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& (57) Abstract: The present invention provides a hydrogenation catalyst effective for hydrogenating 3-hydroxypropionaldehyde to

1,3-propanediol. The hydrogenation catalyst comprises an a-alumina support, nickel, ruthenium, and a promoter. The nickel is
deposited on the a-alumina support, and the ruthenium and the promoter are deposited on the nickel and the a-alumina support. The
a-alumina support comprises at least 92 wt. % of the catalyst, and the nickel comprises from 1 wt. % to 6 wt. % of the catalyst. The
present invention also provides a process of hydrogenating 3-hydroxypropionaldehyde to 1,3-propanediol with the catalyst.
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HYDROGENATION CATALYST AND HYDROGENATION METHOD

Field of the Invention

The present invention relates to a hydrogenation catalyst, a process for preparing
the hydrogenation catalyst, and a process for hydrogenating aldehydes using the
hydrogenation catalyst. More particularly, the present invention relates to a hydrogenation
catalyst, its method of preparation, and its use in hydrogenating aldehydes, where the
catalyst comprises an a-alumina support having nickel deposited on the support, and
having ruthenium and a promoter deposited on the nickel and the a-alumina support, where
the promoter is selected from the group consisting of rhenium, tungsten, molybdenum,
chromium, lanthanum, tin, iron, silver, cobalt, copper, or mixtures thereof.

Background of the Invention

1,3-propanediol (PDO) is a compound having multiple uses. It is used as a
monomer unit in the production of polyesters and polyurethanes that are useful as films and
as fibers for carpets and textiles. It is also useful as an engine coolant.

PDO may be prepared from ethylene oxide (EO) in a process involving two
primary reactions. First, EO and synthesis gas (H,/CO) are catalytically hydroformylated
to 3-hydroxypropionaldehyde (HPA) in an organic solvent. The HPA is extracted from the
solvent with water to form an aqueous solution of HPA, and the aqueous solution of HPA
is then hydrogenated to form PDO.

The hydrogenation of HPA to PDO is performed using a hydrogenation catalyst.
The hydrogenation catalyst should desirably have several features: 1) it should be highly
active over an extended period of time; 2) it should cause the hydrogenation to be highly
selective to the formation of PDO, rather than other compounds; 3) it should have a long
catalyst life; 4) it should not be discharged into the PDO product stream; and 5) it should
be economically cost effective, preferably using inexpensive components and, if required,
as few expens;ve components as possible.

According to Hatch et al., U.S. Patent No. 2,434,110, especially preferred catalysts
for hydrogenating HPA to PDO are Raney nickel and Adkin's copper-chromium oxide.
Hatch et al. also disclose that other suitable catalysts for hydrogenating HPA to PDO
include catalytically active compounds of metals such as Fe, Co, Cu, Pd, Zr, Ti, Th, V, Ta,
Ag, Mo, and Al. Slurry catalysts such as Raney nickel are known to have high activity and
selectivity in converting HPA to PDO as a result of the homogeneous distribution of the

catalyst in the hydrogenation reaction mixture.
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Suspended or slurry catalysts, such as Raney nickel, however, are susceptible to
being discharged into the PDO product stream in the form of soluble compounds,
necessitating additional steps to purify the PDO product stream. Haas et al., U.S. Patent
No. 6,232,511, discloses that a supported ruthenium catalyst, wherein ruthenium is
supported on an oxide phase, is useful in the hydrogenation of HPA to PDO, and avoids the
problem of the metallic portion of the catalyst polluting the PDO product stream. Use of
the supported ruthenium catalyst in a fixed-bed is preferred. Particularly preferred oxide
phase supports are disclosed to be oxide phases that are resistant to acidic media such as
titanium dioxide, silicon dioxide, aluminum silicate, zirconium dioxide, and zeolites.
Aluminum oxide and magnesium oxide are disclosed as having lower acid resistance.

Supported, fixed-bed catalysts must have strong support matertals in order to have
a long catalyst life. Hydrogenation in a fixed trickle bed configuration is favored by small
catalyst particle size. Reduction of the particle size, however, reduces the crush strength of
the catalyst, which reduces the catalyst life. Catalysts having low crush strength collapse
more readily over time and eventually plug the catalyst bed, at which point the catalyst
must be changed. ’

Support materials having high crush strength are generally those that have less
porosity, such as a-alumina. Supports that are less porous, however, have less surface to
support the active catalyst metals, and, as a result, have less hydrogenation activity.

It is an object of the invention, therefore to provide a catalyst for the hydrogenation
of HPA to PDO, wherein the catalyst is a supported catalyst that has relatively high crush
strength, high activity over the life of the catalyst, long catalyst life, and that is economical
and commercially attractive.

It is also an object of the present invention to provide a process for using such a
catalyst to produce PDO from HPA in a hydrogenation reaction, where the reaction
converts a high rate of HPA to PDO at a high degree of selectivity, and, where the process
is continuous, the volume/time yield of PDO from HPA is high.

Summary of the Invention

In one aspect, the rpresent invention provides a hydrogenation catalyst effective for
hydrogenating aldehydes comprising: a support comprising a~alumina; and non-support
metals comprising (i) up to 6 wt. % nickel; (ii) ruthenium; and (iii) a promoter selected
from the group consisting of thenium, tungsten, molybdenum, chromium, lanthanum, tin,

iron, cobalt, silver, copper or mixtures thereof; wherein the nickel contacts the support, and
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the ruthenium and the promoter at least partially overlay the nickel, and wherein the non-
support metals comprise no more than 8 wt. % of the catalyst.

In another aspect, the present invention provides a process for hydrogenating
aldehydes comprising: hydrogenating an aldehyde in the presence of a catalyst wherein the
catalyst has a composition comprising a support comprising o-alumina and non-support
metals comprising nickel, ruthenium, and a promoter selected from the group consisting of
rhenium, tungsten, molybdenum, chromium, lanthanum, tin, or mixtures thereof; wherein
the nickel contacts the support and the ruthenium and the promoter at least partially overlay
the nickel. Preferably the aldehyde is a hydroxyaldehyde, and most preferably the
aldehyde is 3-hydroxypropionaldehyde that is hydrogenated to 1,3-propanediol.

In a further aspect, the present invention provides a process for preparing a catalyst
useful for hydrogenating an aldehyde comprising: a) depositing nickel on a support
comprised of a-alumina; b) calcining the support with the nickel thereon; c) after calcining,
depositing ruthenium and a promoter selected from the group consisting of rhenium,
tungsten, molybdenum, chromium, lanthanum, tin, iron, cobalt, silver, copper, or mixtures
thereof on the support and the nickel to form a catalyst précursor; and d) reducing the
nickel, ruthenium, and promoter of the catalyst precursor to a metallic zero oxidation state
to form the catalyst.

Brief Description the Drawings

Fig. 1 is a schematic representation of a tri-lobal catalyst pellet and a cylindrical
catalyst pellet.

Fig. 2 is a graph showing the HPA hydrogenation catalytic activity for a series of
sequential batch‘reactions of a catalyst of the present invention formed of an a-alumina
support with 2.5 wt. % nickel deposited on the support, and 1 wt. % ruthenium and 1 wt. %
rhenium deposited on the nickel and the support.

Fig. 3 is a graph showing the HPA hydrogenation catalytic activity for a series of
sequential batch reactions of a catalyst of the present invention formed of an o-alumina
support with 2.5 wt. % nickel deposited on the support, and 1 wt. % ruthenium and 1 wt. %
rthenium deposited on the nickel and the support, where the catalyst was dried and exposed
to air at ambient conditions prior to hydrogenation.

Fig. 4 is a graph showing the HPA hydrogenation catalytic activity for a series of

sequential batch reactions of a catalyst of the present invention formed of an o-alumina
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support with 5.0 wt. % nickel deposited on the support, and 1 wt. 9% ruthenium and 1 wt. %
rhenium depositéd on the nickel and the support.

Fig. 5 is a graph showing the HPA hydrogenation catalytic activity for a series of
sequential batch reactions of a catalyst of the present invention formed of an o-alumina
support with 2.5 wt. % nickel and 1 wt. % molybdenum deposited on the support, and 1 wt.
9, ruthenium and 1 wt. % rhenium deposited on the nickel, molybdenum and the support.

Fig. 6 is a graph showing the HPA hydrogenation catalytic activity for a series of
sequential batch reactions of a catalyst not of the present invention formed of an a-alumina
support with 2.5 wt. % nickel, 1 wt. % ruthenium, and 1 wt. 9% rhenium deposited on the
support.

Fig. 7 is a graph showing the HPA hydrogenation catalytic activity for a series of
sequential batch reactions of a catalyst not of the present invention formed of an a-alumina
support with 2.5 wt. % nickel deposited on the support, and 1 wt. % ruthenium deposited
on the nickel and the support.

Fig. 8 is a graph showing the HPA hydrogenation catalytic activity for a series of
sequential batch reactions of a catalyst not of the present invention formed of an a-alumina
support with 2.5 wt. % nickel deposited on the support, and 1 wt. % rhenium deposited on
the nickel and the support.

Detailed Description of the Invention

The present invention provides 2 hydrogenation catalyst, a method for its
preparation, and a process for using the hydrogenation catalyst to hydrogenate aldehydes,
particularly hydroxyaldehydes, and most particularly HPA to PDO. The catalystis a
supported catalyst that is particularly useful as a fixed-bed catalyst. The catalyst has an a-
alumina support which provides excellent resistance against crushing and catalyst
breakdown since a-alumina has a high crush strength. The catalyst comprises at least three
non-support catalﬁically active metals—nickel that is deposited on the support, and
ruthenium and a promoter metal that are deposited on the nickel and the support. The:
catalyst, with nickel as an underlayer and ruthenium and the promoter as at Jeast & partial
overlayer, displays surprisingly high hydrogenation catalytic activity over an extended
period of time. As aresult of the high activity of the catalyst metals as deposited on the
support, a relatively small amount of each metal, compared to other HPA/PDO
hydrogenation catalysts, may be utilized to effect the hydrogenation of HPA to PDO. The
surprisingly high activity of the uniquely arranged catalyst metals enables the use of a-

4
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alumina as the support for the catalyst even though o-alumina can support only limited
quantities of active metals. The a-alumina supported catalyst has a high crush strength and
provides a long-lived fixed-bed catalyst. The catalyst of the present invention provides
significant economic advantage over other HPA/PDO hydrogenation catalysts since
relatively small amounts of catalytic metals are required, and the catalyst has a long life
with high activity and a high degree of selectivity.

The Catalyst

The catalyst of the present invention comprises non-support catalytically active
metals nickel, ruthenium, and a promoter selected from the group consisting of rhenium,
tungsten, molybdenum, chromium, lanthanum, tin, iron, cobalt, silver, copper, and
mixtures thereof; and a support comprising aluminum oxide (Al,Os) of the a-alumina
phase. The support preferably comprises at least 92 wt.% of the catalyst, and more
preferably comprises at least 94 wt. % of the catalyst. Most preferably, the support
consists essentially of a-alumina.

The non-support metals comprise no more than 8 wt.% of the catalyst, preferably
no more than 6 wt.% of the catalyst, and most preferably no more than 5 wt.% of the
catalyst. The nickel comprises up to 6 wt. % of the catalyst, and more preferably
comprises from 1.5 wt. % to 3.5 wt. % of the catalyst or from 1 wt. % to 3 wt % of the
catalyst. The ruthenium comprises at least 0.1 wt. % of the catalyst, and more preferably
comprises from 0.5 wt. % to 3.5 wt. % of the catalyst, and most preferably comprises from
0.75 wt. % to 1.5 wt. % of the catalyst. The promoter comprises at least 0.1 wt. % of the
catalyst, and more preferably comprises from 0.5 wt. % to 3.5 wt. % of the catalyst, and
most preferably comprises from 0.75 wt. % to 1.5 wt. % of the catalyst. Preferably the
weight ratio, by metallic weight, of nickel to ruthenium plus promoter in the catalyst is
from 1:2 to 6:1, and more preferably is from 1:1to 3:1. Also, preferably, the weight ratio,
by metallic weight, of ruthenium to the promoter is from 1:4 to 4:1. Most preferably the
nickel comprises 2.5 wt. % of the catalyst, the ruthenium comprises 1 wt. % of the catalyst,
and the promoter comprises 1 wt. % of the catalyst. In a most preferred embodiment, the
promoter is rhenium.

The nickel is in contact with the support, and the ruthenium and promoter at least
partially overlay the nickel. The nickel forms an underlayer deposited on the support and
the ruthenium and promoter form an overlayer deposited, at least in part, on the nickel and

may be deposited on the support. The combination of ruthenium and a promoter at least
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partially overlaying the nickel has unexpectedly been found to significantly increase the
catalytic activity level of the catalyst in the hydrogenation of HPA to PDO over an
extended period of time.

The support of the catalyst comprising a-alumina has a high degree of mechanical
strength. The support may have few or no pores less than 500 A in diameter, and a median
pore diameter of from about 1400 to around 1800 A, measured by mercury porosimetry at
a 140° contact angle. The support preferably may have a pore volume (Hg) of from 0.35
mVl/g to 0.45 mV/g. The lack of small pores provides the support with a relatively high
crush strength, at least 2.26 kg/mm when the support has an average length of from 3 mm
to 5 mm, and inhibits breakdown of the catalyst into fines or weakening of the support by
chemical degradation over the life of the catalyst. The high crush strength of the support
provides the catalyst with the strength necessary for a long catalyst life as a fixed-bed
hydrogenation catalyst.

The crush strength is measured by a flat plate crush of individual catalyst pellets
and reported as the average force required to crush the pellet when placed length-wise
between two flat plates per average length of the catalyst pellet. The flat plate crush
strength is calculated according to the following formula:

% (AllIndividual Crush Strength Measurements)
¥ (All Individual Length Measurements)

Side Crush Strength per Length =

The support of the catalyst contains little or no other forms of alumina other than a-
alumina such as gamma-alumina, eta-alumina, delta-alumina, or theta-alumina. Other
forms of alumina have substantially more porosity than a-alumina, and do not provide the
desired mechanical strength and chemical resistance. Ina preferred embodiment, the
support of the catalyst contains no other forms of alumina as measured by powder X-ray
diffraction than o-alumina. In a most preferred embodiment, the support of the catalyst
consists essentially of a-alumina.

The support of the catalyst has a shape, size, and structure such that the support can
be placed and retained in a fixed hydrogenation bed such as a trickle bed reactor. Most
preferably, as shown in Fig. 1, the support is a tri-lobal 3 or cylindrical 5 pellet.

As a result of its limited porosity, the support may have an N, BET surface area of
Jess than 10 m?/g, and preferably has an N> BET surface area of from 3 m?/g to 9 m’/g.
Generally, decreasing support surface area increases the mechanical strength of the support

while decreasing the available area upon which to deposit the active metal components of



10

15

20

25

30

WO 2006/116193

B fate MLoaF Chr e s e -

PCT/US2006/015257

the catalyst. The support of the catalyst typically can retain no more than 8 wt. % of non-
support metals relative to the combined weight of the a-alumina support and the non-
support metals (the weight of the catalyst).

The hydrogenation catalyst of the present invention, however, has unexpectedly
high hydrogenation activity despite the relative paucity of active metal components on the
support. It is believed that the hydrogenation activity is due to the combination of
"ayering" the ruthenium and promoter metal components over the nickel component and
support, and to the combination of the selected active metal components. As noted above,
the nickel directly contacts the support and forms a non-support active metal "underlayer".
The ruthenium and promoter metal are at least partially deposited on the nickel underlayer
so that the ruthenium and the promoter act as an noverlayer". This "layering" has been
found to provide the catalyst of the present invention with significantly more activity over
time than a catalyst formed of the same active metal components that is not "layered".

Tt should be understood that the ruthenium and the promoter may be deposited both
on the nickel and on the support, since the nickel may not form a complete coating over the
support, and ruthenium and the promoter can be deposited either on the nickel or the
support. It should also be understood that the ruthenium and the promoter may not be
deposited so as to completely cover the nickel. As used herein the term "overlayer",
therefore, should not be construed to mean that ruthenium and the promoter are necessarily
deposited only on the nickel "underlayer” or that the ruthenium and the promoter entirely
cover the nickel "underlayer". Rather, as used herein, the terms "overlayer" and
"underlayer" should be construed to mean that the ruthenium and the promoter "overlayer"
at least partially overlay the nickel "underlayer" and may contact the support.

The selected combination of non-support catalytically active metals of the catalyst
also provides substantial hydro genation activity over an extended period of time. The
overlayer of ruthenium with a promoter metal provides a significant increase in
hydrogenation activity, especially as the catalyst ages, relative to catalysts utilizing an
overlayer of ruthenium alone or a promoter metal alone over a nickel underlayer, and
relative to catalysts containing multiple or single metal components deposited as a single
layer on a catalyst support.

The non-support active metals substantially increase the surface area of the finished
catalyst relative to the surface area of the support, thereby providing more surface area than

the support alone to catalytically interact to convert aldehydes in the presence of hydrogen.
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The surface area of the finished catalyst preferably is from 1.5 to 5 times the surface area
of the support, and more preferably from 1.5 to 3 times the surface area of the support.
The surface area of the finished catalyst typically will range from 10 m*/g to 25 m’/g as
measured by N, adsorption, and will most typically range from 12 m*/g to 20 m*/g.

The non-support metals decrease the pore volume and median pore diameter of the
finished catalyst relative to the pore volume of the support. Typically the pore volume
(Hg) of the finished catalyst will range from 0.2 cc/g to 0.35 cc/g , measured by mercury
porosimetry at a 140° contact angle. Also, the median pore diameter of the finished
catalyst will typically range from 1400 A t0 1700 A.

The catalyst, in its activated state wherein the non-support metals are in their
reduced metallic state, is surprisingly stable in air at ambient conditions. Preferably, the
activated catalyst is stable indefinitely in air at temperatures from 10°C to 30°C.

The catalyst has substantial catalytic activity to convert HPA under hydrogenation
conditions, especially after an extended period of time. The catalyst has an initial activity
sufficient to catalyze hydrogenation of HPA at a rate of at least 50 ml HPA/ml catalyst.hr
at a temperature of from 50°C to 100°C, a pH of from 4.0 to 6.5, and a hydrogen pressure
of from 6.89 MPa to 10.68 MPa. Preferably the catalyst has an activity sufficient to
catalyze hydrogenation of HPA at a rate of at least 25 ml HPA/ml catalyst.hr at a
temperature of from 50°C to 100°C, a pH of from 4.0 to 6.5, and 2 hydrogen pressure of
from 6.89 MPa to 10.68 MPa after at least 24 hours exposure to the same HPA
hydrogenation conditions. More preferably, the catalyst has an activity sufficient to
catalyze hydrogenation of HPA at a rate of at least 35 ml HPA/ml catalyst.hr at a
temperature of from 50°C to 100°C, a pH of from 4.0 to 6.5, and a hydrogen pressure of
from 6.89 MPa to 10.68 MPa after at least 24 hours of exposure to the same HPA
hydrogenation conditions, and most preferably has an activity to catalyze hydrogenation of
HPA at a rate of at least 40 ml HPA/ml catalyst.hr under such conditions after at least 24
hours of exposure to the same HPA hydrogenation conditions.

The catalyst also has a high crush strength, especially after an extended period of
time of exposure to hydrogenation conditions. The catalyst, when having a length of from 3
mm to 5 mm and a diameter of from 0.8 mm to 1.2 mm, may have an initial crush strength
of at least 2.26 kg/mm, and more preferably may have an initial crush strength of at least
2.72 kg/mm. The catalyst, when having a length of from 3 mm to 5 mm and a diameter of

from 0.8 mm to 1.2 mm, further may have a crush strength of at least 2.04 kg/mm, and
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more preferably at least 2.26 kg/mm, after 79 days of exposure to HPA hydrogenation
conditions of a temperature of from 50°C to 100°C; a pH of from 4.0 to 6.5; and a
hydrogen pressure of from 6.89 MPa to 10.68 MPa.

In another embodiment of the invention, the non-support metals of the catalyst may
also include molybdenum mixed or alloyed with the nickel and deposited on the support as
part of the "underlayer" of the catalyst. If present in the catalyst as a mixture or alloy with
the nickel in the "underlayer" of the catalyst, the molybdenum is preferably present in the
catalyst in a weight ratio, by metallic weight, relative to the nickel of from 1:1 to 1:20. The
ruthenium and the promoter at least bartially overlay the nickel and the molybdenum when
molybdenum is included in the non-support metal underlayer with the nickel.

In a most preferred embodiment of the invention, the catalyst contains no halogens.
Halogens may be deposited on the support of the catalyst in the preparation of the catalyst
as a metal salt with the active metal components of the catalyst. Halogens, however, are
known to corrode metal components of hydrogenation reactors, so it is desirable to avoid
catalysts containing halogens. If metal salts are used to prepare the catalyst of the present
invention, preferably the catalyst is prepared using metal salts of the active metals that are
not halide salts.

Process for Preparing the Catalyst

The catalyst may be prepared by first preparing the support comprised of a-
alumina; then depositing the nickel on the support; calcining the support with the nickel
thereon; after calcining, depositing the ruthenium and promoter on the nickel and the
support to form a catalyst precursor; and reducing the metals (nickel, ruthenium, and
promoter) of the catalyst precursor to form the catalyst.

The a-alumina support may be prepared by calcining extruded alumina pellets. The
extruded alumina pellets may be produced by mulling a mixture of pseudo-boehmite
precipitated alumina powder with water and acid to form an extrudable mixture. The
extrudable mixture may then be extruded through shaped dies to form the pellets, which
may then be dried. The extruded pellets may then be calcined at a temperature of at least
1150°C, preferably from 1250°C to 1350°C, for at least 2 hours to form the a-alumina
phase support. The calcination reduces the pore volume (H;O) of the alumina pellets from
above 0.8 cc/g to 0.3-0.5 cc/g, and reduces the N, surface area of the pellets from above

225 m?/g to below 10 m*/g while increasing the median pore diameter of the pellets from
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about 100 A to about 1400-1800 A. Preferably the calcined a-alumina pellets used as the

support have a tri-lobe 3 or cylindrical 5 shape, as shown in Fig. 1.

The nickel is deposited as a first layer, or underlayer, on the support comprised of
o-alumina. The nickel should be dispersed relatively evenly over the surface of the support
to ensure that the catalyst has high activity. The nickel may be deposited on the support by
any procedure that deposits a desired quantity of nickel onto the support. The nickel is
preferably deposited on the support by determining the water absorption capacity of the
support, and loading the support in accordance with its water absorption capacity with an
aqueous nickel solution that has a nickel content corresponding to the desired nickel
concentration in the finished catalyst—where the entire quantity of the solution is absorbed
by the support. The nickel solution is preferably prepared to provide a concentration of
nickel, by metallic weight, of up to 6 wt. % of the finished catalyst, and more preferably
from 1.5 wt % to 3.5 wt. % of the finished catalyst or from 1 wt. % to 3 wt. % of the
finished catalyst. Most preferably, the nickel solution is prepared to provide a
concentration of nickel, by metallic weight, of 2.5 wt. % of the finished catalyst.

Preferably, nickel carbonate is used in the aqueous nickel solution, although other
water-soluble nickel compounds such as nickel nitrate or nickel acetate may be used either
with nickel carbonate or in place of nickel carbonate in the aqueous niékel solution. Nickel
halide salts may be used in the aqueous nickel solution, but are less preferred, since halides
are known to be corrosive to steel components of hydrogenation reactors. Ammonium
carbonate [(NH4),CO;3] and ammonium hydroxide may be included in the aqueous nickel
solution to aid in the dissolution of the nickel in the aqueous solution.

If desired, molybdenum may also be deposited on the support with the nickel as a
mixture or alloy of nickel and molybdenum. The molybdenum, if included in the catalyst
as a mixture or alloy with the nickel, is preferably included in a weight ratio relative to the
nickel, by metallic weight, of from 1:1 to 1:20. Preferably, the desired amount of
molybdenum is included in an aqueous base/water-soluble form in the aqueous nickel
solution, which is then loaded onto the support. Preferably, molybdenum trioxide is used
in the aqueous nickel/molybdenum solution, although other aqueous base/water soluble
molybdenum compounds may be used such as ammonium dimolybdate and ammonium

heptamolybdate tetrahydrate.
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After the support is impregnated with the nickel, with or without molybdenum, the
nickel-impregnated support may be aged. Preferably the support is aged at room
temperature for a period of from 1 hour to 3 hours, most preferably for a period of 2 hours.

The nickel-impregenated support, with or without molybdenum, may be dried and
calcined prior to being impregnated with ruthenium and the promoter. The nickel-
impregnated support may be dried at a temperature of from 25° C to 250° C for a period of
from 1 hour to 4 hours, and most preferably at a temperature of 150°C for a period of 3
hours. After the nickel-impregnated support is dry, it may be calcined at a temperature of
from 350° C to 500° C for a period of from 30 minutes to 2 hours, and most preferably at a
temperature of 483° C for a period of 1 hour.

Ruthenium and the promoter may then be deposited as a second layer, or overlayer,
on the dried and calcined nickel-impregnated support. The ruthenium and the promoter
should be dispersed relatively evenly over the nickel-impregnated support to ensure a high
degree of catalytic activity. It should be understood that the ruthenium and the promoter
may be deposited both on the nickel (and molybdenum, if present with the nickel) and the
support, since the nickel may not form a complete coating over the support, and ruthenium
and the promoter may be deposited either on the nickel or the support. The term
"overlayer", therefore, should not be construed to mean that ruthenium and the promoter
are necessarily deposited only on the nickel "underlayer".

The ruthenium and the promoter may be deposited on the nickel-impregnated
support by any procedure that deposits a selected quantity of ruthenium and a second
selected quantity of the promoter onto the support. Preferably the ruthenium and the
promoter are deposited on the nickel-impregnated support by loading the nickel-
impregnated support in accordance with its water absorption capacity with an aqueous
solution containing ruthenium and a promoter in aqueous soluble forms. The aqueous
solution of ruthenium and the promoter preferably have a ruthenium content and a
promoter content corresponding to the desired quantity of the respective ruthenium and
promoter metals on the finished catalyst when the entire quantity of the
ruthenium/promoter solution is absorbed on the support.

The aqueous ruthenium/promoter solution is preferably prepared to provide a
content of ruthenium, by metallic weight, of at least 0.1 wt. % of the finished catalyst,
more preferably from 0.5 wt. % to 3.5 wt. % of the finished catalyst, and most preferably
from 0.75 wt. % to 1.5 wt. % of the finished catalyst; and preferably to provide a content of
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promoter, by metallic weight, of at least 0.1 wt. % of the finished catalyst, more preferably
from 0.5 wt. % to 3.5 wt. % of the finished catalyst, and most preferably from 0.75 wt. %
to 1.5 wt. % of the finished catalyst. Preferably the aqueous solution of
ruthenium/promoter is prepared to provide a weight ratio, by metallic weight, of nickel to
ruthenium plus promoter in the finished catalyst of from 1:2 to 6:1, and more preferably of
from 1:1 to 3:1. Also, preferably, the aqueous solution of ruthenium/promoter is prepared
to provide a weigh;c ratio, by metallic weight, of ruthenium to the promoter of from 1:4 to
4:1. Most preferably the ruthenium/promoter solution is prepared so the ruthenium
comprises 1 wt. % of the finished catalyst and the promoter comprises 1 wt. % of the
finished catalyst, especially where nickel has been deposited on the support in an amount
that comprises 2.5 wt. % of the finished catalyst.

Preferably, ruthenium nitrosyl nitrate is used as the water-soluble ruthenium

- compound in the aqueous ruthenium/promoter solution. Other water-soluble ruthenium

compounds such as ruthenium trichloride, potassium hexachlororuthenate, potassium
tetraoxoruthenate, ruthenium tetraoxide, hexaammineruthenium trichloride, and potassium
hexacyanoruthenate may be used either with ruthenium nitrosyl nitrate or in place of
ruthenium nitrosyl nitrate in the aqueous ruthenium/promoter solution. Ruthenium halides
are less preferred, however, since halides are known to be corrosive to steel components of
hydrogenation reactors.

The promoter is preferably selected from a water-soluble compound of rhenium,
tungsten, molybdenum, chromium, lanthanum, iron, cobalt, silver, copper, tin, or mixtures
thereof. Most preferably, the promoter is selected from a water-soluble rhenium
compound. A particularly preferred water-soluble rhenium compound is ammonium
perthenate (NHsReQ,).

After the nickel-impregnated support is impregnated with ruthenium and the
promoter, the ruthenium/promoter/nickél-impregnated support may be aged. Preferably
the suppdrt is aged at room temperature for a period of from 1 hour to 3 hours, most
preferably for a period of 2 hours.

The ruthenium/promoter/nickel-impregnated support may then be dried to form the
catalyst precurser. The ruthenium/promoter/nickel-impregnated support may be dried at a
temperature of from 100° C to 250° C for a period of from 1 hour to 4 hours, and most

preferably at a temperature of 150°C for a period of 3 hours. The catalyst precursor
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contains the non-support metals at least one of which may be in their jonic, non-metallic
states.

The catalyst precursor may then be activated to form the catalyst by reducing the
non-support metals to their metallic, zero-oxidation states. The catalyst precursor may be
reduced to form the catalyst by holding the catalyst precursor under a hydrogen atmosphere
at an elevated temperature. Preferably the catalyst precursor is held at a temperature of
from 100° C to 500° C for a period of from 20 minutes to 24 hours to reduce the non-
support metals and activate the catalyst. The catalyst is preferably activated by heating the
catalyst precursor under a flowing H, atmosphere. Most preferably, the catalyst is
activated under flowing H; atmosphere by heating at a temperature ramped up from room
temperature to 107° C at 0.4° C per minute, holding the catalyst precursor at 107° C for 1
hour, ramping the temperature up from 107° C to 288° C at 0.9° C per minute, holding the
catalyst precursor at 288° C for 4 hours, and cooling to room temperature.

The activated catalyst may be transferred to storage under an inert atmosphere and
stored under liquid PDO prior to use. Surprisingly, however, the activated catalyst has
been found to be stable in air under ambient conditions. The activated catalyst, therefore,
may be loaded directly into a hydrogenation reactor, preferably in a fixed-bed, without
being maintained under an inert atmosphere or stored in an inert liquid.

Process for Hydrogenating an Aldehyde

An aqueous solution of an aldehyde may be supplied to at least one hydrogenation
reactor containing the catalyst of the invention, preferably in a fixed-bed configuration, for
hydrogenation. The preferred activated catalyst is described above, where the catalyst
comprises a support comprising o-alumina, and non-support metals comprising nickel,
ruthenium, and a promoter selected from the group consisting of rhenium, tungsten,
molybdenum, chromium, lanthanum, tin, iron, cobalt, silver, copper, or mixtures thereof,
where the nickel contacts the support and the ruthenium and the promoter at least partially
overlay the nickel. The preferred amounts and relative ranges of the support, nickel,
ruthenium, and promoter are described above; and the preferred characteristics of the
support are also described above. The method for i)reparing the catalyst is also described
above. The catalyst preferably is formed in the shape of tri-lobal or cylindrical pellets. In
one embodiment, the catalyst may contain molybdenum mixed or alloyed with nickel, as

described above. In a most preferred embodiment, the promoter is thenium.
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The aldehyde to be hydrogenated may be any aldehyde that is at least partially
soluble in water and is chemically stable in water. Preferably, the aldehyde is an aliphatic
aldehyde, and more preferably the aldehyde is a relatively low molecular weight aliphatic
aldehyde having from 3 to 12 carbon atoms. In one embodiment of the invention the
aldehyde is a hydroxyaldehyde.

The aqueous solution of aldehyde may contain the aldehyde in a concentration in
the range of 0.2 wt. % to 50 wt. %, based on the weight of the aqueous liquid, which is
preferably water or water combined with the desired hydro genation product. It is desirable
to use a dilute solution of the aldehyde with a fixed-bed catalyst, preferably having an
aldehyde concentration of at most 15 wt. %, more preferably having an aldehyde
concentration of from 0.2 wt. % to 15 wt. %, and most preferably having an aldehyde
concentration of at most 8 wt. %, particularly an aldehyde concentration of from 0.5 wt. %
to 8 wt. %. Diffusion of H, through the fixed-bed catalyst pellet is the rate limiting step in
hydrogenating the aldehyde, and the selectivity of hydrogenation of the aldehyde to the
desired hydrogenation product is increased by utilizing an aqueous solution having a dilute
concentration of aldehyde to ensure that the aldehyde is catalyzed in the presence of H, to
form the desired product, rather than catalyzed to form undesirable side products in the
absence of H,. |

Although any aqueous liquid that will not interfere with hydrogenation of the
aldehyde, including water, can be used to dilute the aqueous solution of aldehyde to the
desired concentration, it is preferred to employ an aqueous solution containing the desired
hydrogenation product such as a portion of the product stream from the hydrogenation step.
Dilution with such a product-containing solution serves to concentrate product in the
system water, thus avoiding the high cost and recovery of dilute product from water which
would result from the use of water alone as diluent.

The aldehyde in the dilute aqueous aldehyde solution is reacted with hydrogen in
the presence of the catalyst using methods known in the art. A fixed-bed hydrogenation
reactor is preferred for conducting the hydrogenation on an industrial scale with the
catalyst of the invention. In such a reactor, the liquid reaction mixture flows or trickles
over the catalyst in a fixed-bed together with the hydrogen. To ensure good distribution of
the hydrogen in the reaction mixture and uniform distribution of the gas/liquid mixture
over the entire cross-section of the fixed bed, the liquid reaction mixture and hydrogen may

be passed together through static mixers before the catalyst bed.
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The hydrogenation process can be carried out in one stage or in two or more
sequential stages. Generally, the hydrogenation may be carried out at a temperature of
from 30° C to 190° C and at a hydrogen pressure of from 3.44 MPa to 68.9 MPa. Ina
preferred embodiment, hydrogenation is initially carried out at a temperature of from 50°C
to 130°C and a hydrogen pressure of from 8.96 MPa to 10.3 MPa, followed by a second
stage hydrogenation carried out at a temperature higher than that of the first stage and
within the range of from 70° C to 155° C and a hydrogen pressure of from 7.58 MPa to
10.3 MPa, and then optionally in a third stage hydrogenation at a temperature greater than
the temperature of the second stage and with a temperature of 120° C or greater, preferably
from 120° Cto 190° C and a hydrogen pressure of from 6.89 MPa to 10.3 MPa. Most
preferably the initial hydrogenation is carried out at a temperature of less than 100° C to
increase the selectivity of the hydrogenation of the aldehyde to the desired product. The
second hydrogenation stage and any subsequent hydrogenation stages can be carried out at
higher temperatures without negatively affecting selectivity since most of the aldehyde is
hydrogenated in the first stage, and the solution has a very dilute concentration of the
aldehyde in the second and later hydrogenation stages. In this preferred process, the
hydrogenation is optionally carried out in two or more separate hydrogenation vessels.
Process of Producing 1, 3-Propanediol

Most preferably, HPA is the aldehyde to be hydrogenated to form PDO. PDO may
be prepared by hydrogenating an aqueous solution of HPA in the presence of the catalyst
of the present invention.

An aqueous solution of HPA can be prepared by a process involving the catalyzed
hydroformylation (reaction with synthesis gas, Hy/CO) of ethylene oxide to form a dilute
mixture of HPA in an organic solvent, typically methyl t-butyl ether (MTBE). The HPA in
the organic solvent can be extracted into water to form a more concentrated HPA solution.
U.S. Patent No. 5,786,524, which is incorporated herein in its entirety by reference,
describes such a process wherein ethylene oxide and synthesis gas are contacted at 50° C to
100° C and at 3.44 MPa to 34.4 MPa in the presence of a cobalt or thodium catalyst and a
catalyst promoter to produce a product mixture containing HPA. Water is added to the
HPA mixture and most of the HPA is extracted into the water to provide an aqueous phase
comprising a higher concentration of HPA and an organic phase containing at least a

portion of the catalyst,
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Alternatively, an aqueous solution of HPA can be prepared by hydration of
acrolein, as described in detail in U.S. Patent No. 5,015,789, which is incorporated herein
in its entirety by reference. In that process, acrolein and water are reacted in a weight ratio
of 1:2 to 1:20, preferably from 1:3 to 1:6, at 30° C to 120° C, preferably at 50° C to 90° C,
and a pressure in a range from 0.1 MPa to 2.0 MPa, preferably 0.2 MPa to 0.5 MPa, in the
presence of an acidic cation exchanger resin to form HPA. After production of HPA, the
HPA solution is separated from the ion exchanger, preferably by sedimentation or
filtration, and the reaction mixture is separated from unreacted acrolein to provide a
concentrated aqueous solution of HPA. The separation of acrolein may be carried out by
distillation under reduced pressure, preferably in a thin-layer evaporator.

However obtained, the aqueous solution of HPA may be supplied to at least one
hydrogenation reactor containing the activated catalyst, preferably in a fixed-bed
configuration, for hydrogenation to PDO. The preferred activated catalyst is described
above, where the catalyst comprises a support comprising o-alumina and non-support
metals nickel, ruthenium and a promoter selected from rhenium, tungsten, molybdenum,
chromium, lanthanum, tin, cobalt, iron, silver, copper or mixtures thereof, where the nickel
contacts the support and the ruthenium and promoter at least partially overlay the nickel.
The preferred amounts and relative ranges of the a-alumina support, nickel, ruthenium, and
promoter are described above; and the preferred characteristics of the o-alumina support
are also described above. The catalyst preferably is formed in the shape of tri-lobal or
cylindrical pellets. In one embodiment, the catalyst may contain molybdenum mixed or
alloyed with nickel, as described above. In a most preferred embodiment, the promoter is
rhenium.

The aqueous solution of HPA should contain HPA in a concentration in the range
of 0.2 wt. % to 50 wt. %, based on the weight of the aqueous liquid, which is usually water
or a combination of water and PDO. It is desirable to use a dilute solution of HPA with a
fixed-bed catalyst, preferably having an HPA concentration of at most 15 wt. % HPA,
more preferably having an HPA concentration of from 0.2 wt. % to 15 wt. %, and most
preferably having an HPA concentration of at most 8 wt. %, particularly an HPA
concenﬁation of from 0.5 wt. % to 8 wt. %. Diffusion of H, through the fixed-bed catalyst
pellet is the rate limiting step in hydrogenating HPA to PDO, and the selectivity of

hydrogenation of HPA to PDO is increased by utilizing an aqueous solution having a dilute
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concentration of HPA to ensure that HPA is catalyzed in the presence of Hy to form PDO,
rather than catalyzed to form undesirable side products in the absence of H,.

Although any aqueous liquid that will not interfere with hydrogenation of HPA,
including water, may be used to dilute the aqueous solution of HPA to the desired
concentration, it is preferred to employ an aqueous PDO containing solution such as a
portion of the product stream from the hydrogenation step. Dilution with such a PDO-
containing solution serves to concentrate PDO in the system water, thus avoiding the high
cost and recovery of dilute PDO from water which would result from the use of water
alone as diluent.

The HPA in the dilute aqueous HPA solution may be reacted with hydrogen in the
presence of the catalyst using methods known in the art. A fixed-bed hydrogenation
reactor is preferred for conducting the hydrogenation on an industrial scale with the
catalyst of the invention. In such a reactor, the liquid reaction mixture flows or trickles
over the catalyst in a fixed-bed together with the hydrogen. To ensure good distribution of
the hydrogen in the reaction mixture and uniform distribution of the gas/liquid mixture
over the entire cross-section of the fixed bed, the liquid reaction mixture and hydrogen may
be passed together through static mixers before the catalyst bed.

The hydrogenation process may be carried out in one stage or in two or more
sequential stages. Generally, the hydrogenation may be carried out at a temperature of
from 30° C to 190° C and at a hydrogen pressure of from 3.44 MPa to 68.9 MPa. Ina
preferred embodiment, hydrogenation is initially carried out at a temperature of from 50°C
to 130°C and a hydrogen pressure of from 8.96 MPa to 10.3 MPa, followed by a second
stage hydrogenation carried out at a temperature higher than that of the first stage and
within the range of from 70° C to 155° C and a hydrogen pressure of from 7.56 MPa to
10.3 MPa, and then optionally in a third stage hydrogenation at a temperature greater than
the temperature of the second stage and with a temperature of 120° C or greater, preferably
from 120° C to 190° C and a hydrogen pressure of from 6.89 MPa to 10.3 MPa. Most
preferably the initial hydrogenation is carried out at a temperature of less than 100° C to
increase the selectivity of the hydrogenation of HPA to PDO. The second hydrogenation
stage and any subsequent hydrogenation stages may be carried out at higher temperatures
without negatively affecting selectivity since most of the HPA is hydrogenated in the first

stage, and the solution has a very dilute concentration of HPA in the second and later
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hydrogenation stages. In this preferred process, the hydrogenation is optionally carried out
in two or more separate hydrogenation vessels.

The hydrogenation reaction is preferably carried out at acidic conditions below pH
6.5 since HPA tends to form aldol condensation products and heavy end byproducts at
higher pHs. Preferably the hydrogenation is carried out at a pH of from 4.0 to 6.5.
Typically, an aqueous solution of HPA derived from a hydroformylation reaction of
ethylene oxide and syngas contains 3-hydroxypropionic acid so that the aqueous solution
of HPA is acidic. If desired, the pH of the HPA solution can be adjusted upwards with a
base, preferably a hydroxide, or downwards with an acid, preferably a mineral acid, to the
desired pH.

The hydrogenation reaction may be carried out in a batch process or in a continuous
process. For industrial scale production of PDO from HPA it is preferred to utilize a
continuous process.

The process of hydrogenating HPA to PDO of the present invention with the
catalyst of the present invention provides a high degree and rate of conversion of HPA by
hydrogenation, particularly over an extended period of time. HPA may be initially
converted in the hydrogenation reaction at a rate of at least 50 ml HPA/ml catalyst.hr at a
temperature of from 50°C to 160°C, a pH of from 4.0 to 6.5, and a hydrogen pressure of
from 6.89 MPa to 11.0 MPa. HPA may still be hydrogenated in the hydrogenation
reaction with a high degree of activity after the catalyst is exposed to hydrogenation
reaction conditions for an extended period of time. Preferably HPA is hydrogenated at a
rate of at least 25 ml HPA/ml catalyst.hr at a temperature of from 50°C to 160°C, a pH of
from 4.0 to 6.5, and a hydrogen pressure of from 6.89 MPa to 11.0 MPa after at least 24
hours exposure to HPA hydrogenation conditions. More preferably, HPA is hydrogenated
at a rate of at least 35 ml HPA/mlI catalyst.hr at a temperature of from 50°C to 160°C, a pH
of from 4.0 to 6.5, and a hydrogen pressure of from 6.89 MPa to 11.0 MPa after at least 24
hours of exposure to HPA hydrogenation conditions, and most preferably HPA is
hydrogenated at a rate of at least 40 ml HPA/ml catalyst.hr under such conditions after at
least 24 hours of exposure to HPA hydrogenation conditions.

EXAMPLE 1

A catalyst according to the present invention was prepared comprising an o-

alumina support, nickel, ruthenium, and rthenium, where the nickel is deposited on the o-

alumina support and the ruthenium and rhenium are deposited on the nickel and on the o-
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alumina support. The catalyst was prepared such that the catalyst contained 2.5 wt. %
nickel, 1 wt. % ruthenium, and 1 wt. % rhenium.

Gamma-alumina tri-lobe pellets were calcined at 1275° C to prepare the a-alumina
support. An aqueous nickel solution was prepared by dissolving 3.5 grams of ammonium
carbonate in 15 ml of ammonium hydroxide solution (25%) with moderate heat and
stirring, followed by the addition and dissolution of 6.8 grams of nickel carbonate in the
ammonium carbonate/ammonium hydroxide solution. The solution volume was brought to
40 ml with additional ammonium hydroxide solution (25%). 100 grams of the o-alumina
support was impregnated with the nickel solution, absorbing 100 % of the solution volume.
The nickel solution impregnated support was then aged for 2 hours at room temperature.
The nickel-impregnated support was then dried at 150° C for 3 hours, and then calcined at
453°C for 1 hour in air. ‘

An aqueous solution of ruthenium and rhenium was also prepared. 1.6 grams of
ammonium perrhenate was dissolved in 10 ml of deionized water with low heat and
stirring. 3.3 grams of ruthenium nitrosyl nitrate was then added and dissolved in the
ammonium perrhenate solution with heating and stirring. The solution volume was then
brought to 40 ml with deionized water. The calcined nickel-impregnated support was then
impregnated with the total volume of the aqueous solution of ruthenium and rhenium, and
aged for 1 hour at room temperature. The nickel/ruthenium-rhenium impregnated support
was then dried at 200° C for 2 hours in air to form the catalyst precursor.

The catalyst preéursor was activated to form the catalyst by heating the catalyst
precursor under flowing hydrogen. The catalyst precursor was heated to 107° C by raising
the temperature from ambient at 0.4° C/minute. The catalyst precursor was held at 107° C
for 1 hour, then the temperature was raised at 0.9° C/minute to 288° C. The catalyst
precursor was held at 288° C for 4 hours, and then was cooled to room temperature to
provide the activated catalyst.

EXAMPLE 2

Hydrogenation of HPA to PDO was effected with a catalyst in accordance with the
present invention having nickel deposited on an g-alumina support, and ruthenium and
rthenium deposited on the nickel and the support. The catalyst contained 2.5 Wt.;% nickel,
1 wt. % ruthenium, and 1 wt. % rhenium.
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The catalyst was prepared in accordance with the procedure described in Example
1, where the activated catalyst was maintained under liquid PDO after activation and prior
to hydrogenation. A 21 ml volume of the catalyst, with a catalyst density of 0.70 g/cm®
and a void fraction of 0.42, was loaded into a batch hydrogenation wire basket to provide a
catalyst charge of 14.7 grams, which was then topped with a 1/8" layer of inert denstone to
prevent the catalyst from moving during the hydrogenation. The basket containing the
catalyst was then secured in the cooling coils of a batch hydrogenation reactor. The
catalyst was then rinsed three times with deionized nitrogen sparged water.

The catalyst was then subjected to 19 batch hydrogenation cycles, each cycle
lasting for 120 minutes. Importantly, the catalyst was not renewed or refreshed between
batches, so each batch sequentially aged the catalyst. After each batch cycle the
hydrogenation reactor solution was drained through a dip tube then loaded with 300 ml of
an aqueous HPA/PDO feed mixture containing 1% n-butanol internal standard by weight.
The feed mixture of aqueous HPA/PDO for the '19 batch hydrogenation cycles in Example
2 was mixed as shown in Table 1 below.

TABLE 1

Cycle 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

HPA 60 60 60 60 90 9 90 90 120 120 120 120 150 150 150 60 60 60

(ml)

PDO/H;O 240 240 240 240 210 210 210 210 180 180 180 180 150 150 150 240 240 240
(ml)

Total 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300
(ml)

19

60
240

300

20

25

The HPA content of the HPA portion of the feed mixture was between 5 wt. % and 15 wt.
% prior to dilution with the PDO/H,0 solution.

The loaded reactor was pressured with hydrogen to 2.07 MPa and then vented
slowly three times to remove air from the system. The vented, loaded reactor was then
pressured to a range of 5.5 MPa to 6.2 MPa with hydrogen. The temperature of the
pressurized loaded reactor was then raised to 60°C. After the temperature of the reactor -
was stable at 60°C, the hydrogen pressure was increased to the final hydrogenation
reaction pressure of 7.17 MPa. The hydrogenation reaction was run for 120 minutes, and

samples were taken of the reaction mixture at 0 minutes, 30 minutes, 60 minutes, and 120

minutes. The samples were analyzed by gas chromatograph for 3-hydroxypropionaldehyde

and 1,3-propanediol in a solution of sample and tetrahydrofuran in a ratio, by volume, of

sample to THF of 1:5. Kinetics were determined by the rate of disappearance of HPA.
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The initial HPA content, final HPA content, and amount of HPA converted by the
catalyst are shown in Table 2. Table 2 also shows the HPA conversion rate initially and
the average HPA conversion rate for cycles 13-15 (catalyst activity after 24 hours of
exposure to hydrogenation conditions, for hours 24-30). Finally, Table 2 shows the initial
PDO content and the final PDO content.

TABLE 2
Cycle Initial Final HPA HPA Average HPA Initial PDO Final PDO
HPA HPA converted conversion conversion rate cycles (wt. %) (wt. %)
{wt. %) (wt. %) (4] rate 13415
(ml/ml.hr) (mVml.hr)
1 143 0.00 428 >50 - 18.82 21.35
2 1.29 0.00 3.87 >50 - 18.91 21.95
3 1.27 0.00 3.82 >50 - 19.61 21.48
4 1.33 0.00 3.98 >50 -- 19.68 22.36
5 1.82 0.00 547 >50 - 16.86 20.59
6 2.20 0.02 6.55 61.9 - 17.32 21.06
7 221 0.02 6.58 60.1 - 18.11 20.47
8 236 0.02 7.02 60.2 - 18.72 2349
9 2.29 0.04 6.76 56.5 - 16.09 20.40
10 2.76 0.04 8.15 58.5 - 16.39 21.18
11 2.61 0.05 7.68 56.5 - 15.88 19.92
12 2.83 0.05 8.35 55.9 B 17.12 21.70
13 297 0.10 8.61 51.7 50.3 14.38 19.30
14 333 0.11 9.66 50.8 50.3 13.96 19.39
15 3.33 0.13 9.62 482 50.3 13.89 2017
16 1.36 0.00 4.07 -- - 18.73 20.21
17 1.30 0.00 3.89 -- - 1941 2223
18 1.28 0.00 3.83 - - 19.43 21.98
19 1.36 0.00 4.08 - 21.38 24.29

Fig. 2 provides a graphical representation of the catalytic activity of the catalyst
for hydrogenating HPA over time. The initial HPA concentration of the reaction mixture
(as wt. %), shown as black bars, and the final HPA concentration of the reaction mixture
(as wt. %), shown as white bars, are compared for each batch. As shown in Fig. 2, the
catalyst is highly effective for converting HPA at a high activity rate over the entire set of
batches.

The catalyst also showed good selectivity for producing PDO. The catalyst, under
the hydrogenation conditions, converted HPA to PDO with at least at 100% selectivity,
with the initial selectivity of 185% and 164% for batches 13-15, where selectivity is moles
of PDO formed per moles of HPA consumed, expressed as a percent. Selectivity is greater
than 100% due to conversions of other compounds to PDO.

EXAMPLE 3

Hydrogenation of HPA to PDO was effected with a catalyst of the present invention

having nickel deposited on an a-alumina support, and ruthenium and rhenium deposited on

the nickel and the support, where the catalyst had been dried and exposed to air under
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ambient conditions prior to hydro genation. The catalyst contained 2.5 wt. % nickel, 1 wt.
% ruthentum, and 1 wt. % rhenium.

The catalyst was prepared in the same manner as the catalyst in Example 1, except
the activated catalyst was exposed to air at ambient conditions prior to being loaded into a
hydrogenator. A 21 ml volume of the activated catalyst with a catalyst density of 0.94
g/em’ and a void fraction of 0.42 was loaded dry into a batch hydrogenation wire basket to
provide a catalyst charge of 19.7 grams, which was then topped with a 1/8" layer of inert
denstone to prevent the catalyst from moving during the hydrogenation. The basket
containing the catalyst was then secured in the cooling coils of a batch hydrogenation
reactor. The catalyst was then rinsed three times with deionized nitrogen sparged water.

The catalyst was then subjected to 19 batch hydrogenation cycles, each cycle
lasting for 120 minutes, under the same conditions as used in Example 2 above, including
the feed mixture of aqueous HPA/PDO.

The initial HPA content, final HPA content, and amount of HPA converted by the
catalyst are shown in Table 3. Table 3 also shows the HPA conversion rate initially and
the average HPA conversion rate for cycles 13-15 (catalyst activity after 24 hours of
exposure to hydrogenation conditions, for hours 24-30 and ratio of 150:150 HPA/PDO
feed). Finally, Table 3 shows the initial PDO content and the final PDO content.

TABLE 3
Cycle Initial Final HPA HPA Average HPA Initial PDO Final PDO
HPA HPA converted conversion conversion rate cycles (wt. %) (wt. %)
(wt. %) (wt. %) (4) rate 13-15
(ml/ml.hr) (ml/ml.hr)
1 1.18 0.00 3.55 >50 - 18.91 21.73
2 1.19 0.00 3.57 >50 - 19.56 21.90
3 1.09 0.00 3.28 >50 - 19.18 21.31
4 1.16 0.00 3.48 >50 - 20.27 22.24
5 191 0.00 5.72 >50 - 17.48 20.82
6 1.83 0.00 5.50 >50 - 16.87 20.67
7 1.92 0.00 5.76 >50 - 17.18 20.61
8 2.02 0.00 6.06 >50 - 18.32 22.11
9 2.80 0.00 8.39 >50 - 15.75 20.34
10 2.85 0.04 8.42 56.2 - 15.34 19.63
11 273 0.04 8.06 55.8 -- 15.34 19.70
12 2.90 0.04 8.58 62.0 - 16.08 20.59
13 347 0.11 10.07 49.3 48.0 13.20 18.53
14 3.66 0.11 10.58 47.0 48.0 13.32 18.42
15 3.95 0.13 11.47 48.0 48.0 13.13 18.39
16 132 0.00 3.95 - - 18.88 21.12
17 1.26 0.00 3.78 - - 19.39 20.86
18 1.19 0.00 3.58 - - 19.52 21.75
19 1.31 0.00 3.92 - 20.58 22.50

Fig. 3 provides a graphical representation of the catalytic activity of the catalyst for
hydrogenating HPA over time. The initial HPA concentration of the reaction mixture (as

wt. %), shown as black bars, and the final HPA concentration of the reaction mixture (as
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wt. %), shown as white bars, are compared for each batch. As shown in F ig. 3, the catalyst
is highly effective for converting HPA at a high activity rate over the entire set of batches.

The catalyst also showed good selectivity for producing PDO. The catalyst, under
the hydrogenation conditions, converted HPA to PDO with at least 100% selectivity, with
the initial selectivity of 195% and 143% for batches 13-15, where selectivity is moles of
PDO formed per moles of HPA consumed, expressed as a percent. Selectivity is greater
than 100% due to conversions of other compounds to PDO.

EXAMPLE 4

Hydrogenation of HPA to PDO was effected with a catalyst of the present invention
having nickel deposited on an a-alumina support, and ruthenium and rhenium deposited on
the nickel and the support. The catalyst contained a higher level of nickel than that of
Examples 1-3. In particular the catalyst contained 5.0 wt. % nickel, 1 wt. % ruthenium,
and 1 wt. % rhenium.

The catalyst was prepared in the same manner as Example 1, except 1) 50 grams of
o-alumina support was impregnated with 20 ml of a solution containing 6.75 grams of
nickel carbonate and 3.5 grams of ammonium carbonate in an ammonium hydroxide
solution (25%) , and 2) the calcined nickel-impregnated support was impregnated with 20
ml of an aqueous solution containing 0.8 grams of ammonium perrhenate and 1.5 grams of
ruthenium trichloride in deionized water. The activated catalyst was maintained under
PDO until hydrogenation. The hydrogenation was conducted in the same manner as set
forth in Example 2.

The initial HPA content, final HPA content, and amount of HPA converted by the
catalyst are shown in Table 4. Table 4 also shows the HPA conversion rate initially and
the average HPA conversion rate for cycles 13-15 (catalyst activity after 24 hours of
exposure to hydrogenation conditions, for hours 24-30). F inally, Table 4 shows the initial
PDO content and the final PDO content.

TABLE 4
Cycle Initial Final HPA HPA Average HPA Initial PDO Final PDO
: HPA HPA converted conversion  conversion rate cycles (wt. %) (wt. %)
Wt %)  (wt. %) ©® rate 13-15
(ml/ml.hr) (ml/mlL.hr)
1 - 0.00 6.59 >50 - 18.00 19.09
2 - 0.00 6.28 >50 - 18.14 20.10
3 - 0.00 5.87 >50 - 16.72 21.16
4 - 0.00 6.57 >50 - 19.70 21.15
5 1.82 0.02 13.84 58.3 -- 18.05 2175
6 223 0.02 16.51 60.3 - 18.51 20.63
7 225 0.02 16.23 61.2 - 17.58 22.28
8 224 0.02 . 16.94 62.6 - 18.56 21.63
9 2.27 0.06 14.91 55.5 - 15.39 19.52
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10 2.80 0.07 16.05 50.9 - 15.66 19.63
11 3.00 0.08 15.83 51.3 - 16.63 19.75
12 2.88 0.09 17.45 47.8 - 15.92 20.98
13 3.10 0.21 12.85 414 375 13.68 19.53
14 3.74 0.31 15.51 34.8 37.5 13.65 21.16
15 4.05 0.28 15.67 36.3 375 14.99 18.99
16 1.27 0.01 16.72 54.9 - 20.44 25.34
17 1.26 0.01 6.60 76.3 - 20.62 23.55
18 1.26 0.01 6.34 74.2 - 21.32 25.27
19 1.14 0.01 6.61 60.0 -- 18.81 21.61

Fig. 4 provides a graphical representation of the catalytic activity of the catalyst for
hydrogenating HPA over time. The initial HPA concentration of the reaction mixture (as
wt. %), shown as black bars, and the final HPA concentration of the reaction mixture (as
wt. %), shown as white bars, are compared for each batch. As shown in Fig. 4, the catalyst

with 5% nickel deposited on an a-alumina support with 1 wt. % ruthenium and 1 wt. %

rhenium deposited on the nickel and the support is effective for converting HPA at a high

activity rate over the entire set of batches. It should be noted, however, that comparable
rates of activity can be achieved by utilizing less nickel as shown in Examples 2-3 above,
therefore, from a commercial standpoint, it is preferable to use less nickel.
EXAMPLE 5

Hydrogenation of HPA to PDO was effected with a catalyst of the present invention
having nickel and molybdenum deposited on an a-alumina support, and ruthenium and
rhenium deposited on the nickel/molybdenum. The catalyst contained 2.5 wt. % nickel, 1
wt. % molybdenum, 1 wt. % ruthenium, and 1 wt. % rhenium.

The catalyst was prepared as in Example 1 except 1) 50 grams of a-alumina support
was impregnated with 20 ml of a solution containing 3.34 grams of nickel carbonate, 0.81
grams of molybdenum trioxide (MoOs), and 1.74 grams of ammonium carbonate in an
ammonium hydroxide solution (25%) which was then dried and calcined as in Example 1;
and the calcined nickel/molybdenum-impregnated support was impregnated with 20 ml of
a solution containing 1.4 grams of ruthenium trichloride (RuCl3) and 0.8 grams of
ammonium perrhenate in deionized water. The activated catalyst was maintained under
PDO until hydrogenation. The hydrogenation was conducted in the same manner as set
forth in Example 2, except the catalyst had a catalyst density of 0.58 g/cm® and a void
fraction of 0.42, and the 21 ml volume of catalyst provided a catalyst charge of 12.2 grams.
The catalyst batch sequence was 4 cycles at 60:240 HPA:PDO, 12 cycles at 150:150,
followed by 4 cycles at 60:240. Cycles 13-15 as in previous examples were at a 150:150

ratio.
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The initial HPA content, final HPA content, and amount of HPA converted by the
catalyst are shown in Table 5. Table 5 also shows the HPA conversion rate initially and
the average HPA conversion rate for cycles 13-15 (catalyst activity after 24 hours of
exposure to hydrogenation conditions, for hours 24-3 0). Finally, Table 5 shows the initial
PDO content and the final PDO content.

TABLE 5
Cycle Initial Final HPA HPA Average HPA Initial PDO Final PDO
HPA HPA converted conversion  conversion rate cycles (wt. %) (wt. %)
(wt. %) (wt. %) (® rate 13-15
(ml/ml.hr) (m/ml.hr)
1 220 0.00 6.59 >50 - 16.65 19.84
2 2.09 0.00 6.28 >50 - 17.42 20.06
3 1.96 0.00 5.87 >50 -- 17.12 20.44
4 2.19 0.00 6.57 >50 - 18.76 21.32
5 474 0.13 13.84 554 - 12.31 19.38
6 5.71 0.20 16.51 48.3 -- 12.46 19.85
7 5.70 0.29 16.23 439 - 13.16 19.60
8 597 032 16.94 42.8 -- 13.26 20.29
9 532 0.35 14.91 41.2 - (1237 19.13
10 5.75 0.40 16.05. 38.2 - 12.72 20.32
11 5.73 045 15.83 36.8 - 12.68 20.50
12 6.38 0.57 17.45 34.8 - 14.08 21.61
13 4.58 0.30 12.85 435 40.1 12.56 19.81
14 5.57 0.40 15.51 383 40.1 12.38 19.51
15 5.63 0.40 15.67 38.6 40.1 12.53 20.21
16 6.03 0.46 16.72 37.6 - 13.56 20.62
17 2.20 0.00 6.60 -- - 18.60 21.54
18 2.11 0.00 6.34 - - 18.43 21.63
19 2.20 0.00 6.61 -- - 19.30 22.05

Fig. 5 provides a graphical representation of the catalytic activity of the catalyst for
hydrogenating HPA over time. The initial HPA concentration of the reaction mixture (as
wt. %), shown as black bars, and the final HPA concentration of the reaction mixture (as
wt. %), shown as white bars, are compared for each batch. As shown in F ig. 5, the catalyst
with molybdenum mixed with nickel is effective for converting HPA at a high activity rate
over the entire set of batches.

The catalyst also showed good selectivity for producing PDO. The catalyst, under
the hydrogenation conditions, converted HPA to PDO with at least 100% selectivity, with
the initial selectivity of 136% and 147% for batches 13-15, where selectivity is moles of
PDO formed per moles of HPA consumed, expressed as a percent. Selectivity is greater
than 100% due to conversions of other compounds to PDO.

EXAMPLE 6

Hydrogenation of HPA to PDO using a catalyst not of the present invention that
was prepared by impregnating an o-alumina support with nickel, ruthenium, and rhenium
in a single step was conducted for comparative purposes. The catalyst contained 2.5 wt. %

nickel, 1.0 wt. % ruthenium, and 1.0 wt. % rhenjum.

25



10

15

20

25

30

WO 2006/116193 PCT/US2006/015257

Gamma-alumina tri-lobe pellets were calcined at 1275°C to prepare the a-alumina
support. An aqueous solution was prepared by dissolving 6.4 grams of nickel nitrate
(Ni(NO3)2), 0.75 grams of ammonium perrhenate (NH4ReO,), and 1.65 grams of
ruthenium nitrosyl nitrate (Ru(NO)(NOs),) in deionized water to a total volume of 20 ml.
50 grams of the a-alumina support was impregnated with the total volume of the solution,
and the impregnated support was aged for 1 hour. The nickel/ruthenium/rhenium
impregnated support was then calcined for 1 hour at 482°C (900° F ) to form a catalyst
precursor.

The catalyst precursor was activated by heating the catalyst precursor under
flowing hydrogen. The catalyst precursor was heated to 107° C by raising the temperature
from ambient at 0.4° C/minute. The catalyst precursor was held at 107° C for 1 hour, then
the temperature was raised at d.9° C/minute to 288° C. The catalyst precursor was held at
288° C for 4 hours, and then was cooled to room temperature to provide the activated
catalyst. The activated catalyst was maintained under PDO until hydrogenation.

A 21 ml volume of the activated catalyst having a catalyst density of 0.60 g/cm’
and a void fraction of 0.42 was loaded into a batch hydrogenation wire basket to provide a
catalyst charge of 12.5 grams, which was then topped with a 1/8" layer of inert denstone to
prevent the catalyst from moving during hydrogenation. The basket containing the catalyst
was then secured in the cooling coils of a batch hydrogenation reactor. The catalyst was
then rinsed three times with deionized nitrogen sparged water.

The catalyst was then subjected to 19 batch hydrogenation cycles, each cycle
lasting 120 minutes. Importantly, the catalyst was not renewed or refreshed between
batches, so each batch sequentially aged the catalyst. After each batch cycle the
hydrogenation reactor was drained then loaded with 300 m] of an aqueous HPA/PDO feed
mixture containing 1% n-butanol by weight. The feed mixture of aqueous HPA/PDO for
the 19 batch hydrogenation cycles was mixed as shown in Table 1 above. The HPA
content of the HPA feed was the same as described above with respect to Table 1 above.
The hydrogenation was then conducted as described in Example 2 above.

The initial HPA content, final HPA content, and amount of HPA converted by the
catalyst are shown in Table 6. Table 6 also shows the HPA conversion rate initially and
the average HPA conversion rate for cycles 13-15 (catalyst activity after 24 hours of
exposure to hydrogenation conditions, for hours 24-3 0). Finally, Table 6 shows the initia]
PDO content and the final PDO content.
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TABLE 6
Cycle Initial Final HPA HPA Average HPA Initial PDO Final PDO
HPA HPA converted conversion  conversion rate cycles (wt. %) (wt. %)
(wt. %) (wt. %) (2 rate 13-15
(ml/ml.hr) (ml/mLhr)

1 0.39 0.00 1.18 >50 - 22.06 22.21
2 1.50 0.00 4.49 >50 - 20.08 22.08
3 1.32 0.00 3.97 >50 - 19.68 22.16
4 1.30 0.03 3.81 >50 - 19.81 22.18
5 1.83 0.26 4.72 26.7 - 17.35 20.49
6 1.92 0.31 4.85 249 - 17.18 19.93
7 1.86 0.32 4.61 24.1 - 16.79 19.59
8 1.95 0.36 4.79 228 - 17.49 20.40
9 2.86 1.04 5.46 14.1 - 16.58 19.93
10 297 1.25 517 11.9 - 16.31 19.52
11 2.93 1.32 4.83 9.8 - 16.59 19.41
12 2.34 141 4.30 4.9 - 17.05 19.45
13 2.98 2.29 2.05 5.1 53 14.97 17.56
14 3.56 234 3.68 5.9 53 14.57 16.62
15 3.53 2.30 3.70 12.6 53 14.29 17.05
16 145 0.57 2.64 16.5 - 19.48 21.37
17 1.33 0.37 2.87 17.8 - 20.97 21.58
18 1.25 0.32 2.78 20.5 - 20.29 21.98
19 1.22 0.27 2.82 - -~ 20.22 23.49

Fig. 6 provides a graphical representation of the catalytic activity of the catalyst for
hydrogenating HPA over time. The initial HPA concentration of the reaction mixture (as
wt. %), shown as black bars, and the final HPA concentration of the reaction mixture (as
wt. %), shown as white bars, are compared for each batch. As shown in Fig. 6, particularly
compared with Figs. 2-5, the catalyst having nickel, ruthenium, and rhenium deposited on
an o-alumina support in a single impregnation was not as effective in converting HPA over
the entire set of batches as the catalysts prepared according to the present invention where
nickel was deposited on an a-alumina support first, and then ruthenjum and rhenium were
deposited on the nickel and the support.

EXAMPLE 7

For comparative purposes, hydrogenation of HPA to PDO was effected with a
catalyst not of the present invention having nickel deposited on an a-alumina support, and
ruthenium deposited on the nickel and the support in a second impregnation. The catalyst
contained 2.5 wt. % nickel, and 1 wt. % ruthenium but contained no promoter.

Gamma-alumina tri-lobe pellets were calcined at 1275° C to prepare the dry a-
alumina support. An aqueous nickel solution was prepared by dissolving 1.7 grams of
ammonium carbonate and 3.4 grams of nickel carbonate in an ammonium hydroxide
solution (25%) to a total volume of 20 ml with moderate heat and stirring. 50 grams of the
o-alumina support was impregnated with the nickel solution, absorbing 100 % of the

solution volume. The nickel solution impregnated support was then aged for 1 hour. The
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nickel-impregnated support was then dried at 150° C for 3 hours, and then calcined at
453°C for 1 hour in air.

An aqueous solution of ruthenium was also prepared. 1.5 grams of ruthenium
trichloride (RuCl3*3H,0) was dissolved in deionized water to a total volume of 20 ml with
heating and stirring. The calcined nickel-impregnated support was then impregnated with
all of the aqueous solution of ruthenium, and aged at room temperature for 1 hour. The
nickel/ruthenium-impregnated support was then dried at 200° C for 2 hours in air to form
the catalyst precursor.

The catalyst precursor was activated by heating the catalyst precursor under
flowing hydrogen. The catalyst precursor was heated to 107° C by raising the temperature
from ambient at 0.4° C/minute. The catalyst precursor was held at 107° C for 1 hour, then
the temperature was raised at 0.9° C/minute to 288° C. The catalyst precursor was held at
288° C for 4 hours, and then was cooled to room temperature to provide the activated
catalyst. The activated catalyst was maintained under PDO until hydrogenation.

A 21 ml volume of the activated catalyst having a catalyst density of 0.57 g/cm’
and a void fraction of 0.42 was loaded into a batch hydrogenation wire basket to provide a
catalyst charge of 12.0 grams, which was then topped with a 1/8" layer of inert denstone to
prevent the catalyst from moving during hydrogenation. The basket containing the catalyst
was then secured in the cooling coils of a batch hydrogenation reactor. The catalyst was
then rinsed three times with deionized nitrogen sparged water.

The catalyst was then subjected to 15 batch hydrogenation cycles (run stopped after
cycle 15 due to low catalyst activity), each cycle lasting 120 minutes. Importantly, the
catalyst was not renewed or refreshed between batches, so each batch sequentially aged the
catalyst. After each batch cycle the hydrogenation reactor was drained then loaded with
300 ml of an aqueous HPA/PDO feed mixture containing 1% n-butanol by weight. The
feed mixture of aqueous HPA/PDO for the 15 batch hydrogenation cycles was mixed as
shown in Table 1 above. The HPA content of the HPA feed was as described above with
respect to Table 1. The hydrogenation was then conducted as described in Example 2
above.

The initial HPA content, final HPA content, and amount of HPA converted by the
catalyst are shown in Table 7. Table 7 also shows the HPA conversion rate initially and

the average HPA conversion rate for cycles 13-15 (catalyst activity after 24 hours of
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exposure to hydrogenation conditions, for hours 24-30). Finally, Table 7 shows the initial
PDO content and the final PDO content.

TABLE 7
Cycle Initial Final HPA HPA Average HPA Initial PDO Final PDO
HPA HPA converted conversion  conversion rate cycles (wt. %) (wt. %)
Wt %) (Wt %) @ rate 13-15
(ml/ml.hr) (ml/ml.hr)

1 1.35 0.00 4.04 >50 - 19.11 22.00
2 1.35 0.00 4.05 >50 - 19.56 21.86
3 1.94 0.06 5.67 51.2 - 17.43 20.81
4 2.14 0.11 6.11 46.0 - 17.35 21.08
5 2.08 0.18 5.72 35.8 - 17.39 20.96
6 2.39 0.25 6.42 315 -~ 19.08 22.16
7 2.08 0.18 572 35.8 - 17.39 20.96
8 2.39 0.25 6.42 31.5 - 19.08 22.16
9 2.76 0.78 5.94 18.7 - 15.47 19.27
10 3.11 1.05 6.19 14.8 - 15.11 18.82
11 3.15 1.37 535 11.3 - 15.50 18.43
12 323 157 497 10.1 - ' 16.14 18.84
13 3.39 2.67 2.15 4.8 4.8 13.16 15.74
14 427 292 4.04 5.1 48 12.85 15.06
15 4.29 3.14 3.14 44 48 12.81 14.93
16 0 0 0 - - - -
17 0 0 0 - - - -
18 0 0 0 - - - -
19 0 0 0 -- -~ -

Fig. 7 provides a graphical representation of the catalytic activity of the catalyst for
hydrogenating HPA over time. The initial HPA concentration of the reaction mixture (as
wt. %), shown as black bars, and the final HPA concentration of the reaction mixture (as
wt. %), shown as white bars, are compared for each batch. As shown in Fig. 7, particularly
compared with Figs. 2-5, the catalyst having nickel deposited on an a-alumina support and
then having ruthenium deposited on the nickel and the support was not as effective in
converting HPA over the entire set of batches as the catalysts prepared according to the
present invention where nickel was deposited on an a-alumina support first, and then
ruthenium and rhenium were deposited on the nickel and the support.

EXAMPLE 8

For comparative purposes, hydrogenation of HPA to PDO was effected with a
catalyst not of the present invention having nickel deposited on an a-alumina support, and
rhenium deposited on the nickel and the support in a second impregnation. The catalyst
contained 5 wt. % nickel, and 2 wt. % rhenium and contained no ruthenium (the ratio of Ni
to added metals was 2.5:1 as before, however, the higher metal loading should provide
greater activity).

Gamma-alumina tri-lobe pellets were calcined at 1275° C to prepare the dry a-
alumina support. An aqueous nickel solution was prepared by dissolving 3.5 grams of

ammonium carbonate and 6.75 grams of nickel carbonate in an ammonium hydroxide
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solution (25%) to a total volume of 20 ml with moderate heat and stirring. 50 grams of the
o-alumina support was impregnated with the nickel solution, absorbing 100 % of the
solution volume. The nickel-solution impregnated support was then aged for 1 hour at
room temperature. The nickel-impregnated support was then dried at 150° C for 3 hours,
and then calcined at 453°C for 1 hour in air.

An aqueous solution of thenium was also prepared. 1.6 grams of ammonium
perthenate (NHsReO4) was dissolved in deionized water to a total volume of 20 ml with
heating and stirring. The calcined nickel-impregnated support was then impregnated with
98% by volume of the aqueous solution of rthenium, and aged at room temperature for 1
hour. The nickel/thenium-impregnated support was then dried at 200° C for 2 hours in air
to form the catalyst precursor.

The catalyst precursor was activated by heating the catalyst precursor under
flowing hydrogen. The catalyst precursor was heated to 107° C by raising the temperature
from ambient at 0.4° C/minute. The catalyst precursor was held at 107° C for 1 hour, then
the temperature was raised at 0.9° C/minute to 288° C. The catalyst precursor was held at
288° C for 4 hours, and then was cooled to room temperature to provide the activated
catalyst. The activated catalyst was maintained under PDO until hydrogenation.

A 21 ml volume of the activated catalyst having a catalyst density of 0.66 g/cm>
and a void fraction of 0.42 was loaded into a batch hydrogenation wire basket to provide a
catalyst charge of 13.8 grams, which was then topped with a 1/8" layer of inert denstone to
prevent the catalyst from moving during hydrogenation. The basket containing the catalyst
was then secured in the cooling coils of a batch hydro genation reactor. The catalyst was
then rinsed three times with deionized nitrogen sparged water.

The catalyst was then subjected to 19 batch hydrogenation cycles, each cycle
lasting 120 minutes. Importantly, the catalyst was not renewed or refreshed between
batches, so each batch sequentially aged the catalyst. After each batch cycle the
hydrogenation reactor was drained then loaded with 300 ml of an aqueous HPA/PDO feed
mixture containing 1% n-butanol by weight. The feed mixture of aqueous HPA/PDO for
the 19 batch hydrogenation cycles was mixed as shown in Table 1 above. The HPA
content of the HPA feed was as described above with respect to Table 1. The
hydrogenation was then conducted as described in Example 2 above. |

The vinitial HPA content, final HPA content, and amount of HPA converted by the

catalyst are shown in Table 8. Table 8 also shows the HPA conversion rate initially and
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the average HPA conversion rate for cycles 13-15 (catalyst activity after 24 hours of
exposure to hydrogenation conditions, for hours 24-30). Finally, Table 8 shows the initial
PDO content and the final PDO content.

TABLE 8
Cycle Initial Final HPA HPA Average HPA Initial PDO Final PDO
HPA HPA converted conversion  conversion rate cycles (wt. %) (wt. %)
(wt. %) (wt. %) (2 rate 13-15
(ml/ml.hr) (ml/ml.hr)
1 1.96 0.00 5.89 >50 - 18.17 21.35
2 1.73 0.00 520 >50 - 19.17 20.92
3 1.67 0.00 5.02 >50 - 19.48 21.62
4 1.63 0.00 4.90 >50 - 20.42 22.72
5 2.30 0.00 6.91 >50 - 17.39 20.22
6 221 0.10 6.34 435 - 16.82 20.19
7 222 0.12 6.30 40.8 - 16.91 19.76
8 2.50 0.17 6.99 36.8 - 18.81 21.92
9 2.92 0.57 7.07 23.1 - 14.95 18.58
10 3.29 0.79 7.50 19.9 - 14.55 18.68
11 3.51 0.93 7.74 17.2 - 15.31 18.83
12 3.57 1.10 7.40 15.9 - 16.11 19.63
13 3.99 1.81 6.54 11.6 9.9 13.34 16.66
14 4.83 2.10 8.20 9.3 9.9 13.70 16.31
15 4.48 225 6.70 9.0 9.9 13.13 16.23
16 1.73 042 3.92 19.3 - 18.74 \ 20.69
17 1.57 030 3.81 21.9 - 18.93 21.34
18 1.57 0.29 3.85 22.8 - 19.80 21.54
19 1.62 0.28 4.02 242 -~ 20.46 22.52

Fig. 8 provides a graphical representation of the catalytic activity of the catalyst for
hydrogenating HPA over time. The initial HPA concentration of the reaction mixture (as
wt. %), shown as black bars, and the final HPA concentration of the reaction mixture (as
wt. %), shown as white bars, are compared for each batch. As shown in Fig. 8, particularly
compared with Figs. 2-5, the catalyst having nickel deposited on an a-alumina support and
then having rhenium deposited on the nickel and the support was not as effective in
converting HPA over the entire set of batches as the catalysts prepared according to the
present invention where nickel was deposited on an a-alumina support first, and then
ruthenium and rhenium were deposited on the nickel and the support.

EXAMPLE 9

The crush strength of fresh catalyst of the present invention was measured, where
the catalyst had the structure of nickel deposited on an o-alumina support, and ruthenium
and rhenjum deposited on the nickel and the support. The catalyst contained 2.5 wt. %
nickel, 1 wt. % ruthenium, and 1 wt. % rhenium.

Gamma alumina tri-lobe pellets were calcined at 1275° C to prepare the a-alumina
support. An aqueous nickel solution was prepared by dissolving 1.77 grams of ammonium
carbonate in ammonium hydroxide solution (25%) with moderate heat and stirring,

followed by the addition and dissolution of 3.4 grams of nickel carbonate in the ammonium
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carbonate/ammonium hydroxide solution to a total solution volume of 20 ml. 50 grams of
the a-alumina support was impregnated with the nickel solution, absorbing 100 % of the
solution volume. The nickel-solution impregnated support was then aged for 1 hour at
room temperature. The nickel-impregnated support was then dried at 150° C for 3 hours,
and then calcined at 453°C for 1 hour in air.

An aqueous solution of ruthenium and rhenium was also prepared. 0.8 grams of
ammonium perrhenate was dissolved in deionized water with low heat and stirring. 1.5
grams of ruthenium trichloride was then added and dissolved in the ammonium perrhenate
solution with heating and stirring to provide a total solution volume of 20 ml. The calcined
nickel-impregnated support was then impregnated with the total volume of the aqueous
solution of ruthenium and rhenium, and aged for 1 hour at room temperature. The
nickel/ruthenium-rhenium impregnated support was then dried at 200° C for 2 hours in air
to form the catalyst precursor.

The catalyst precursor was activated by heating the catalyst precursor under
flowing hydrogen. The catalyst precursor was heated to 107° C by raising the temperature
from ambient at 0.4° C/minute. The catalyst precursor was held at 107° C for 1 hour, then
the temperature was raised at 0.9° C/minute to 288° C. The catalyst precursor was held at
288° C for 4 hours, and then was cooled to room temperature to provide the activated
catalyst.

The crush strength of the activated catalyst was measured. 42 catalyst pellets were
randomly selected and manually sieved through a U.S. Standard Sieve No. 20 (ASTM) to
remove dust, fines, and small pieces. The total length of each pellet was measured with
calipers and recorded. The crush strength of each pellet was then measured by placing the
pellet in a Side Crush Measurement instrument between upper and lower horizontal
crushing plates in a radial orientation, then applying and gradually increasing force on the
pellet by the upper and lower crushing plates until the pellet crushed. The force at which
each pellet was crushed was recorded. The crush strength (per unit length) of the catalyst
was calculated as the sum of the individual pellet crush strength measurements divided by
the sum of all individual length measurements: Crush strength = X(all individual crush
strength measurements)/2(all individual length measurements).

The crush strength of the fresh catalyst was calculated to be 2.85 kg/mm.
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EXAMPLE 10

The crush strength of spent catalyst of the present invention was measured, where
the catalyst had the structure of nickel deposited on an a-alumina support, and ruthenium
and rhenium deposited on the nickel and the support. The catalyst contained 2.5 wt. %
nickel, 1 wt. % ruthenium, and 1 wt. % rhenium.

Gamma-alumina tri-lobe pellets were calcined at 1275° C to prepare the a-alumina
support. An aqueous nickel solution was prepared by dissolving 3.54 grams of ammonium
carbonate in ammonium hydroxide solution (25%) with moderate heat and stirring,
followed by the addition and dissolution of 6.8 grams of nickel carbonate in the ammonium
carbonate/ammonium hydroxide solution to a total solution volume of 40 ml. 100 grams of
the o-alumina support was impregnated with the nickel solution, absorbing 100 % of the
solution volume. The nickel-solution impregnated support was then aged for 1 hour at
room temperature. The nickel-impregnated support was then dried at 150° C for 3 hours,
and then calcined at 453°C for 1 hour in air.

An aqueous solution of ruthenium and rhenium was also prepared. 1.6 grams of
ammonium perrhenate was dissolved in deionized water with low heat and stirring. 3.0
grams of ruthenium trichloride was then added and dissolved in the ammonium perrhenate
solution with heating and stirring to provide a total solution volume of 40 ml. The calcined
nickel-impregnated support was then impregnated with the total volume of the aqueous
solution of ruthenium and rhenium, and aged for 1 hour at room temperature. The
nickel/ruthenium-rhenium impregnated support was then dried at 200° C for 2 hours in air
to form the catalyst precursor.

The catalyst precursor was activated by heating the catalyst precursor under
flowing hydrogen. The catalyst precursor was heated to 107° C by raising the temperature
from ambient at 0.4° C/minute. The catalyst precursor was held at 107° C for 1 hour, then
the temperature was raised at 0.9° C/minute to 288° C. The catalyst precursor was held at
288° C for 4 hours, and then was cooled to room temperature to provide the activated
catalyst.

18.65 grams (dry basis) of the activated catalyst having a catalyst volume of 30 m1
were loaded into a catalyst bed having a length of 21.6 cm, and the catalyst was used to
catalyze the hydrogenation of HPA to PDO at a liquid hourly space velocity of 1.62 1/hr, at
a temperature varied from 50°C to 150°C depending on HPA concentration in the feed, and
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a hydrogen pressure of 8.47 MPa. The run was for a period of 1897 hours to produce 6730
grams of PDO.

Spent catalyst was removed from the catalyst bed and the crush strength of the
spent catalyst was measured. 44 catalyst pellets were randomly selected and manually
sieved through a U.S. Standard Sieve No. 20 (ASTM) to remove dust, fines, and small
pieces. The total length of each pellet was measured with calipers and recorded. The crush
strength of each pellet was then measured by placing the pellet in a Side Crush
Measurement instrument between upper and lower horizontal crushing plates in a radial
orientation, then applying and gradually increasing force on the pellet by the upper and
lower crushing plates until the pellet crushed. The force at which each pellet was crushed
was recorded. The crush strength (per unit length) of the catalyst was calculated as the
sum of the individual pellet crush strength measurements divided by the sum of all
individual length measurements: Crush strength = X(all individual crush strength
measurements)/X(all individual length measurements).

The crush strength of the spent catalyst was calculated to be 2.4 kg/mm.

Further variations and modifications of the invention will be apparent to thqse
skilled in the art from the foregoing, and are intended to be encompassed by the claims

appended hereto.
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CLAIMS

1. A process for hydrogenating aldehydes comprising:
hydrogenating an aldehyde in the presence of a catalyst wherein the catalyst has a
composition comprising a support comprising o-alumina and non-support metals
comprising nickel, ruthenium, and a promoter selected from the group consisting of
rhenium, tungsten, molybdenum, chromium, lanthanum, tin, iron, cobalt, silver, copper or
mixtures thereof;
wherein the nickel contacts the support and the ruthenium and the promoter at least
partially overlay the nickel.
2. The process of claim 1 wherein the non-support metals comprise no more than 8
wt. % of the catalyst.
3. The process of claim 1 or 2 wherein the catalyst contains up to 6.0 wt. % nickel.
4. The process of any of claims 1-3 wherein said non-support metals of said catalyst
further comprise molybdenum wherein said molybdenum is alloyed with said nickel and
said ruthenium and said promoter at least partially overlay said molybdenum and said
nickel. '
5. The process of any of claims 1-4 wherein said aldehyde is a hydroxyaldehyde.
6. The process of claim 5 wherein said aldehyde is 3-hydroxypropionaldehyde, and
said 3-hydroxypropionaldehyde is hydrogenated to 1,3-propanediol.
7. The process of claim 6 wherein the catalyst has an activity sufficient to hydrogenate
3-hydroxypropionaldehyde at a rate of at least 25 ml 3-hydroxypropionaldehyde/ml
catalyst.hr at a temperature of from 50°C to 190°C, at a pH of from 4.0 to 6.5,and ata
hydrogen pressure of from 6.89 MPa to 11.0 MPa after at least 24 hours of catalyzing
hydrogenation at a temperature of from 50°C to 190 °C, at a pH of from 4.0t06.5,and ata
hydrogen pressure of from 6.89 MPa to 11.0 MPa.
8. A hydrogenation catalyst comprising:
a support comprising o-alumina; and |
non-support metals comprising

(i) up to 6 wt. % nickel;

(ii) ruthenium; and
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(iii) a promoter selected from the group consisting of rthenium, tungsten,
molybdenum, chromium, lanthanum, tin, iron, cobalt, silver, copper, or mixtures
thereof; ~
wherein the nickel contacts the support, and the ruthenium and the promoter at least
partially overlay the nickel, and
wherein the non-support metals comprise no more than 8 wt % of the catalyst.
9. The hydrogenation catalyst of claim 8 wherein the catalyst contains from 1 wt. % to
3 wt. % nickel. -
10.  The hydrogenation catalyst of claim 8 or 9 wherein the support consists essentially
of a-alumina.
11.  The hydrogenation catalyst of any of claims 8-10 wherein the catalyst has a crush
strength of at least 2.26 kg/mm.
12.  The hydrogenation catalyst of any of claims 8-11 wherein the non-support metals
include molybdenum where the molybdenum is alloyed with the nickel, and the ruthenium
and the promoter at least partially overlay the nickel and the molybdenum.
13. The hydrogenation catalyst of any of claims 8-12 wherein said catalyst has an
activity effective to hydrogenate 3-hydroxypropionaldehyde at a rate of at least 25 ml 3-
hydroxypropionaldehyde/ml catalyst.hr at a temperature of from 50°C to 190°C, at a pH of
from 4.0 to 6.5, and at a pressure of from 6.89 MPa to 11.0 MPa after at least 24 hours of
catalyzing hydrogenation at a temperature of from 50°C to 190 °C, at a pH of from 4.0 to
6.5, and at a hydrogen pressure of from 6.89 MPa to 11.0 MPa.
14. A process for preparing a catalyst comprising:

a) depositing nickel on a support comprised of a-alumina;

b) calcining the support with the nickel thereon;

c) after calcining, depositing ruthenium and a promoter selected from the group
consisting of rhenium, tungsten, niolybdenum, chromium, lanthanum, tin, iron, cobalt,
silver, copper, or mixtures thereof on the support and on the nickel to form a cafalyst
precursor; and

d) reducing the nickel, ruthenium, and promoter'of the catalyst precursor to a
metallic zero oxidation state to form the catalyst.

15.  The process of claim 14 wherein the nickel is deposited on the support by

impregnating the support with an aqueous solution containing said nickel.
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16.  The process of claim 14 or 15 wherein the ruthenium and the promoter are
deposited on the support and on the nickel by impregnating the support with the nickel
thereon with an aqueous solution containing said ruthenium and said promoter.

17.  The process of any of claims 14-16 wherein the support consists essentially of o-
alumina.

18.  The process of any of claims 14-17 wherein a concentration of nickel is deposited
on the support sufficient to provide a concentration of nickel, by metallic weight, of up to 6
wt. % of the catalyst.

19.  The process of any of claims 14-18 wherein the nickel, ruthenium, and promoter

deposited on the support comprise no more than 8 wt. % of the catalyst.
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