanium acetylacetonate (Ti(05H702)4], thorium nitrate

25 (Th(N03)4°5BéO], thorium acetylacetonate [Th(C5H702)A),
thorium chloride (ThClh), thorium acetate [Th(CHBCOO)zj,
thorium isopropoxide [Th(iso—C3H7O)4), thorium n-propoxide
(Th(n-03H7O)], thorium butoxidd (Th(cquo)hj, vanadyl
ethoxide (VO(O 02H5)3], vanadyl butoxide (vo(ochg)Bj,

30  vanadyl methoxide [VO(OCHB)BJ, vanadyl ethoxychloride
(Vo(oc2H5)201), vanadyl acetylacetone [VO(C5H702)3],
niobium propoxide (Nb(OC3H7)5), niobium ethoxide
(Mb(OCzH5)5), niobium butoxide (Nb(004H9)5), niobium
acetylacetonate [Nb(C5H702)3], vanadocene ((‘E-C5H5)2V),

35 niobucene [Nb(7t—C5H5)2X2; X=Cl, CO, H), tantalum ethoxide
(Ta(OCZHs)Sj, tantalum butoxide (Ta(0 c4H9)5j, tantalum
acetylacetonate (Ta(C5H702)3), niobium chloride (NbCls),
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tantalum chloride (TaCl5), %-allyl vanadium carbonyl
complex ((E ~CHls )5 v(CO) 2) , A-allyl tentalum carbonyl
complex ((31-C3H5)2 Ta(CO),) and benzyl zirconium complex -
(zr(CH,CeHs)y,) - .
These metal compounds are generally converted

" to metal oxides by heat-treatment and/or photo-decomposi-

tion in an atmosphere containing an oxygen~containing gas,
an inert gas or a reducing gas.

Tn what condition the metal oxide is deposited
on and combined with silica is not clear. It is assumed
however that because of a chemical reaction between the
metal compound used as a raw material and the hydroxyl
group on the surface of silica, at least a part of the
deposited metal oxide is in the form of a fixed oxide in
which the metal in the metal compound is chemically bonded
to a silicon atom through oxygen. It should be understood
therefore that the "metal oxide®, as used in this invention,
also embraces such a fixed oxide.

Deposition of metallic rhodium and deposition of
the metal oxide can be performed in various sequences
depending upon the depositing conditions. For example,
when the deposition of the metal oxide is carried out in
an atmosphere containing an oxygen-containing gas or an
inert gas, it is generally preferred to perform the
deposition of the metal oxide first. Vhen the deposition
of the metal oxide is carried out in an atmosphere of a
reducing gas, the deposition of metallic rhodium and the
deposition of the metgl oxide can be performed ‘simultaneously”
or sequentially in an optional order.

The silica on which to deposit metallic rhodium
and the metal oxide may have a surface area of generally
at least 10 m2/g, preferably 10 to 1000 mz/g, more prefe-
rably 50 to 500 mz/g. It may assume various ordinary forms
as a catalyst substrate, such as a powder, granule, pellet,
or lump.

) The preferred catalyst composition may also be
in such a form that metallic rhodium is deposited on a
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composite of silica and the metal oxide. The composite
of silica and the metal oxide can be usually produced by
preparing an aqueous solution of a water-soluble silicon
compound and a water—-soluble metal compound of the type
5 exemplified hereinabove, co-precipitating silicon and the

metal in the form of hydroxide from the agueous solution
in a customary manner, separating the co-precipitate,
optionally molding it into such a shape as granule or
pellet, and then firing it. Deposition of metallic

10 rhodium on the resulting silica-metal composite can be
performed by the method described hereinabove.

The resulting catalyst composition comprising
metallic rhodium, the metal oxide and silica may contain
metallic rhodium in a proportion of generally about 0,0001

15 to about 50% by weight, preferably about 0.01 to about 25%
by weight, more preferably about C.1l to about 10¥ by weight,
based on the weight of the catalyst composition. The
weight ratio of metallic rhodium to the metal oxide is
generally from 1:100 to 100:1, preferably from 1:50 to

20 50:1, more preferably from 1:10 to 10:1, and the weight
ratio of the metal oxide to silica is generally from
1000:1 to 1:1000, preferably from 100:1 to 1:100, more
preferably from 10:1 to 1:10. The content of silica may
be about 0.001 to about 99% by weight, preferably about

25 0.1 to about 98% by weight, more preferably about 1 to

about 90% by weight, based on the weight of the catalyst
composition.

It has further been found in accordance with
this invention that the carbon efficiency of the oxXygen-
30 containing hydrocarbon compound having 1 or 2 carbon atom
and the selectivity for ethanol can be further improved
by incorporating an element selected from niobium,
tantalum, chromium, manganese and rhenium as a sub-main
catalyst ingredient into a catalyst composition consisting
35 of metallic rhodium, an oxide of a metal selected from
metals of Groups IIIa, IVa and Va of fhe periodic table

of short form, and optionally silica and using the resulting
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catalyst composition in the reaction of a gaseous mixture

of hydrogen and carbon oxide.

Thus, according to another aspect of this

invention, there 1is also provided a process for producing

oxygen-containing hydrocarbon compounds having 1 or

2

carbon atoms which comprises reacting a gaseous mixture

composed of carbon oxide and hydrogen in the presence of a
hydrogenation catalyst, said hydrogenation catalyst being

a catalyst composition comprising
(1) substantially metallic rhodium,

(ii) an element selected from the group consisting

of piobium, tantalum, chromium, manganese and rhenium,

.y

consisting of metals of Groups IITIa, IVa and Va of the

periodic table of short form, and
(iv) optionally, silica.

The catalyst composition used in this process can

and

(iii) an oxide of a metal selected from the group

be prepared in +he same way as in the aforesaid catalyst
composition except that the metal element selected from

niobium, tantalum, chromium, manganese and rhenium i

S

additionally deposited on the metal oxide, or silica, OTr

the silica-metal oxide composite.

Deposition of such additional metal element on the
metal oxide, silica or the silica-metal oxide composite

can be performed in the same way as in the deposition of
metallic rhodium. For example, it can be performed by

dissolving an inorganic oOr organic salt or alkoxide
the metal element in a suitable solvent (for example

of

4

water, an alcohol such as methanol or ethanol, an ether
such as tetrahydrofuran or dioxane, Or & hydrocarbon such

as hexane or benzene), impregnating the resulting solution

in the metal oxide, silica or the silica-metal oxide

composite, removing the solvent, and reducing the impreg-
nated metal salt until substantially all of it is reduced
to metallic element as in the case of metallic rhodium.

The inorgenic or organic salt or alkoxide of the

additional metal element that can be used includes,

the

i



10

15

20

25

30

35

0022358

- 15 -
chlorides, nitrates, carbonates, acetates, oxalates,
acetylacetonate salts, dicyclopentadienyl complexes,
Ti-allyl complexes, allene complexes and alkoxides of

the metals. Specific examples include rhenium chloride
(ReClS), rhenium bromide (ReBr5), rhenium carbonyl ((Rez-
(CO)lO), dicyclopentadienyl rhenium hydride ((7E-C5H5)2-
ReHB), carbonyl dicyclopentadienyl rhenium [(7£—C5H5)2-
Re(CO)Z), rhenium nitrate (Re(r~103)5-6H20), rhenium

acetate (Re(czascoo)s), ammonium rhenate ((NHA)ZRezOL;)'
niobium chloride (wb015), niobium bromide (NbBr5), dicyclo-
pentadienyl niobium hydride [(7D—C5H5)2NbH3), TL-allyl
niobium ( (7L -C HS) 1), tantalum chloride (TaC15), tantalum
bromide (TaBr5§, dicyclopentadienyl tantalum hydride
(/‘L-C5H5)2T8I{3]_, MT-allyl tantalum (( 7[—03H5) ;,Ta), niobium
acetylacetonate [Mb(C5H702)5], tantalum acetylacetonate
[Ta(C5H702)5], manganese chloride (MnCl,°4H,0), manganese
acetylacetonate (Mn(CSH7O2)2), manganese acetate [Mn(CHB—
C00),+4H,0), manganese nitrate (Mn(N03)2-6H2O), dicyclo-
pentadienyl manganese [(C5H5)2Mn], chromium chloride
(CrClj, or CrC13'6H20), chromium nitrate [Cr(N03)3-9H20],
chromium acetylacetonate (Cr(C5H702)3], dicyclopentadienyl
chromium (Cr(CSHS)g], and £-allyl chromium ((JI—C3H5)3Cr].
These metal compounds can be used either singly or in
combination with each other.

Deposition of such a metal element can be per-
formed either before, during or after the deposition of
metallic rhodium,

The amount of the metal element to be deposited
is not critical, and can be varied widely depending upon
the type of the metal element,etc. Generally, it is such
that the weight ratio of metallic rhodium to the metal
element is from 50:1 to 1:50 preferably from 20:1 to 1:20
more preferably from 1:10 to 10:1. The total amount of
metallic rhodium and the metal element may be about 0.001
to about 50% by weight, preferably about 0.01 to about 25%
by weight, more preferably about 0.1 to about 25Y% by weight,
based on the weight of the catalyst composition.
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The reaction of a gaseous mixture of carbon
oxide and hydrogen in the presence of the catalyst com-
position of the various embodiments described hereinabove
can be performed in a manner known per se. For example,
the reaction can be performed by feeding the catalyst
composition into a suitable catalytid reactor such as a
closed circulating reactor, a fixed bed type reactor
adapted for flowing of a starting gaseous mixture at
atmospheric or elevated pressure a batchwise pressure
reactor or a batchwise shaking pressure reactor, and
contacting the starting gaseous mixture with the catalyst
composition at about 500 to about 450°C and a space
velocity of about 10 to about 10° 1iters/1iter.hr'1,
preferably about 10° to about 10° liters/liter.hr T, at
a temperature of about 100 to about 350°C, and a pressure
of about 0.5 to about 350 atmospheres (G), preferably
about 1 to about 300 atmospheres (G).

The mole ratio of carbon oxide to hydrogen in
the starting gaseous mixture to be fed into the reactor
is generally from 20:1 to 1:20, preferably from 1:5 to
5:1, more preferably from 1:2 to 2:1.

Thus, according to the process of this invention,
oxygen—containing hydrocarbon compounds having 1 or 2
carbon atoms can be produced with a high carbon efficiency
from a gaseous mixture of carbon oxide and hydrogen by
using the aforesaid catalyst composition which is easily
available commercially and has -excellent catalytic activity
and selectivity. The process of this invention gives
oxygen—containing hydrocarbon compounds containing methanol
and/or ethanol as main ingredients. The mixture of
methanol end ethanol formed as main ingredients can be
easily separated into the constituents by distillation.
Hence, the process of this invention is commercially
feasible for production of methanol and ethanol. Moreover,
blending of the oxygen~containing hydrocarbon compounds
containing methanol and ethanol as main ingredients with
a fuel gas gives fuels which may supersede the present
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fuels from natural resources and are expected to contribute
to saving of petroleum resources.

One great advantage of the process of this

invention is that ethanol can be produced at a high

5 selectivity when the aforesaid catalyst composition or the
aforesaid silica—containing catalyst composition further
includes a metal element selected from niobium, tantalum,

chromium, manganese and rhenium in addition to metallic
rhodium.

10 Ethanol can be easily separated from the oxygen-

containing hydrocarbon compounds containing a major
proportion of ethanol which are obtained by the process of
this invention. Hence, the process of this invention is
commercially feasible for production of ethanol from a
15 synthesis gas. Moreover, blending of the oxygen-containing
hydrocarbon compounds containing ethanol as a main ingre-
dient with a fuel gas or gasoline gives fuels which may
supersede the present fuels from natural resources and
are expected to contribute to saving of petroleum resources.
20 The following examples specificaliy illustrate
the present invention. It should be noted however that

the present invention is in no way limited by these
examples.

The various abbreviations and terms appearing
25 in the following examples have the following meanings,

RG: Reagent grade

SV: Space velocity defined as follows:

qy= _Amount of the feed gas (ml/hr)
Amount of catalyst (ml) x time (hr)
Feed: Amount of feed gas (ml/hr)
30 C,: methane
C2: ethane + ethylene
C3: propane + propylene
CA: butane + butene
Tr: trace amount

35 CE: carbon efficiency (%) of oxygen-containing
hydrocarbon compounds defined as follows:
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Moles of methanol + (moles of ethanol)+ moles
of acetaldehyde + moles of acetic acid) x 2
+ (moles of propanol) x 3 + (moles of

CE = butanol)x 4 % 100

Moles of carbon oxide reacted

Selectivity for ethanol (%)

(moles of ethanol formed) x 2

x 100
Moles of the oxygen-contain-

ing hydrocarbon compounds

formed (on carbon basis)

STY: Space time yield
STY of the oxygen-containing hydrocarbon compounds
is expressed by the following equation.

Weight of the oxygen-containing

5 STY = nydrocarbon_compounds (grams)
(weight of the
catalyst x time (hours)

charged (kg))

Example 1 .

Rhodium chloride trihydrate (0.50 g) was dissolved
in 100 cc of distilled water, and 20 g of magnesium oxide
powder (RG; a product of Nakarai Chemical Co., Ltd.)

10 was added to the aqueous solution to impregnate the mag-
nesium oxide with the aqueous solution. The impregnated
magnesium oxide was evaporated to dryness by a rotary
evaporator to afford a yellow powder. The resulting
yellow powder was packed into a closed circulating-type

15 reactor (total capacity 400 ml), heat-treated under vacuum
at 200°C, and then subJjected to reducing treatment in a
stream of hydrogen at 350°C for 15 hours. After reduction,
a gaseous mixture consisting of carbon monoxide and hydro-
gen introduced into the reactor and the reaction was

20 started under the conditions shown in Table 1 (this
reaction will be referred to hereinbelow as a CO—H2
reaction). When the activity of the catalyst became
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steady, the distribution of products of the CO—H2 reaction
was examined. The results are shown in Table 1.
Examples 2 to 10

By the same operation as in Example 1, rhodium
was deposited on 20g of titanium oxide powder (a product
of Merck; RG), zirconium oxide powder (a product of
Wakarai Chemical Co., Ltd.; RG), lanthanum oxide powder
(a product of Kishida Cheic Cheic Chemical Co., Ltd
RG), neodymium oxide powder (a product of Wako Pure
Chemical Co., Ltd.; RG), cerium oxide powder (99% pure,
a product of Wako Pure Chemical Co., Ltd.), yttrium
oxide powder (a product of Wako Pure Chemical Co., Ltd.;
Rg), thorium oxide powder (a product of Tokyo Chemical
Co., Ltd.; RG), niobium oxide powder (a product of Wako
Pure Chemical Co., Ltd; RG), and tamtalum oxide powder,
respectively, using an aqueous solution of 0.50 g of
rhodium chloride trihydrate in 100 cc of distilled water.
Using the resulting catalysts, the CO-H2 reaction was
performed in the same way as in Example 1. The results
are shown in Table 1.

.
e

The products in vapor phase were analyzed by gas
chromatography using a thermal conducting detector (TCD)
and an active carbon column (1 m, room temperature, and
an AlZOB—dimethylformamide (supported in an amount of
38% by weight) column (4 m, room temperature). The
oxXygen-containing hydrocarbon compounds trapped by a dry
ice acetone trap of the reactor were analyzed by TCD
gas chromatography on a Porapak Q (trademark) column
(4 m, 200°C) and a PEG-1500 column  (2m, 80°C).
Comparative Example 1

In the same way as in the preceding Examples,
rhodlum was deposited on 20 g of silica (WAKOW-GEL,
200 m /g, C-200) and p-alumina (Nishio Kogyo K.K.
280 m /g, A-11), and using the resulting catalyst, the
CO—H2 reaction was performed in the same way as in the
preceding Examples. The results are shown in Table 1.
It is seen that with the rhodium on silica
or on F-alumina, oxygen-containing hydrocarbon compounds
were not formed, or formed only in traces.
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Tgble 1
Reaction conditions i
Example Catalyst Tempera- | Partial pressure Time
ture (mmHg)
°o) o H2 (hours)
1 MgO-Rh o245 20 45 23
(Rh 0.208) 240 30 22 2%.5
260 30 35 48
2 TiO-Rh 210 20 45 18
(Rn 0.20g) 2%2 32 33 14
3 7r0,~RhCly 185 20 45 48
(Rh 0.20 g) 200 30 35 %9
4 La03-Rh 253 gg 4,; 2%5.2;
. 0 4 .
(Rn 0.20°8) | 19g 20 45 47.5
5 ngoa-ml 198 20 45 43
(Rh 0.20 8) 220 20 45 18
6 CeO,-Rh 210 20 45 15
(Rh 0.20 &) 190 20 45 23
7 Y0 3-Rh 220 20 45 14
(Rh 0.20 &) 195 20 45 46
8 ThO ,~Rh 185 20 45 15
(Rh 0.20 g) 210 30 20 23
9 Nb0 S—Rh 195 20 45 15
(Rh 0.20 &) 210 20 45 19
10 Ta 0 5-Rn 195 20 45 o5
(Rh 0.20 g) 210 20 45 12
Compara-
tive Y-Al205—Rh
Exalilple (Rh 0.20 &) 220 20 45 23
$10,-Fh
(Rh 0.20 g) 235 20 42 48

- to be continued -

L
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Table - 1 (continued)
\ Amounts (m-moles) of the products
! - Other :O .
! oxXygen-~ | ther
Exemple ! CE,0%| CoHiOH| CHCHO| (9 20ivs ol O Inyaro- | OF
; hydrocarbon carbons | (%)
compounds (-2)
1 | 0.66 | 0.28 - - 0.91 | 0.11 |52
0.78 | 0.084 | - - 0.65 ! 0.14 |50
t 0.88 0,134 - - 0.82 0.23 46
2 | + {0.28 |o0.28 + 0.70 | 0.41 | 34
T | 0.23 | 0.15 ¥ 0.46 | 0.27 |43
3 ! 0.23 0.37 0.086 + 0.422| 0.06 66
I 0.184) 0.32 0.22 0.013% 0.63 0.176 56
i 0.53 | 0.19 + - 0.49 | 0.25 |43
0.51 | 0.085 + - O.44 0.02 59
1.2% | 0.17 + - 0.57 | 0.08 68
5 1.58 | 0.28 + -~ 0.52 | 0.04 75
0.67 0.18 + - 0.85 | 0.21 45
6 0.27 0.14 0.03 0.01 0.67 0.23% 24
0.34 0.18 0.01 0.01 0.48 0.15 49
7 0.51 0.15 0.01 + 0.79 0.21 377
1.06 0.08 - 0.59 | 0.10 ! 57
8 0.16 0.18 0.01 + 0.48 0.06 43
0.13% 0.24 0.02 + 0.54 0.10 an
9 0.02 0.12 0.0% 0.01 0.59 0.06 30
0.01 0.20 0.0% 0.02 0.98 | 0.19 26
10 0.08 | 0.16 ~.02 + 0.54 0.16 32
0.02 0.24 0.02 + 0.69 0.24 20
Compara-
tive - - - - 0.45 0.13 - 0
Example
0.01 0.03 0.04 + 0.38 0.15 17
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Note 1: Other oxygen-containing hydrocarbon
compounds ‘include acetic acid and traces
of propanol and butanol.

Note 2: Other hydrocarbons consist of C2-C/_lL
hydrocarbons. Furthermore, about 0.0l
to 0.1 millimole of C02.

Example 11

Rhodium chloride trihydrate (2.0 g) was dissolved
in 100 ml of water, and the solution was impregnated in
30 g of lanthanum oxide powder (purity 99.9%; a product
of Nakarai Chemical Co., Ltd.). The impregnated lanthanum
oxide was air-dried, and the resulting powder was molded
into pellets having a size of about 6 to 10 mesh by a
tableting machine. The pellets were packed into a pressure
fixed-bed type reactor (40 in diameter X 500 mm in lengthj;
1ined with Hastelloy-C). Glass beads having a diameter of
2 to 3 mm were filled on the top and bottom of the catalyst
layer. The catalyst was heated at 350°C for 5 hours in a
stream of hydrogen at atmospheric pressure, and a pressu-
rized synthesis gas was passed through the catalyst layer
under the conditions shown in Table 2, and the conversion
and the distribution of  the products were examined. The
off gas was analyzed by TCD gas-chromatography on an
active carbon column (1 m, room temperature), and an
A1203—DMF colum (4m, room temperature). The resulting
oxygen-containing hydrocarbon compounds were bubbled
through two traps containing 200 ml of water, and the
absorbed oxygen-containing hydrocarbon compounds were
quantitatively and qualitatively analyzed by FID (flame
sonization detector) gas—chromatography. The results
are shown in Table 2.
Example 12

Rhodium nitrate hydrate (Rh(I\IOB)B'xHZO] (1.25 g)
was dissolved in 100 ml of water, and 20 g of zirconium
oxide powder (99.9% pure; a product of Nakarai Chemical
Co., Ltd.) was added to the resulting solution to
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impregnate the powder with the aqueous solution. The
impregnated zirconium oxide was dried by a rotary evapo-
rator under reduced pressure, and pelletized by a tablet-
ing machine. The resulting pellets were packed into a

5 high-pressure reactor, and reduced in a stream of hydrogen
at 250°C and 1 atmosphere. A gaseous mixture consisting
of CO and H2 in a mole ratio of 0.5 or 1.0 was introduced,
and reacted at a temperature of 250 to 320°C under a
pressure of 10, 20 or 40 atmospheres. The conversion

10 of CO and the distribution of the resulting products
are shown in Table 2. '

Fxample 13
Rhodium chloride trihydrate (0.50 g) was
deposited on 20 g of zirconium oxide (99.9%; a product

15 of Nakarai Chemical Co., Ltd.) from its aqueous solution
in the same way as in Example 1. After drying, the
impregnated zirconium oxide was dried and molded into
pellets having a size of 8 to 10 mesh. The pellets -
were packed into a high-pressure fixed bed reactor,

20 and subjected to reducing treatment in a stream of
hydrogen (1000 ml/min.) at 35OOC and 1 atmosphere for 5
hours. Then the CO—H2 reaction at an elevated pressure
was performed in the reactor under the conditions shown
in Table 2. The results are also shown in Table 2.

25 For comparison, the results obtained by using
silica-Rh are also shown in Table 2.
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Note: The other hydrocarbons consist of C2--C4
hydrocarbons., A small amount of CO2
formed, but was not included in deter-

mining the carbon efficiency in this
table,

Fxample 14

Rhodium chloride trihydrate (1.25 g) and
0.56 g of manganese chloride tetrahydrate were dissolved
in 100 ml of distilled water, and 40 g of pellets of
zirconium oxide (2 mm in diameter x 2 mm in length,
surface area 50 mz/g; a product of Strem Chemicals Co.td)
was added to the aqueous solution. The impregnated
zirconium oxide was evaporated to dryness by a rotary
evaporator, and packed into a flowing type reactor (made
of a Pyrex glass having a size of 18 mm in diameter x
350 mm in length. Glass beads having a diameter of 2
to 3 mm were packed on the top and bottom of the catalyst
layer. The catalyst was subjected to reducing treatment
in a gaseous mixture at atmospheric pressure of hydrogen
and helium (¥, 20 ml/min., He 40 ml/min.) at 350°C for
15 hours. A gaseous mixture of CO and HZ (diluted with
He; total pressure 1 atmosphere) was passed through the
catalyst layer, and reacted. The conversion of CO and
the distribution of the prodhcts were examined. The
products were analyzed in the same way as in Example 11.
The results are shown in Table 3.
Comparative Examples 3 and 4

For comparison, 1.25 g of rhodium chloride
trihydrate was deposited on 40 g of zirconium oxide
(surface area 50 mz/g; a product of Strem Chemicals Co.
ILtd.),followed by reduction with hydrogen at 350°C for
15 hours to form a catalyst (A). Separately, an aqueous
solution of 1.25 g of rhodium chloride trihydrate and
0.50 g of manganese chloride tetrahydrate was impregnated
in silica pellets (10 to 20 mesh, surface area 100 mz/g;
a product of Japan Gasoline Chemical Company), followed
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Ty reducing tresimenrt in a hydrogen stream at 350°C for
15 hours, to form a catalyst (B).

_ The CO-H2 reaction was performed under atmos-
pheric pressure using the same reactor as used in Bxample
9 in the presence of catalyst (A) or (B). The results
are shown in Table 3. )

It is seen from a comparison of Example 14 with
Comparative Examples 3 and 4 that by using 2 catalyst
comprising zirconium oxide, rhodium and manganese, the
selectivity for ethanol and the carbon efficiency of the
oxygen—containing hydrocarbon compounds in the CO-H2
reaction increase.

BAD ORIGINAL @
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Note: Acetic acid was obtained as ethyl
acetate. The ethyl groups of diethyl
ether formed as by-product and ethyl
acetate were included in the amount of
ethanol formed.

Examples 15 to 18

Rhodium chloride trihydrate (1.25 g) and 0.5
to 0.6 g of rhenium chloride, niobium chloride, tantalum
chloride or chromium chloride were dissolved in .
methanol, or ethanol. The resulting solution was impreg-
nated in pellets of zirconium oxide (2 mm in diameter x
2 mm, surface area 50 mz/g; a product of Strem Chemicals Co,
Ltd.). The solvent was then removed by drying under
reduced pressure, and the impregnated zirconium oxide
pellets were subjected to reducing treatment in a gaseous
mixture of H, (20 ml/min.) and He (40 ml/min.) at 350°C
for 15 hours to prepare a catalyst. Using the resulting
catalyst, the CO-’-‘2 reaction was carried out at atmosphe-
ric pressure by the same operation as in Example 14.
The conversion of CO and the distribution of the products
were examined, and are shown in Table &.
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Note: Acetic acid was obtained as ethyl acetate.
The ethyl groups of diethyl ether formed

as by-product and ethyl acetate were
jincluded in the amount of ethanol.

Example 19

Thirty grams of zirconium oxide (a product of
wakarai Chemical CO., Ltd; 99.9%, surface area 30 n2/g)
was dissolved in a solution of 0.90 g of rhodium chloride
trihydrate and 0.40 g of rhenium chloride in 100 ml of
methanol. The solvent was removed by drying under reduced
pressure in a rotary evaporator to afford a reddish brown
powder. The powder was pelletized by a tableting machine
under a pressure of 350 kg/cm2 to form pellets having a
gize of 10 to 20 mesh. The pelletized catalyst was packed
into a flow-type reactor, and subjected to reducing
+reatment in a stream of hydrogen at 350°C for 15 hours.
Then,_the-CO—H2 reaction was performed under atmospheric
pressure. The results are shown in Table 5.
Example 20

Rhodium chloride trihydrate (1.25 g) and 0.50 g
of manganese nitrate hexahydrate (a product of Wako Pure
Chemical Co., Ltd.; 99% pure) were dissolved in 100 ml of
water, and 40 g of pellets of zirconium oxide (2 mm in
diameter x 2 mm; a product of Strem Chemicals Co.Ltd) was
impregnated with the aqueous solution. The impregnated
»irconium oxide pellets were dried by evaporation in a
rotary evaporator, and packed into a flow-type reactor
made of a Pyrex glass, and subjected to reducing treat-
ment in a stream of hydrogen (a mixture of H, (20 ml/min.)
and He (40 ml/min.)) at 350°C for 15 hours. A gaseous
mixture of CO and H2 was passed through the catalyst
layer, and the reaction was started under the conditions
shown in Table 5. The conversion of CO and the amounts
of the products yielded per hour were examined, and the
results are shown in Table 5.
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Table 5
Example 19 ' Example 20
Rh-Mh—ZrO2
Cgtalyst Rh-Re-Zr0

2 (Rh 0.50 oY)
(Rh 0.36 g, Re 0.20 g) | Mn 0.10 g)

Feed composition ! ! l

(ml/min. at 1 atm.) i

co 20 20 20 20 ' 20

H, 40 | 40 l 40 40 .40

He , 20 20 i 20 | 20 " 20
| |

Reaction temperature 200°¢ 225oC 185°¢ 200°¢ 21500
(°C), One-pass CO 2.6 % | 32.5% | 0.8% | 3.29% 7.4 ¢
conversion (%)

Amounts of the products
(mmole/hr) (*)

. CH OH 0.006 ;| 0.007

. -
02§SOH 0.318 | 0.308 | 0.151 | 0.375 0.485
CH;CHO 0.006 | 0.010 + 0.005 . 0.020
, CH 0000 + + + s
= cy 0.478 1 0.707 | 0.123 | 0.598 | 1.95
E C, 0.0%6 | 0.109 | 0.002 | 0.0%2 ! 0.12
Cs | 0.028 | 0.07% l 0.004 | 0.065! 0.15
Cy | o x x hat 0.02
co,, 0.060 | 0.062 | 0.002 | 0.047 | 0.12
CE (%) 48.9 |35.3 | 68.3 | 45.6 |26.3
Ethanol selectivity
%) ' 97.5 195 |99 1o |96
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Note: Acetic acid was obtained as methanol and
ethyl acetate. The ethyl groups of by-
product diethyl ether and ethyl acetate
were included in the amount of ethanol.

5 Example 21
A gaseous mixture of CO, 002 and H2 was passed
through the catalyst prepared in Example 16, and reacted
under the conditions shown in Table 6. The amounts of
the products yielded per hour are shown in Table 6.




0022358

- 35 -
Table 6
Example 21
Catalyst Rh-Nb#ZrO2
(Rh 0.50 g, Nb 0.19 g)

Reaction temperature (°C) 175 182
Feed composition (ml/min.)

co - 15 20

H2 40 40

He 20 20

CO? 5 5
Amounts of the products

(m-moles/hr
CH_OH - -
CHCHO 0.05 0.05
] z

C2H5QH 0.78 0.57

Diethyl ether 0.02 0.02%

CHZCOOH 0.01 0.01

cl’ . 0.46 0.81

C2 C.C1 C.04

C3 0.02 0.03%

Cp + 0,01
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Example 22

Rhodium chloride trihydrate (1.25 g) and 0.50 g
of rhenium chloride were dissolved in 100 ml of methanol.
The résulting solution was impregnated in titanium oxide
pellets (a product of Ishihara Sangyo K.K.; in the form
of balls with a diameter of 2 to 3 mm, surface area 40
m2/g). The impregnated titanium oxide pellets were
dried under reduced pressure, and subjected to reducing
treatment at 350°C for 15 hours in g gaseous mixture
consisting of H, (20 ml/min.) and He (40 ml/min.) to
prepare a catalyst. Using the resulting catalyst, the
CO-‘H2 reaction was carried out under atmospheric pressure
by the same operation as in Example 14, The results are
shown in Table 7.

Examples 23 and 24 ,

Rhodium chloride trihydrate (1.25 g) and 0.50 g
of rhenium chloride were deposited from their methanol
(100 ml) solution on 30 g of each of lanthanum oxide
powder and thorium oxide (RG; a product of Kishida Chemical
Co., Ltd.) by the same operation as in Example 22. The
resulting supported product was pelletized by a tableting
machine, and packed into a reactor. It was subjected to
the same hydrogen reducing treatment as in Example 22 and
then, the CO-H2 reaction was performed using the resulting
catalysts. The results are shown in Table 7.

>
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Table 7
Example 22 Example 23 | Example 24
| Catalyst Rh-Re-TiO,, Rh-Re—Lago5 Rh-Re-THO,,
(Rh 0.50 g, | (Rh 0.50 g, | (Rh 0.50 g,
Re 0.26 g) | Re 0.26 g) ! Re 0.26 g)
Feed composition : | !
(ml/min. at 1 atm.) | |
Co 20 20 12 20 120 |2 |
| H, 40 |40 |40 140 140 | 40 |
| EHe | 20 20 l20 ‘20 |20 |20 |
; ! —
1 . i |
' Reactlon temperature| 15504 505%¢ | 200%0 215°¢ 180°C ! 205°¢ |
: (°C), One-pass 1.78% 5.6 % | 1.7 %13.6 %' 2.9 %: 5,1 %,
i CO conversion (%) : : !
I ! —
% Amounts of the- products f f ‘
¢ (mmoles/hr) | i !
| cngom .+ * |0.17510.205] 0.032{0.015
| CoHoOH | 0.211 0.581 | 0.15210.310 | 0.286/0.459
. CH,CHO | 0.023 0.0%6 | 0.020{0.032! + 10.014
CHBCOOH ; L + + % + + +
| Cq . 0.380:1.215 | 0.320{0.595 | 0.489/0.721
1 |
o q © 0.0130.046 | 0.0040.028| 0.058!0.135 |
Gy | 0.018l0.066 | 0.0080.022 | 0.089l0.170
C, | 0.006/0.012 | 0.001!0.002| 0.004]0.018
co, 0.012]0.019 | 0.0%8!0.281| 0.055| 0.130
CE (%) 49 42 57 47 40 35
Ethanol selectivity
(%) 90 o4 58 70 95 96
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Example 25

Zirconium oxynitrate dihydrate (2.5 g) was
dissolved -in 100 ml of distilled water, and 10 g of silica

gel pellets (8 - 10 mesh; a product of Fuji-Davison

Chemical Ltd., # 57) were added. After dipping, the

silica gel pellets were dried by a rotary evaporator,

and heat-treated at 500°C for 15 hours in an electric
furnace to decompose zirconium oxynitrate to zirconium
oxide (decomposition temperature 230°C) to obtained zirco-
nium oxide-supported silica gel pellets. Rhodium chloride
trihydrate (1.2 g) was dissolved in 100 ml of methanol

to form a crimson solution. The zirconium oxide-supported
silica pellets were added to the solution, and after
dipping, the methanol was evaporated off by a rotary
evaporator to obtain a rhodium chloride-supported product.
Ten gram of the rhodium chloride-supported product was
packed into a flowing-type reactor of Pyrex glass (18 mm
in diameter x 500 mm in length). Glass beads were placed
on the top and bottom of the catalyst layer. While
passing a hydrogen gas (1 atmosphere), the temperature was
gradually raised from room temperature. Then, the CO-—H2
reaction was performed at a total pressure of 1 atmosphere
by passing a gaseous mixture of CO and,H2 diluted with

tle (CO:HZ:He=20:40:20 ml/min.) through the catalyst layer.
At about 150 to 250°C, the amounts of oxygen—containing
hydrogen compounds and hydrocarbons formed were measured.

' The resulting oxygen-containing hydrocarbon
compounds consisted of cthanol as a main ingredient,
methanol, acetaldehyde, acetic esters, and traces of
propanol and butanol. Every one hour, the off gas was
bubbled through 50 ml of distilled water (condenser),
and the resulting oxygen-containing hydrocarbon compounds
were absorbed and trapped. The products were gualitatively
and quantitatively analyzed by an FID gas chromatographic
analyzer (Shimazu 74 using a Porapak Q colum (4 m, 200°C,
Ez gas carrier). For calibration, acetone was used as
an internal standard. Methane, CO2 and CO were analyzed

>"
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by an active carbon column (1 m, room temperature).
02—04 hydrocarbons were analyzed qualitatively and
guantitatively by a TCD gas chromatographic analyzer
(Shimazu 4B) using an alumina-dimethylformamide
5 (supported in an amount of 38% by weight) column. As
a result of the overall analysis of the products shown
in Table 8, the performance of the present catalyst in
the CO—H2 reaction at atmospheric pressure was shown by
the conversion of CO, the carbon efficiency (or selectivity)

10 of oxygen-containing hydrocarbon compounds based on the
converted CO and the selectivity for ethanol in the
oxygen—~containing hydrocarbon compounds.

Example 26
Rhodium chloride was deposited from its methanol

15 solution on 10 g of silica gel (Davison # 57), and the
supported product was subjected to reducing treatment in
a hydrogen stream (HZ:He=AO:AO, ml/min.) at 1 atmosphere.
A solution of 25 g of zirconium oxynitrate dihydrate in
.100 m1 of methanol was added to the resulting rhodium-

20 silica catalyst. The impregnated catalyst was evaporated
in a rotary evaporator to remove the solvent. The
resulting catalyst was again packed into a flowing-type
reactor, and subjected to reducing treatment in a stream
of hydrogen at 400°C and 1 atmosphere. Using the result-

25 ing rhodium=-zirconia-silica catalyst the CO--H2 reaction
was carried out at atmospheric pressure in the same way
as in Example 22. The results are shown in Table 8.
Example 27

A mixture of 1.2 g of rhodium chloride trihydrate

30 and 2.5 g of zirconium oxynitrate dihydrate was dissolved
in 100 ml of methanol, and 10 g of silica gel (Davison
#57) was added to the solution. The impregnated silica

gel was dried in a rotary evaporator to remove the

methanol. The product was subjected to reducing treatment
35 in hydrogen in the same way as in Example 25 to prepare

a rhodium-zirconia-~silica catalyst. Using 10 g of the

resulting catalyst, the CO-H2 reaction was performed at
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atmospheric pressure. The results are shown in Table 8.
Comparative Example 5

For comparison, & rhodium-silica catalyst was
prepared by the same operation as in Example 25 except
that 1.2 g of rhodium chloride trihydrate was deposited
on 10 g of silica gel (Davison #57) from its methanol
solution. Using 10 g of the resulting catalyst, the CO-
H2 reaction was carried out under atmospheric pressure in
the same way as in Example 25. The results are shown in
Table 8.

Tt is seen from the results given in Table 8
that the silica-supported rhodium catalyst containing
zirconium oxide gives a much higher CO conversion and
a much higher selectivity for oxygen—containing hydrocarbon
compounds, especially ethanol, than does the silica-
supported rhodium catalyst not containing zirconium oxide.
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Txample 28

zirconium oxynitrate dihydrate (2.5 g) and
0.9 g (A), 0.6 g (B) or 0.3 g (C) of rhodium chloride
trihydrate were added to methanol. Ten grams of silica
gel (Davison # 57) was added to the resulting methanol
solution. After sufficient dipping, the silica gel was
dried by a rotary evaporator to remove the methanol.
Tach of the resulting products was packed in a flowing—
type reactor and subjected to reducing treatment at
400°C for 15 hours in a hydrogen stream at 1 atmosphere
by the same operation as in Example 25, Using each of
the catalysts obtained after the reducing treatment, a
gaseous mixture of CO and H, diluted with He was reacted
under atmospheric pressure. The reaction products obtained
in the steady state at predetermined temperatures were
analyzed, and the results are shown in Table 9.
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Table 9
Example 28
A B | -C
Catalyst Rh-Zx=02/Sio2 Rh—ZIO2/8i02 Rh-Zro2/8102
(Rh 0.56 g) (Rh 0.24 g) (Rh O;;2 g)
ZI‘02/8102 = Zr02/8102 = Zr02/0102 =
11.4 wih | 11.4 with | 1l.4 Wt
Reaction conditions
SV (nr~1) 192|192 192 192
Temperature(°C) | 200 190 201 200
CO/H2 mole ratio| 0.5 0.5 0.5 0.5
Feed (ml/min.) 80 80 80 80
_Amounts of the products .
(mmoles/hr) i
CH;0H 0.030 - 0.023 I 0.020
CHECHO 0.048 §0‘051 0.025 | O.Q19
CoHO0H 0.521 | 0.270 0.249 i 0.099
CH ;COOH 0.019 | 0.001, - -
Cl 1.18 0.510 0.5%6 0.295
02 0.032 | 0.019 0.016 0.013%
x C3 0.118 | 0.068 0.061 0.046
C4 0.023% | trace - i -
O, 0.086 | trace - ! trace
CO conversion 5.6 2.7 2.6 l.4
CE (%) 42.8 45,0 42,3 35.8
Ethanol
selectivity (%) 86.4 87.5 87.2 77.3%
STY (g/kg -
catalyst hr-1) 2.7 1.4 1.3 0.60
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Example 29

7irconiun tetra-n-propoxide (6.24 g) was
dissolved in 100 ml of n-hexane, and 20 g of silica gel
(8-10 mesh; Davison #57) was dipped in the solution.
The n-hexane was then evaporated by a rotary evaporator,
and the dried product was fired in the air in an electric
furnace at 200°C for 1.5 hours and then at 500°C for 16
hours to form Zroz. Ten grams of the resulting zirconium
oxide-supported silica pellets were dipped in a solution
of 1.2 g of rhodium chloride trihydrate in 100 ml of
methanol. The impregnated pellets were dried by a rotary
evaporator to remove the solvent to obtain a rhodium
chloride catalyst precursor. Ten grams of the catalyst
precursor was packed into the same apparatus as used in
Example 25, and heat-treated in a stream of hydrogen at
100°C for 1.5 hours, and then at 400°C overnight. Using
the resulting catalyst, the same CO-H2 reaction as in
Example 25 was carried out. The results are shown in
Table 10. ‘
Example 30

Dicyclopentadienyl zirconium dichloride (2.7 g)
was dissolved in 100 ml of tetrahydrofuran, and 10 g of
silica gel (8-10 mesh, Davison #57) and dipped in the
solution. During the dipping, the solution was refluxed
over a warm bath. Then, the impregnated silica gel was
dried to remove the tetrahydrofuran. A solution of 1.2 g

of rhodium chloride trihydrate in 100 ml of methanol was

added to the dried product to deposit rhodium chloride
thereon. The solvent was evaporated off to dry the
supported catalyst precursor. Ten grams of the catalyst
precursor was packed into the same apparatus as used in
Example 25, and subjected to reducing treatment in
hydrogen stream first at 200°C for 1 hour and then at
305°C overnight. Using the resulting catalyst, the
CO--H2 reaction was performed in the same way as in
Example 25. The results are shown in Table 10.
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Example 31
Rhodium chloride trihydrate (0.6 g) and 2.5 g
of zirconium oxynitrate dihydrate were dissolved in 40 ml
of methanol. Ten grams of a silica carrier (a product of
5 Japan Gasoline Chemical Co., Ltd.; surface area 100 mz/g)
was dipped in the solution. The impregnated silica
carrier was dried to evaporate the solvent. Five grams
of the dried product was packed into the same apparatus
as used in Example 17, and heat-treated in a stream of
10 nitrogen at 400°C overnight to decompose and reduce the
nitrate. Using the resulting catalyst, the same reaction
as in Example 25 was carried out. The results are shown
in Table 10.
FExample 32
15 Titanium tetraisopropoxide (5.5 g) was dissolved
in 100 ml of n-hexane, and 20 g of silica gel (Davison
#57) was dipped in the solution. The solvent was evaporated
off, and the impregnated silica gel was heat-treated in
the air in a drying furnace first at 200°C for 1.5 hours
50 and then at 500°C overnight. Ten grams of the Ti0,-Si0,
carrier was dipped in a solution of 1.2 g of rhodium
chloride trihydrate in 100 ml of methanol to deposit
rhodium chloride. The resulting product was dried by
a rotary evaporator to remove the methanol, and then
25 heat—treated overnight in the same apparatus as used in
Fxample 25 in a stream of hydrogen at 350°C. The results
obtained are shown in Table 10.
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Example 33

Example 25 was packed in a stainless steel pressure

reactor (lined with titanium metal and having a size of

40 mm in diameter and 500 mm in length), and subjected

to reducing treatment in a stream of hydrogen under 1
Then, a gaseous mixture

Ten grams (25 ml) of the catalyst used in

atmosphere at 350°C for 5 hours.
of CO and H2 under pressure was passed through the
The products at the exit of the reactor

catalyst layer.
were analyzed, and the results are shown in Table 11.
Oxygen-containing hydrocarbon compounds were trap-

10
ped by bubbling the off gas through two series—connected

absorbing towers containing 200 ml of distilled water,
and the trapped liquor was quantitatively analyzed by
15 an FIF gas-chromatographic analyzer (steam gas—~chromato-
graphic analyzer including a cerite column; a product
of Okura Rika K.K.) every predetermined period of time,
Cl-C4 hydrocarbons, CO and 002 in the off gas were
analyzed by a TCD gas-chromatographic analyzer using both
an active carbon column (1 m, room temperature, and an
5~DVF (supported in an amount of 38% by weight)

20

S
R 2 e
JPRRAR 4%,

A120
column (4 m, room temperature).

Comparative Fxample 6
For comparison, the activity of a catalyst pre-

pared by depositing rhodium chloride trihydrate on silica

The results

25
and subjecting the product to reducing treatment in
hydrogen at 350°C was examined in the reaction of a

synthesis gas at low to medium pressures.

are also shown in Table 11.
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Fxample 34
Using 10 g of the catalyst (Rh/ZrOz-SiOZ) pre-
pared in Example 25, a gaseous mixture of CO, 002 and HZ‘
under a total pressure of 1 atmosphere was reacted. The.

amounts of the products formed per hour are shown in
Table 12.
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Table 12
Catalyst | Rn/770,-5i0, '
Temperature (°C) ' 200 | 200
Feed composition (ml/min.)
¢0) 20 15
H2 40 40
He 20 20
€O, 5 5
Amounts of the products (mmole/hr)
CHBOH 0.08 0.07
CHBCHO 0.041! 0.038
C2H50H 0. 361 0.540.
CHBCOOH trace| trace
Cl 0.48 0.3%0
02 0.02 0.02
C5 0.04 0.03%
04 - trace! trace

CE (%) " 58,0 ; 61l.8
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Txample 35 and Comparative Example 7

Thorium acetylacetonate (12 g) was dissolved in.
200 ml of benzene, and 20 g of silica gel (Davison #57)
heat-treated in vacuum at 300°C for 3 hours was dipped
in the solution by standing overnight at room temperature.
The solvent was evaporated off by using a rotary evapo-
rator, and the dried product was heated in the air first
at 200°C for 2 hours and then at 500°C for 24 hours to
obtain thorium oxide-supported silica gel.

Ten grams of the thorium oxide-supported silica
gel was dipped in a solution of 1.2 g of rhodium chloride
trihydrate in 100 ml of methanol. The methanol was
evaporated off to obtain a rhodium-supported catalyst.

Ten grams of the catalyst was packed into a flow-type
reactor of Pyrex glass (20 mm in diameter and 450 mm in
length), and subjected to reducing treatment in hydrogen
at 400°C overnight after gradually raising the temperature
from room temperature.

A gaseous mixture of CO and H2 diluted with He
was passed under a total pressure of 1 atmosphere through
the resulting catalyst layer, and reacted. The CO:HZ:He
mole ratio of the gaseous mixture was 1:2:1, and the
reaction temperature was varied between 180 and 250°C.

The reaction products were quantitatively and qualitative~
ly analyzed in the same way as in Example 25. The
results are shown in Table 13.

For comparison, a catalyst was prepared in the
same way as in Example 35 except that 1.2 g of rhodium
chloride trihydrate was deposited on 10 g of silica gel
(Davison #57) from its methanol solution. Using 10 g of
the resulting catalyst, the CO—H2 reaction was carried out
under atmospheric pressure, and the results are shown
in Table 13.

Example 36

Thorium nitrate tetrahydrate (8.05 g) was
dissolved in 100 ml of distilled water, and 15 g of
silica gel (Davison #57) heat-treated in vacuum at
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300°C for 2 hours was dipped in the solution. The solvent
was evaporated off by a rotary evaporator, and the dried
product was heated overnight at 500°C in an electric
furnace. Ten grams of the resulting thorium oxide—-supported
silica gel was dipped in & solution of 1.2 g of rhodium
chloride trihydrate in 100 ml of methanol. The methanol
was evaporated off. Ten grams of the resulting catalyst
was packed into the same apparatus as in Example 35, and
subjected to reducing treatment in a stream of hydrogen

at 370°C overnight after raising the temperature from

room temperature. Using the resulting catalyst, the same
reaction as in Example 35 was carried out. The results
are shown in Table 13.
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Table 13
____.-_.“_, ~_:__ _B_eaction COnditiOnS T “““*—"‘!I
Example Catalyst ' Feed comgosition| SV | Temperature
: (ml/min. | | 5
Hy | 00 | Be . (™™ (%c.)
. | : :
35 Rh-ThO,-Si0, ruo 20 20 i 200 | 199 i
40 |20 |20 200 190
(Rb 0-48 &) Tuo 120 120 1 200 | 221
/P77 1200 {100 {100 | 1000 { 221
1 |
36 Rh-ThO,-Si0, | 41.7 [ 20.0 | 19.5| 200 | 200 t
(Rh 0.48 &) | 40 20 |20 200 | 217
0 /510,226 200 | 100 {100 | 1000 i 217
o wtp -
t
Com- i
. . o |20 |2 192 | 264
i parative Rh-8102 o 20 28 . 132 | 578
| 5¥eRPle | (Rn 0.40 ) 40 |20 |20 ) 192 | 245
! : L S R

- to be continued -
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Table ~ 13 (continued)
' co cs Ethanol |
Example conversion t  selectivity
(mole %) (%) | (%)
35 6.8 50.8 95.8
3.0 58.6 88.8
11.9 32.8 83.7
29 33.5 88.1
36 2.6 45.7 91.9
3.5 28.8 85.3%
0.67 38.3 85.8
Con- 3.3 3.7 -1
parative 73 0.8 27
Example 7 1.4 14.9 22
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Example 37

Twenty grams of silica gel (Davison #57) heat-
treated in vacuum at BOOOC for 3 hours was dipped in a
solution of 5.5 g of vanadyl tritertiary butoxide
(vo _(O—tert—-CAHg)B) in 100 ml of n-hexane. The solvent
was evaporated off, and the dried product was heated in
the air in an electric furnace at 200°C for 1.5 hours and
at 500°C for a day and night to obtain red vanadium
oxide-supported silica gel. Ten gram of the resulting
silica carrier was added to a solution of 1.2 g of
rhodium chloride trihydrate in 100 ml of methanol to
support rhodium chloride. The methanol was evaporated off,
and 10 g of the resulting product was subjected to
reducing treatment in the same apparatus and by the same
method as in Example 35 at 310°C. Using the resulting
catalyst, the same reaction as in Example 35 was carried
out. The results are shown in Table 14,

Example 38

Twenty grems of silica gel (Davison #57) heat-
treated in vacuum at 300°C for 2 hours was dipped in a
solution of 10.42 g of tantalum penta-n-butoxide
(Ta(O—n-CAH9)5] in 120 ml of n-hexane. The n-hexane was
evaporated off, and the dried product was heat-treated
in an electric furnace at 200°C for 1 hour, and then
at 500°C overnight to obtain tantalum 6xide-supported
silica gel.

Ten grams of the tantalum oxide~-supported
silica gel was dipped in a solution of 1.2 g of rhodium
chloride trihydrate in 100 ml of methanol to deposit
rhodium chloride. The methanol was evaporated off, and
10 g of the dried product was subjected to reducing
treatment in the same way as in Fxample 35. Using the
resulting catalyst, the same reaction as in Example 35
was carried out. The results are shown in Table 1l4.
Example 39 .

Twenty grams of silica gel (Davison #57) heat-
treated in vacuum at 300°C for 2 hours was added to a
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solution of 8.60 g of niobium penta-n-butoxide [Nb(O—n—
CAH9)5] in 100 ml of n-hexane. The n-heXane was evaporated
off, and the dried product was heat-treated in an electric
furnace at 200°C for 1 hour and then at 500°C overnight.
Ten grams of the resulting niobium oxide-supported silica
gel was added to a solution of 1.2 g of rhodium chloride
trihydrate in 100 ml of methanol to support rhodium
chloride. The product was subjected to reducing treatment
in the same way as in Example 35. Using the resulting
catalyst, the same reaction as in Example 35 was carried
out. The results are shown in Table 14,

Tixample 40

Five grams of vanadyl acetylacetonate (VO(C5H702)2)
was dissolved in 200 ml of benzene, and 20 g of silica gel

(Davison #57) heat-treated in vacuum at 280°C for 3 hours
was added to the solution. The benzene was evaporated
off, and the dried product was heated in the air in an
electric furnace first at 200°C for 2 hours and then at
500°C overnight to obtain vanadium oxide-supported
silica gel. Ten grams of the vanadium oxide-supported
silica gel was dipped in a solution of 1.2 g of rhodium
chloride trihydrate in 100 ml of methanol. The methanol
was evaporated off, and 10 g of the dried product was
packed into the same apparatus as in Example 35, and
subjected to reducing treatment in a stream of hydrogen
at 120°C for 1 hour, and after gradually raising the
temperature, at 360°C overnight. Using the resulting
catalyst, the same reaction as in Example 35 was carried
out. The results are shown in Table 14.
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Table 14
‘Reaction conditions
Example Catalyst Feed composition SV Tem-
(nl/min.) perature
H, | 00 W | (D) | (C0)
37 Rb-V,0.-5i0, | 40 | 20 20 | 200 197
(Rb .48 @) | 290| 100 100 | 1000 199
V.0./8i0.=8.8| 0 | 20 20 | 200 183
‘ 275 2%11173
28 Rh-Ta,0o-810,| 40 | 20 20 | 200 196
20 | 20 20 | 200 189
(Rh 0.48 8) | 40 | 20 20 | 200 178
Ta0./Si0,=21 7
205/5102727| 100| 50 50 | 500 104
29 Rh-Nb0e-81051 4o | 20 20 | 200 200
(Rn 0.28 g) | 40 | 20 20 | 200 187
Nb205/5102=%%b
40 | B-V,0-8i05 | 46 | 20 20 | 200 199
(Rh 0.48 g) 200 | 100 100| 1000 202
V.0./Si0,=8.6 :
L5/ 510272

~ to be continued -
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Table - 14 (continud)
Example co CE fthanol
conversion selectivity
(mole %) (%) (%)
37 7.5 3.3 84.2
1.7 31.8 85.5
2.3 38.9 87.4
38 1%.4 31l.3 8l.2
8.8 28.7 81l.4
5.3 48,9 82.2
3'4 5105 82.1
39 i 11.2 25.4 69.7
4.9 30,2 71.1
40 5.7 30.5 79.6
1.4 28.2 80.6
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Fxample 41

A flowing-type pressure reactor made of stainless
steel and lined with titanium (40 mm in diameter and 500
mm in length) was filled with 5.0 g (12 ml) of the catalyst
used in Example 35. The catalyst was subjected to
reducing treatment in a stream of hydrogen under 1
atmosphere at 350°C for 15 hours, and a gaseous mixture of
CO and H2 under pressure was passed through the catalyst
layer and reacted. The products at the exit of the

reactor were analyzed, and the results are shown in
Table 15.
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Table 15
) I l Example 41
Catalyst Rh-ThO - 5105
) Reaction conditions % | '
Pressure (kg/ cm2) 20 20 40 60
Temperature (°C) 230 % 250 260 270
CO/Hy mole ratio 0.5 | 0.5 0.5 0.5
sV (h ) | 3840 | 7680 | 7680 | 11520
Feed (ml/min.) | 800 1600 | 1600 | 2400
— i !
Composition of the products |
(mmoles/hr) ' -
CH,0H 1.45 i 3,71 i 6.67 20.6
CH5CHO 0.17 0.31 | 0.45 0.85
- O H0H 1.50 | %.65 | 6.83 | 18.0
CH;COOH o.44 | 1.05 | 1.71 | 3.09
n_CBH OH 0.060 | 0.12 | 0.18 | 0.211
|
n-C H90H trace | trace : trace |.trace
¢, 1.15 | 3.04 | 4.08 | 9.62
Cy 0.028 | 0,072 | 0.10 | 0.175
Cs 0.054 | 0.079 | 0.10 | 0.166
Cy trace | trace | reace | trace
o, 0.055 | 0.214 | 0.203 | 0.395
" 0 conversion (%) 1.1 1.4 2.3 3.9
CE (%) 80.1 | 79.5 | 84.0 | 85.7
STY : 30 7 132 308
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Example 42

Zirconium oxynitrate dihydrate (2.5 g) was
dissolved in 100 ml of water, and 10 g of silica gel
pellets (Davison #57; 8-10 mesh) were added to the solu-
tion. The impregnated silica gel pellets were heat-
treated in the air at 500°C for a day and night in an
electric furnace +to obtain zirconium oxide-containing
carrier., The product was dipped in a solution of 1.2 g
of rhodium chloride trihydrate and 0.133 g of niobium
chloride in 20 ml of ethanol. The ethanol was removed
by a rotary evaporator, and 10 g of the RhClB-NbC].5
supported product was packed into a flow-type reactor
of Pyrex glass (18 mm in diameter and 500 mm in length).
The temperature was gradually raised from room temperature
while passing a helium-diluted hydrogen gas (1 atm.,
H,:He=40:40, ml/min.) through the reactor, and finally
the RhClB—NbCl5 supported product was subjected to
reducing treatment in hydrogen at 4,00°C overnight.

Using the resulting catalyst, a gaseous mixture
consisting of CO, H, and He (CO:H,:He=20:40:20, ml/min.)
was reacted under a total pressure of 1 atm. The amounts
of oxygen-containing hydrocarbon compounds and hydro-
carbons formed at about 150 to 250°C were analyzed by the

same method as in Example 35. The results are shown in
Table 16.

Comparative Example 8

Rhodium chloride trihydrate (1.2 g) was deposited
from its methanol solution on 10 g of silica gel (Davison
#57), and reduced with hydrogen at 400°C by the same
operation as in Example 42. Using 10 g of the resulting
catalyst, the CO—T-I2 reaction was carried out under
atmospheric pressure in the same way as in Example 42,
The results are also shown in Table 16.
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Table 16 o
| Comparative
i Example 42 Example 8
Catalyst | Rb-Nb/Zr0,-§i0,
i (Rn 0.48 g, Nb 0.058) ' Rh/SiO2
Zr0p/8i0, = 11.%  wik (Rh 0.48 g)
Reaction : | 1
conditions : | |
sv (™) l192 {192 |192 (192 | 192 | 192 1192
Temperature ! }
(OC) 200 190 200 ! 185 264 278 245
CO/Hy |
mole ratio 0.5 0.5 0.5 i 0.5 0.5 0.5 0.5
Feed ‘
{ml/min) 80 80 80 80 80 80 80
Amounts of the| .
products
(mmoles/hr)" . _ J
CHBOH 0.026| 0,024 | ©2031 ; 0.009 - - 0.01
CHBCHD 0.094 | 0.062 | 0.077 0.042| 0.027/ 0.008 | 0.029
02H5OH 0.743| 0.471 0.758: 0.384 - 0.00%3 | 0.010
; CHBCOOH 0.115| 0.084 | 0.109 | 0.074 - - -
4 Cy 2.260 | 0.794 | 1.940 | 0.074| 1.18 | 2.67 | 0.47
02 0.098 1} 0.042 0.079 | 0.030! 0.08 0.14 0.02
C3 0.251 | 0.114 | 0.190 0.0%0} 0.02 0.02% { 0,004
Cq. 0.0%4 | trace | 0.022 | trace trace| trace | trace
002 0.180 | 0.085 | 0.245 | 0.056 0.03% 0.0% trace
CO con-
version 10.4 5.0 9.6 4.1 2.3 7.3 1.4
(mole % R -
. CE (%) 27.1 49.1 29.0 47.3% 3.7 0.8 14.9
Ethanol
selectivity 77,0 | 75.0 {79.0 |76.1 | -0 27 22
(%)
STY 4.4 3.0 4.6 2.4 0.12 0.05 0.17
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Example 43

Zirconium oxynitrate dihydrate (2.5 g) was
deposited on 10 g of silica gel (Davison #57), and heat-
decomposed at SOOOC in an electric furnace to obtain a
carrier containing zirconium. The carrier was dipped in
a solution of 1.2 g of rhodium chloride trihydrate and
0.314 g of rhenium chloride in 100 ml of methanol. The
solvent was removed by a rotary evaporator, and 10 g of
the resulting product was packed into a flowing~-type
reactor, and subjected to reducing treatment in hydrogen
at 400°C by the same operation as in Example 42, Using
the resulting catalyst, the CO—-H2 reaction was carried
out under atmospheric pressure in the same way as in
Example 42. The results are shown in Table 17.
Example 44

Rhodium chloride trihydrate (1.2 g), zirconium
oxynitrate dihydrate (2.5 g) and rhenium chloride (0.59 g)
were successively dissolved in 100 ml of methanol. Ten
grams of silica gel (Davison #57) was fully dipped in the
resulting solution. The methanol was removed by a rotary
evaporator. The resulting product was subjected to reduc-
ing treatment in hydrogen by the same operation as in
Example 42, Using 10 g of the resulting catalyst, the
CO-—H2 reaction was carried out under atmospheric pressure.
The results are shown in Table 17.
Example 45

Ten grams of the same zirconium-containing
carrier as used in Example 42 (prepared from 2.5 g of
Zro(No3)2-2HZo and 10 g of $i0, (Davison #57)) was fully
dipped in a solution of 1.2 g of rhodium chloride tri-
hydrate and 0,48 g of tantalum chloride in 20 ml of
ethanol. The ethanol was removed by a rotary evaporator.
The dried product was packed into a flowing-type reactor,
and subjected to reducing treatment in hydrogen at 400°C
by the same operation as in dxample 42, Using 10 g of the
resulting catalyst, the CO—-H2 reaction was carried out

under atmospheric pressure. The results are shown in
Table 17.
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Example 46
The procedure of Example 45 was repeated except
that the amount of tantalum chloride was changed to
0.78 g. The results are also shown in Table 17.

D
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Example 47 and Comparative IExample 9

Ten grams (25 ml) of the catalyst used in
Fxample 44 was packed in a stainless steel pressure
reactor lined with titanium (40 mm in diameter and 500
mm in length) and subjected to reducing treatment in a
stream of hydrogen (1 atm.) at 350°C for 5 hours. Using
the resulting catalyst, a gaseous mixture of CO and H2
was passed through the catalyst layer and reacted under
an elevated pressure. The products at the exit of the
reactor were analyzed, and the results are shown in
Table 18.

For comparison, a catalyst prepared by deposit-
ing rhodium chloride on silica was tested for abtivity
in the reaction of a synthesis gas at low to medium
pressures. The results are aglso shoyn in Table 18.
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Table 18
Co 3
Example 47 vanpla O
Catalyst = - .
Rh-he-Zr0,-5105 Rh/8i0,
Reaction i -
conditions |
Gas :
reessuge |20 20 |20 30 30 20 40
(kg/cm®) \
sv (nr-l) | 1920 | 3840 | 5760 | 3840 | 5760 | 990 960
Temperature
(°0) 220 | 220 220 230 220 292 282
CO/H, 0.5 0.5 0.5 0.5 0.5 0.5 0.5
mole ratio
Feed 800 1600 | 2400 | 1600 | 2400 | 800 800
(ml/min.)
Amount of the
products
(mmoles/hr)
CHaoH 4,32 | 1644 | 20.2 20.5 | 45.4 | 0.04 0,04
CH30HO trace| trace| trace trace| trace 1.59 0.87
02H50H 5.76 | 12.62| 13.8 | 25.3 6.1 | 0.91 | 0.24
CHBGOOH 0.27 | 1.00 | 1.23 2.57 | 1.88 | trace - trace
C3H7OH 0.46 | 1.66 1.72 3,29 3,23 | trace trace
C4H90H trace| 0.54 | 0.37 0.65 | Q.74 | trace trace |
Cq 1.%6 | 5.82 | 8.97 | 12.7 16.8 | 18.2 | 3.69
Cs 0.21 | 1,02 | 1.77 | 2.41 | 3.01 2.70 | 0.89
03 0.20 | 0.49 | 0.90 | 1.04 1.24 | 2.69 | 1.92
04 trace| trace| trace trace} trace 0.12 1.04
€O, 0.11 | 0,3# | 0.33 0.68 | 1.01
CO con- ' ' _
version (%) | 2.2 4,6 3,7 9.9 7.2 3,7 1.1
CE (%) 83.6 | 84.0 | 78.5 82,5 | 80.6 | 11.2 12.8
STY 70,5 | 131 149 283 339 12 5
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Fxample 48

Twenty grams of silica gel (Davison #57) was
fired at 300°C in vacuum. The fired silica gel was -
dipped in a solution of 5.3 g of titanium tetraisopropo-
xide in 100 ml of n-hexane. The n-hexane was evaporated
off by a rotary evaporator. The dried product was heat-
treated in an electric furnace at 200°C for 2 hours and
then at 500°C for 2 days. Ten grams of the resulting
carrier was dipped in a solution of 1.2 g of rhodium
chloride trihydrate and 0.25 g of rhenium chloride in
100 ml of methanpl. The methanol was removed under
high vacuum.

Ten grams of the product containing rhodium
chloride and rhenium chloride deposited thereon was )
packed into the same reactor as in Example 42, and
subjected to reducing treatment in a stream of hydrogen
first at 100°C for 1 hour and then at 300°C overnight.
Using the resulting catalyst, the CO—H2 reaction was
carried out in the same way as in Example 42. The
results are shown in Table 19.
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Example 48

Catalyst

Rh—Re/TiO2—Sioe

(Rh 0.48 g, Re 0.128 &)

Reaction conditions
sv (ar™H)

193 978
Temperature (°C) 182 180
CO/H2 mole ratio 0.5 0.5
Feed (ml/min.) 79 400

Amounts of the products

(mmoles/hr)
CHEOH 0.145 0.099
CHBCHO 0.055 0.066
02H50H 1.197 1.392
CHBCCOH 0.05% 0.015
CBH7OH 0.013% 0.024
C1 1.301 1.406
02 0.10% 0.104
C5 0.201 0.225
C4 0.111 0.13%0
002 0.056 0.104

CO conversion 10.1 2¢3%

(mole %)

CE (%) 51.7 51.7

Ethanol selectivity (%) 85.7 89.%

STY 6.6 %)

.
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Example 49

Rhodium chloride trihydrate (1.2 g) and 0.2 g
of rhenium chloride were dissolved in 100 ml of methanol.
A zirconium oxide-silica carrier obtained from 2.3 g of
zirconium oxynitrate dihydrate and 10 g of silica gel
(Davison #57) by heat decomposition at 500°C in the air
was dipped fully in the resulting solution. The methanol
was removed by a rotary evaporator, and 10 g of the
resulting product was packed into a flowing-type reactor,
and subjected to a reducing treatment using a gaseous
mixture of 40 ml/min. of hydrogen and 40 ml/min. of
helium at 400°C for 15 hours.

A gaseous mixture consisting of CO, 002 and H2
was passed through the catalyst layer, and reacted. The
amounts of the products yielded per hour were examined,
and the results are shown in Table 20,
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Tgble 20 )
Example 49
Catalyst Rh-Re/ZrC,-5i0,
(Rh 0.43 g, Re 0.10 5)
Zr0,/8i0, = 11.4 wt%
Pemperature (°C) 190 | 190
Feed composition (ml/ﬁin.) E
CcO 20 15
H, 40 40
He 20 i 20
!
CO, 5 i 5
Amounts of the products
(mmoles/hr)
CHaOH 0.030 0.028
GHBCHO 0.0%2 0.034
C2H5OH 0.397 0.3%88
CHSCOOH - 0.005
C1 0.465 0.281
C2 0.040 C.041
C3 0.042 0.032
04 0.012 0.012
CE (%) 54.3 62.4
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CLAIMS

1. A process for producing compounds containing
oxygen, hydrogen and carbon having 1 or 2 carbon atoms
by reacting a gascous mixture of a carbon oxide and
hydrogen in the presence of a rhodium-containing
hydrogenation catalyst, characterised in that the
hydrogenation catalyst is a catalyst composition
comprising

(A) substantially metallic rhodium and
(B) an oxide of a metal of Group IIa, IIIa,
IVa or Va of the Periodic Table of short form.

2. A process according to claim 1 characterised
in that said metallic rhodium has been formed from a

simple salt of rhodium.

3. A process according to claim 1 or 2 charaterised
in that the amount of metallic rhodium is 0.0001 to
50% by weight based on the weight of the catalyst

composition.

4. A process according to claim 1, 2 or 3
characterised in that the oxide (B) is an oxide of a
metal selected from magnesium, calcium, lanthanum,
neodymium, cerium, yttrium, thorium, titanium, zirconium,

niobium and tantalum.

5. A process according to any one of the preceding
claims characterised in that catalyst composition also

includes silica.

6. A process according to claim 5 characterised
in that the weight ratio of the metal oxide (B) to
silica is from 100:1 to 1:100.
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7. A process according to claim 5 or 6 characterised

in that the amount of silica is 0.001 to 99.9% by weight

pased on the weight of said catalyst composition.

8.. A process according to any one of the preceding
claims characterised in that the reaction is carried
out at a temperature of 50 to 450°Cc and a pressure of
0.5 to 350 atmospheres (gauge) at a space velocity of
10 to 10° liters/litex hr T,

9. A process according to any oneé of the preceding
claims characterised in that the carbon oxide is carbon

monoxide.

10. A process according to any one of the preceding
claims characterised in that the mole ratio of carbon

oxide to hydrogen in the gaseous mixture is from 20:1
to 1:20.

11. A process according to any one of the preceding
claims characterised in that the catalyst composition
also comprises (c)an element selected from niobium,
tantalum, chromium, manganese and rhenium, and the metal

oxide (B) is an oxide of a metal of Group IIla, IVa or
va.

12. A process according to claim 11 characterised
in that the weight ratio of metallic rhodium to said

metal element (c) is from 10:1 to 1:10.

¥
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