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SELFCTIVE BYDROGENATION CATALYST AND
METHODS OF MAKING AND USING SAME

STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT
{6661} Not applicable.
REFERENCE TO A MICROFICHE APPENDIX
{6002} Not applicable.
BACKGROUND
Technical Field
[0663] The present disclosure relates to the production of unsaturated hydrocarbons, and
moore particularly to a selective hydrogenation catalyst and methods of making and using same.
Background
{0004} Unsaturated hydrocarbons such as othylene and propylenc are ofien employed as
feodstocks in preparing value added chemicals and polymers, Unsaturated hydrocarbons can
be produced by pyrolysis or steam cracking of hydrocarbons including hydrocarbons derived
from coal, hydrocarbons denved from synthetic crude, naphthas, refinery gases, ethane,
propane, butane, and the like. Unsaturated hydrocarbons produced in these mamners usually
contain simall proportions of lighly unsaturated hydrocarbons such as acetylenes and diolefins
that can adversely affect the production of subsequent chemicals and polvmers. Thus, to form
an unsaturated hydrocarbon product such as a polvmer grade monoolefin, the amount of
acetvienes and diclefins in the monoolefin stream s typically reduced.  For example, in
polymer grade ethylene, the acetylene content typically is less than about 2 ppm.
[0005] One technique commmonly used 1o reduce the amount of acetylenes and diolefing in
an unsaturated hydrocarbon stream primarily comprising monoolefins involves selectively
hydrogenating the acetylenes and diolefing to monoolefins. This process is selective in that
hydrogenation of the moncolefin and the highly unsaturated hydrocarbons to saturated
hydrocarbons is munimized. For example, the hydrogenation of ethylene or acetylene to ethane

is minimized. An ongoing need exists for improved selective hydrogenation catalysts.

SUMMARY
{0006} Disclosed herein is a composition comprising an extruded inorganic support
comprising an oxide of a metal or metalloid, and at least one catalytically active metal, wherein

the extruded morganic support has pores, a total pore volume, and a pore size distribution,
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wherein the pore size distribution displays at least two peaks of pore diameters, each peak
having a maxiourn, wherein a fivst peak has a first maxiroum of pore diameters of equal o or
graater than about 120 oo aed a second peak bas a second maxivwm of pore diamaters of less
than about 120 nm, and wherein greater than or equal to about 5% of a total pore volume of the
extruded imorganic support is contained within the first peak of pore diameters.

{0007) Also disclosed herein 1s a method of preparing a hydrogenation catalyst comprising
extruding a mixture comprising an oxide of a metal or metalloid, a pore former, and water o
form an extrudate, drying the extrudate to form a dried extrudate, caloming the dried extrudate
to from a calcined extrudate, contacting the calemed extradate with a chlonne-containing
compound to form a chlorided sopport, reducing the amount of chlonde in the chlorided
support to form a cleaned chlonded support, and contacting the cleaned chlonded support with
a {roup 10 metal and a Group 1B metal to foro a hydrogenation catalyst, whersin a pore size
distribution for the hydrogenation catalyst displays at least two peaks of pore diameters, cach
peak having a maxionim, and wherein a first peak has a first maximum of pore diameters that 1s
oqual to or greater than about 120 nm and a socond peak has a second maxivwm of pore
diameters that is less than about 120 om.

{6008} Further disclosed herein 1s an extruded inorganic support comprising an oxide of a
metal or metalloid, wherein the extruded inorganic support displays a pore size distribution for
al least two peaks of pore diameters, each peak having a maximom, wherein a first peak has a
first maxirmim of pore diametors of equal o or greater than about 120 nin and a second peak
has a second maxinum of pore diameters of less than about 120 nm, wherein greater than or
aqual to 13% of a total pore volure of the extruded norzanic support is contained within the
fiest peak of pore diamoters, and wherein the worganic support has a surface area of from about

7

5 m'/g to about 15 m’/g.

{00409] Further disclosed heorein is a method of proparing a hydrogonation catalyst
comprising selecting an inorganic support having a nultimodal distribution of pore diameters,
wherein at least one distribution of pore diameters comprises pores having a diameter of oqual
{0 or greater than about 120 nm, extruding a muxture comprising the morganic support and
water to form an extrudate, drying the extrudate to form a dried extrudate, calcimng the dried
extrudate to from a calcined extrudate, and contacting the calcined extrudate with a Group VITI
metal and a Group 1B metal to form a hydrogenation catalyst.

{0316 Further disclosed horetn 18 a method comprising preparing a plurality of exiruded
inorganic supports consisting essentially of silica, titania, aluming, or a spinel, plotting the pore

diameter as a function of a log of differeotial mercury infrusion for the extruded morgaric
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support, and 1dentifying the extruded morganic supports having at least two peaks, each peak
having 3 maxirour, wherein a first peak comprises pores with a first pore diameter maxiroum
equal to or greater than about 120 nro, and wherein the first peak of pore diametors reprosanis

greater than or equal to about 5% of a total pore volume of the extruded inorganic support.

BRIEF DESCRIPTION OF THE DRAWINGS
{6811} For a more complete understanding of the present disclosure and the advantages
thereof, reference 1s now made o the following brief deseription, taken in connection with the
accompanying drawings and detailed description, wherein like reference numerals represent
tike parts.
{6012} Figure | depicts a process flow diagramn of an embodiment of a selective
hvdrogenation process.
{0013} Figures 2-6 are plots of the log of differontial mercury indrusion as a function of
pore size diameter for the samples from Exanple 1.
{0014} Figure 7 s a plot of the temperature necessary to maintain a 90% conversion of
acetylene as a function of time for the samples from Example 1.
{80151 Figure 8 15 a plot of the ethylene selectivity as a function of time for the samples

from Example 1.

DETAILED DESCRIPTION

0016} It should be understood at the cutset that although an llustrative implomentation of
one or more embodiments are provided below, the disclosed systoms and/or methods can be
traplemented using any nuraber of technigques, whether cumrently known or i existence. The
disclosure should in no way be himited to the dlustrative mmplementations, drawings, and
tochniguos Ulustrated below, including the exemplary designs and tmplementations tlustrated
and described herein, but can be modified within the scope of the appended claims along with
their full scope of equivalents.

{8017} Disclosed herein are hydrogenation catalysts comprising a Group 10 metal and a
catalyst support.  In an embodiment the catalyst support comprises an oxide of a metal or
metalloid and displays a charactenistic pore size distribution, Catalysts of the type disclosed
heretn can display 2 hydrogenation selectivity that remains stable over a longer tirae peniod as
will be described i raore detadd later herein

{0018 In an embodiment, the catalyst comprises a support of an oxide of a metal or

metaltoid. In an embodimont, the catalyst support coroprises silica, tidania, aluming,
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aluminate, or combinations thercof. Alternatively, the catalyst support consists or consists
essentially of silica, titania, alumina, aluminate, or combinations thereof. v an embodiment,
the catalyst support comprises a spinel.  Altematively, the catalvst support consists or
consists essentially of a spinel. Horein, a spinel vofers to any of a class of minerals of genoral
formulation A7 B, 04 which crystallize in the cubic (isometric) crystal system, with the
oxide anions arranged in a cubic, close-packed lattice and the cations A and B occupying
some or all of the octahedral and tetrahedral sites in the lattice. Nonlimiting examples of
materials suilable for use n the catalyst supports of this disclosure inchude aluminas, silicas,
titanias, zirconias, aluminosilicates {e.g., clays, ceranmucs, and/or zeolites), spinels (e.g., zinc
alominate, zine titanate, and/or magnesiwm aluminate), or combinations thereof,
[00319] In an embodiment, the catalyst support comprises an alumina, Allernatively the
catalyst support counsists or consists essendially of ap aluguna., For cxarmople, the catalyst
support can comprise, consist of, or consist essentially of an alpba (a)-aluroina support, The
o~alumina support can be prepared using any suitable methedology. The alumina support can
mclude additional components that do not adversely affect the catalyst such as zirconda,
sitica, thoria, magnesia, fluoride, sulfate, phosphate, or mixtures thereofl
{626 The catalyst suppeort can have a surface arca of from abowt 1 square meters per
gram {o1'/g), to about 35 m*/g, or alternatively of from about 3 m’/g to about 25 m¥g, or
alternatively of from about 5 m™/g to about 15 m*/g. The surface arca of the support can beo
deternunced using any suitable method. An example of a suitable method for determining the
surface arca of the support includes the Brunauer, Eromett, and Teller (“"BET™} mothod,
which measures the quantity of nitrogen adsorbed on the support.
{8021} In an embodiment, a catalyst support of the type disclosed herein 1s further
characterized by a total pore volume as measured by differential mercury intrusion in the range
of from about (.1 cc/g to about 0.6 co/g, alternatively from about 0.2 oc/g to about .55 co/g.
The pore volume of the support can be measured by a differential mercury tntrusion method
such as s described in ASTM UQOPST78-02, entitled "Automated Pore Volume and Pore Size
Distribution of Porous Substances by Mercury Porosimetry,” which is tncorporated berein by
reference m its entirety.
{0022 In an embodiment the catalyst support, the resultant catalyst, or both of the type
disclosed herein displays a plot of the pore diameter on a logarithmic axis as a function of a log
of differential mercury intrusion having two (o four peaks corresponding o the presence of at

feast two to four distnbutions of pore diameters, Heretnafler, a plot of the pore diameter on a
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logarithroic axis as a function of a log of differential mercury intrusion is referred (o as the pore
stze distnbuiion.

{80523 In an embodimend, a catalyst support, the resultant catalyst, or both of the type
disclosed heroin i1s furthor characterized by an at least bimodal pore size distnibution. In an
embodiment a catalyst support, the resultant catalyst, or both of the type disclosed herein
displays a pore size distribution having at least two peaks corresponding to the prosence of at
least two distributions of pore diameters. The first peak, designated peak A, corresponds 1o
distribution A and can have a first maximum of pore diameters equal to or greater than about
[20 mm. For example, peak A can have a maximuom of pore diameters of from about 200 nm (o
abowt 9000 nm, alternatively from about 400 nm to about 8000 mm, or alternatively from about
604 to about 66006.

[0424] The second peak, designated peak B, corresponds o distribution B and can have a
second maxirmur of pore diameters of less than about 120 nio. For example, peak B canhave a
maximum of pore diameters of from about 15 nm to less than about 120 nm, alternatively from
about 115 nm to about 25 nm, or alternatively from about 115 nm to about 30 nm. Examples of
peak A and peak B are identified in Figures 3-6.

{30251 In an embodiment, the distance between the maximum of peak A and the
maximum of peak B is at least about 400 nm, alternatively at least 500 nm, alternatively from
about 400 nm to about 3900 nm, or alternatively from about 400 nm to about 2900 nm. Inan
embodiment peak A, peak B, or both is non-Gaussian,  In an embodument, peak A is non-
Gaussian and displays a peak width at half height that is greater than the peak width at half
height of peak B.

[0426] In an embodiment greater than or egual to about 5% of the total pore volume of the
catalyst support, the resultant catalyst, or both is contained within peak A, altematively greater
than or equal to about 10% of the total pore volume of the catalyst support is contained within
peak A, or alternatively greater than or equal to about 15% of the total pore volume of the

7
i

catalyst support is contained within peak A, In an embodiment from about 5% to about 75% of
the total pore volume of the catalyst support, the resuliant catalyst, or both 1s contained withm
peak A, alternatively from about 109 o about 60% of the total pore volume of the catalyst
support 1s contamned within peak A, or alternatively from about 15% to about 40% of the total
pore volume of the catalyst support ts contained within peak A. In an embodiment less than or
equal 1o about 95% of the total pore volume of the catalyst support, the resultant catalyst, or

both is contatned within peak B, aliernatively loss than or equal to about 50%, alterpatively less

than or equal to about 85%. In an embodiment from about 953% to about 25% of the total pore
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volume of the catalyst support, the resultant catalyst, or both is contained within peak B,
alternatively from about 90% 1o about 40% of the total pore volume of the catalyst support is
contained within peak B, ot altematively from about 85% to abowt 60% of the total pore
volume of the catalyst support i contained within peak B,

{0027} In an embodiment, a catalyst support of the type disclosed herein s formed from a
mixture comprising an oxide of a metal or metalloid, a pore former, and water which are
contacted to form an extrudate. The muxture can also include a pore former (alse known as a
pore generator) which can be any compound that can be mixed with the above components and
that 15 combustible upon heating thereby producing voids.  This pore generator helps o
mamtam and/or increase the porosity of the catalyst support composition. Examples of such
pore gencrators include, but are not hmited to, cellulose, cellulose gel, microcrystalline
cellulose, methyl cellulose, zinc stearate, flours, starches, modified starches, graphite,
polymers, carbonates, bicarbonates, microcrystalline wax, or muixtures thereof. The amount of
the pore gonerator component used in this disclosure is in the range of about 0.1 to about 25
weight percent (wi.%) based on the total weight of the components (1.1-1.5). Alternatively, the
amount ranges from about 1 wt.% to about 10 wt.% alternatively from about 3 wt.% to about 6
wi.%%. Variation in raw materials, such as particle size and particle morphology of the alumina
used, can impact porosity and pore size distnibution,

[3028] In an embodiment, the mixfure can be formed into any suitable shape. Methods for
shaping particles include, for example, extrusion, spray drying, pellotizing, agglomenzation, oil
drop, and the like. In an embodiment, the mixture is formed info an extrudate, for example as
described 10 U.S. Pateat Nos. 5,558,851 and 5,514,362, cach of which are incorporated herein
in their entivety. In an orsbodiment, the puxture further comprises an extrusion aid. An
extrusion aid can function to toprove the rbeology of the muxture. This toprovement in the
rheology of the mixture can function to improve flow of the mixture through the extrusion die.
Improved flow through the extrusion die can lead to easier equipment start-up, smoothor
extrusion, faster processing, lower extrusion pressures, and wmproved product appearance.
Extrusion aids, their effective amounts and methods of incorporation info the mixture can be
varied and selecled according to ordinary skill in the art. Hereafter, the shaped muxture exiling
a die, with any composition or any form, will be referred to as the “green extrudate.”

160291 Excess water from the green extrudate can be removed by drving to form a dried
graen exirudate prior to further processing. Conventional methods for deying wet solids can be
used to dry the green extrudate, and can inciude, for example dryving in air or ancinert gas such

as nitrogen or belivm., The air or inert gas can be circulating, moving, or static. Drying
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feraperatures can range from about 200°F to about 400°F, alterratively frogr about 200°F 1o
about 300°F, altomatively from about 2253°F to about 275°F. Drying times can range fom
equal to or greater than about 1 howur, alternatively from about [ hour to about 10 hours,
allernatively from about 2 hours to about § hours,

[0430] In an embodirnent, the dried green extrudate can be calcined to form a calcined
extruded catalyst support. (alcination teroperatures can range from about S00°F 1o about
I500°F, altematively from about 700°F to about 1400°F, alicroatively frou about 830°F to
about 1300°F, Calcination times can range from about 0.5 (o about 12 hours, allernatively from
about 1 to about 6 hours. In such embodiments, the calcination can be carried oot 1 an oxygen
contaimng atmosphere.  As used herein, “dry” air refers to air having a dew pomt of less than
about -40°F. The calcined extruded catalyst support can be directly used in a catalyst
preparation or can be further processed according to the following description,

{6031} In an embodiment, a method of preparing a selective hydrogenation catalyst
comprises condacting a calcined extruded catalyst support of the type disclosed herein with a
chlorine-containing coropound.  The chiorine-containing corpound can be a gas, a hguid, or
combinations thereof. An embodiment comprises condacting the catalyst support with a hiquid
chlorine-containing compound to creale a chlonded catalyst support.  Such a bguid can
comprise at foast one chlorine-containing compound.  In some embodiments, the liquad
chlorine-containing compound to which the morgamic catalyst support can be exposed to create
the chlorided catalyst support include, but are not limiled to, hydrochloric acid; alkaline metal
chloride; alkaline earth chloride; chlorohydrocarbons; compounds desenibed by the formula
NEHRR R R7HCL where R, R’ RB7, and R is methyl, ethyl, propyl, butyl, or any
combination thereof and v, w, X, v, 7 can be 0 to 4 provided viw+x+y+z = 4; or combinations
thercof. In some embodirnents, the alkaline metal chionde can coraprise potassivrn chionde,
sodium chloride, lithium chloride, or combinations thereof. In some embodiments, the alkaline
carth chloride can comprise calcium chloride, barum chioride, or combinations thercof, In
some embodiments, compounds described by the foromila N(HRWGR R RHCE can comprise
ammmonium  chlonde, methyl  ammonism  chlonde,  tetramethylammoniom  chlonde,
tetracthylammonium chloride, or combinations thereof. Chloro-hydrocarbons as uvsed herein
can comprise compounds contamming 1-10 carbons wheremn there is at least one substitution of
hydrogen for chlorine. In some embodiments chloro-hydrocarbons comprise compounds
described by the formula CCLH, (where x + y = 4}; compounds described by the formula

CIOLH, (where x 4 y = 6); or combinations thercof. In some embodiments compounds
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described by the fonmula CCLH, comprise carbon tetrachloride, dichloromethane, or
cornbinations thereof. In some embodiments, compounds describad by the formula C,CLH,
comprise trichlorocthane., fn an ombediment, the hiquid chlorine-containing compound
comprises potassium chloride in sohution.

{0032] The calcined oxtruded catalyst support can be contacted with the higuid chlorine-
containing compound in any suitable mamner. In an embodiment, the method used to contact a
calcined extruded catalyst support with a hquid chlonne-containing compound can be incipient
weiness impregnation. During mcipient wetness impregnation, the pores of the support become
substantially filled with the haquid chlorine-containing compound. Gther contacting methods
such as soaking can also be employed (o contact the calcined extruded catalyst support with the
tiqud chlorine-containing compound to create a chlorided catalyst support.

{80333 An alternative embodiment comprises imitially contacting the calcined exiruded
catalyst support with a gaseous chlorine-containing compound to create a chlonded catalyst
support. In some embodiments, the chlorine-containing coropounds that can be omployed as
gases inchude, but are not imited to, hydrogen chloride gas, chlorine gas, CCLH, (wharex + ¥
=4}, CCLH, (where x + y = 6}, or combinations thercof. In another embodimont, the gaseous
chlorine-containing compounds are obtained by heating a volatile chloro-hydrocarbon or
mixture thercofl

{8034} A method used o contact a caleined extruded catalyst support with a gaseous
chlorine-containing compound can be accomplished by heating the calcined extroded catalyst
support n the presence of a gaseous chlorine-containing corpound and optionally 1w the
presence of oxyvgen, water, nitrogen, hydrogen or muxiures thereof to create a chlorided catalyst
support.  In an embodiment, the calcined extruded catalyst support can be contacted with a
gaseous chlorine-containing cormpound af temperatures of from about 300°C to about 85G°C
for from abowut 0.2 to about 20 hours.

{0035] The amount of chlorne-containing compound deposited on the calcined extruded
catalyst support is controlled independently of the contact method, whether by liquad
contacting, gas phase contacting, or combination thereof. The contacting method can deposit
an amount of chlorine-containing compound such that the chlonded catalyst sapport, Le., the
calcined extruded catalyst support after exposure (o a chlorine-contatning compound, comprises
frorn about 20 wt.% to about 0.001 wt.% chlorine based on a total weight of the chlorided
catalyst support, altornatively from about 10 wt.% to about 0.01 wt.% chlorine, altematively

from about 2 wi.% to about 0.05 wt.% chlorine.
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0136} Afler the caleined extruded catalyst support bas been contacled with the chionine-
containing coropound to create the chlorided catalyst support, the chloridaed catalyst support can
be removed from contact with the chiorime-containing coropound and processed o remove
from the chlonded catalyst support unwanted elements such as an amount of chlorne-
containing compound, decomposition products thercof, or other unwanted clements 1o create a
clean chlorided catalyst support and otherwise prepare the chlonded catalyst support for further
processing o produce a selective hydrogenation catalyst. Removing an amount of chlorine-
contaiming  compound and/or any other unwanted elements can occor via a wash, via
vaporization, or combinations thereof, depending, for example, on the type of chlorine-
contatmng compound invoelved. The vaporization can be accomplished atl & toroperature of
frore about 300°C to about 850°C for from about 0.2 (o about 20 hours.  After processing, the
clean chlorided catalyst support can comprise from about § to about 2000 ppm by weight of
chloring; altematively, can comprise from about | o about 1200 ppm by weight of chionng;
alternatively, from about 2 o about 80 ppm by weight of chlorine; alternatively, from about 3
{0 about 20 ppm, alternatively loss than about 2 ppm by weight of chlorine with respect to the
support.

{8037 In an embodiment, a chlonded catalyst sapport produced by contact with a liguid
chlorine-containing compound can be exposed to an elevated temperature of from abowt 50°C
to about 850°C for from about 1.5 to about 20 hours to dry and/or caleine the chlorided catalyst
support, thereby producing a cleaned chlonded catalyst support.  In some erabodiments, an
optional washing step can follow the exposure to an elovaled teraperature. For exarople, the
support can be washed with water at temperatures of from about 20°C to about 160°C for from
about 1 minute fo about Z hours. In an embodiment, the washing utilizes hot distilled or
deionized wator and occurs afier drving and/or calcining. Following the washing step, the
chlorided catalyst support can optionally umdergo another exposure to an elevated temperature
of from about 50°C to about 900°C for from about 0.5 to about 20 hours to remove any
unwanted moisture.

{8038} In ancther embodiment, a chlorided catalyst support produced by contact with a
gaseous chlorine-containing compound can be cleaned via vaporization or washing or a
combination thereof 1o remove an amount of chlorine-containing compound, decoraposition
products thereof, or other unwanted elerents. In an embodiment, afier contacting the catalyst
support with the gasecus chionine-containing compound, flow of the gassous chiodne-
containing coropound is siopped, and the gascous treated chlorided catalyst support can be

continued 10 be heated and/or calcined by exposure to an clevated teroperature in the absence of
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the gaseous chivrine-condaining coropound to produce a cleaned chlorided catalyst support,
Exposure to an elevated feroperature can occur i the presence of oxygen, water, nifrogen and
muxiures thereof for less than or equal to about 18 hours. This vaponzation removal step can
be optionally followed by exposing the chlornided catalyst support with a heated stream of gas
froe of the chlionne-containing compound to further remove any unwanted clements. After
processing, the cleaned chlorided catalyst support can comprise from about § to about 2000
ppm by weight of chiorme; alternatively, can comprise from about § to about 1200 ppm by
weight of chloring; alternatively, from about 2 o about 80 ppm by weight of chlorine;
allernatively, from about 3 to about 20 ppm, alternatively less than about 2 ppm by weight of
chlorine with respect to the support.

160391 In an embodiment, a method of prepanng a hydrogenation catalyst comprises
sclecting an inorganic support having a muliimodal distnbution of pore diameters. In an
embediment, at teast one distnbution of pore diamoters comprises pores having a diametor of
equal to or groater than about 120 nm. The selected support can then be treated as a catalyst
support of the tvpe disclosed herein and subjected o the processing disclosed heren {e.g.,
drying, calciming, chioriding).

{60401 In an embodiment, a method of preparing a selective hydrogenation catalyst
comprises contacting a cleaned chlonded catalyst support of the type disclosed herein with at
{east one catalytically active metal, alternatively palladiom. The palladium can be added to the
cleaned chlonded catalyst sopport by contacting the cleaned chlorided catalyst sopport with a
palladium-containing compound o form a palladivrn supported composition as will be
described in more detadl later herein. Examples of suiable palladium-containing compounds
include  wihout  Lmditation  palladivme chloride,  palladivmm nifmate,  amwnonium
hexachioropalladate, aromonium tetrachiopaliadate, palladium acetate, palladium bromide,
palladium iodide, tetraanmmuncpalladium nitrate, or combinations thereof. In an embodiment,
the palladium-containing compound s a component of an aqueous solution.  An example of
palladium-containing solution suitable for use in this disclosure mcludes without bimitation a
solution comprising palladivim metal.

{8041} In an embodiment, palladiam is present in the mixtare for preparation of a selective
hydrogenation catalyst in an amourt of from about 0.005 wt.% to about 2 wt.%, alternatively
frorn about 0.005 wt.% to about | wt.% or alternatively from abowt 0.005 wt.% to about
(.5wt.% based on the total catalyst weight,

{0042} In an crobodiment, a method of prepanng a selective hydrogenation catalyst can

initiate with the contacting of cleaned chlorided catalyst support with a palladivro-containing
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compound to form a supported palladium composition. The contacting can be carried out using
any suitable technique. For example, the cleaned chlorided catalyst support can be contacted
with the palladivro-condaining compound by soaking, or incipiont wetness tmpregnation of the
support with a palladiumm-containing sclution.  In such embodiments, the resulting supported
palladium composition can have greater than about 90 wit.%, altomatively from about 92 wt.%
o about 98 wt.%, alternatively from about 94 wt% to about 96 wi.% of the palladium
concentrated near the periphery of the palladiam supported composition, as to form a palladivm
skin. In an embodiment, the cleaned chloride catalyst support 1 contacted with the palladium-
containing solution by scaking the support in the palladiom-containing solation.

{0043} The palladiom skin can be any thickuess as long as such thickoess can promote the
hydrogenation processes disclosed herein, Generally, the thickness of the palladium skin can
be in the range of from about | micron to about 3000 roicrons, alierpatively fron about 5
roicrons to about 2000 microos, altematively from about 10 microns to about 1000 gucrons,
alternatively from about 30 microns o about 500 microns. Examples of such methods are
further described in more details in U.S. Patent Nos. 4,404,124 and 4,484,015, each of which is
mncorporated by reference herein i its entivety.

{8044} Any suitable method can be vsed for determining the concentration of the palladium
in the skin of the palladivm supported composilion and/or the thickness of the skin. For
example, one method involves breaking open a representative samiple of the palladiom
supported composition particles and treating the palladium supported coraposition particles
with a dilute alcoholic solution of N, N-dimethyl-para-nitrosoaniline. The treating solution
reacts with the palladium to give a red color that can be used fo evaluate the distribution of the
palladium. Yet another technique for measuring the conceniration of the palladivre i the skin
of the palladive supported composition tnvolves breaking open a representative sample of
catalyst particles, followed by treating the particles with a reducing agent such as hydrogen o
change the color of the skin and thereby evaluate the distnbution of the palladium.
Alternatively, the palladim skin thickness can be determined using oloctron probe
microanalysis,

{8045} The supported palladiam composition formed by contacting the cleaned chlorided
catalyst support with the palladivro-containing solution optionally can be dried at a temperature
of from about 15°C fo about 150°C, alternatively from about 30°C o about 106°C,
alternatively from about 60°C to about 100°C; and for a period of fron about 0.1 hour to about
100 hours, alternatively from about 0.5 hour to about 20 hours, alternatively from about | hour

to about 10 hours. Alternatively, the paliadivro supported corgposifion can be calcined. This
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calctmng stop can be carried owl at teraperatures up to about 850°C, alternatively of from about
156°C to about §60°C, altematively from about 150°C to about 750°C, alternatively from about
F50°C to abowt 700°C; and for a period of from about 0.2 bour 1o about 20 hours, altematively
from about 0.5 hour to about 20 hours, altornatively from about | hour to about 10 hours.

[0046] In an embodiment, the seloctive hydrogenation catalyst can further comprise one or
more selectivity enhancers. Suitable selectivity enhancers include, but are not limited to, Group
IB metals, Group 1B metal compounds, silver compounds, fluorine, flooride compounds,
salfur, sulfur compounds, alkal metals, alkali metal compounds, alkaline metals, alkaline metal
compounds, iodine, todide compounds, or combinations thereof In an embodiment, the
selective hydrogenation catalyst comprises one or more selectivity enhancers which can be
presert in total m the mixture for preparation of the selective hydrogenation catalyst in an
amount of from about 0.001 wt.% to about 10 wt.% based on the total weight of the selective
fydrogenation catalyst, alternatively froor about .01 wi.% to about 5 wi.%, alternatively from
about 0.01 wt.% to about 2 wt.%. The amount of selectivity enhancer incorporated nto the
selective hydrogenation catalyst can be in the range described herein for the amount of
solectivity enhancer used to prepars the selective hydrogenation catalyst,

{08471 In an embodiment, the selectivity enhancer comprises silver {(Ag), silver
compounds, or combinations thereof. Examples of suitable silver compounds melude without
imitation sifver nitrate, silver acetate, silver bromude, silver chlonide, silver iodide, silver
fluoride, or combinations thereof, o an embodiment, the selectivity enhancer comprises silver
mtrate. The selective hydrogenation catalyst can be prepared using silver nitrate in an amount
of from about 0.005 wt.% to about 5 wt.% silver based on the total weight of the selective
hydrogenation catalvst, alfernatively from about §.61 wt.% to about 1 wt.% siiver, alfernatively
from about 0.05 wt.% to about 0.5 wt.%. The amount of silver incorporated into the selective
hydrogenation catalyst can be in the range described herein for the amount of silver nitrato used
{0 prepare the selective hydrogenation catalyst.

{0048] In an embodiment, the selectivity enhancor comprises alkali metals, alkall metal
compounds, or combinations thereot, Examples of suitable alkal metal compounds include
without Hnntation elemental alkali metal, alkali metal halides {(e.g., alkali metal flooride, alkali
metal chloride, alkali metal brommde, alkali metal iodide), allkali metal oxides, alkali metal
carbonate, alkali metal sulfate, alkali metal phosphate, alkah metal borate, or combinations
thereof. In an ombodument, the selectivity enhancer comprses potassium Huoride (KF). In
another embodiment, the selective hydrogenation catalyst is preparad using an alkali metal

compound in an amount of from about 0.01 wi.% 1o about 5 wt.% based oo the total weight of
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the selective hydrogenation catalyst, alternatively from about 6.03 wit% to about 2 wit.%,
alternatively from about 0.05 wi.% to about 1 wi.%. The amount of alkali metal mncorporated
o the selective hydrogenation catalyst can be in the range described herein for the amount of
alkali metal compound used to prepare the selective hydrogenation catalyst,

{0049] In some embodiments, one or more seloctivity enhancers of the type describod
previously herein can be added to the supported palladium composition. In an embodiment,
sitver can be added to the supported palladiim composition.  For example, the supported
palladium composition can be placed in an agueous silver nitrate solution of a quantity greater
than that necessary to fill the pore volume of the composition. The resulting material 18 a
palladiuny/silver supported composition (herein this particular embodiment of the selective
hydrogenation catalyst is referred to as a Pd/Ag composition). The Pd/Ag composition may be
dried and/or calcined as previously described herein,

{6050] In an embodiment, one or more alkali metals can be added to the Pd/Ag
composition using any suifable techmique such as those described previously herem. In an
embodiment, the selectivity enhancer comprises potassium fluonide, and the resulting matorial
is a palladium/silver/alkall metal fluoride supported composition (herein this particular
embodiment of the selective hydrogenation catalyst is referred o as a P/Ag/KF composition),
{8051} In an embodiment, the supported patladiom composition 15 contacted with both an
alkali metal halide and a silver compound. Contacting the supported palladium composition
with both an alkali metal halide and a silver compound can be camed out simultancously;
alternatively the contacting can be carried owl sequentially o any vser-destred order,

{0052} In an embediroent, a selective hydrogenation catalyst formed tn accordance with the
methods disclosed herein comprises an o-alumina support of the type disclosed herein,
palladium, and one or more selectivity ephancers, {¢.g., silver and/or potassium fluoride). The
selective hydrogenation catalyst (Pd/Ag, PA/KF, and/or the PA/Ag/KE/ compositions) can be
dried fo form a dried selective hydrogenation catalyst. Tn some embodiments, this drying step
can be carried out at a temperature in the range of from about §°C to about 150°C, altornatively
from about 30°C to about 100°C, alternatively from about 50°C to about 80°C; and for a poriod
of from about 0.1 hour to about 1060 hours, alternatively from about 0.5 hour o about 20 hours,
allernatively from about | hour to about 10 howrs.

{80531 The dried selective hydrogenation catalyst can be reduced using hydrogen gas or a
hydrogen gas containing feed, o.g., the feed strearn of the selective hydrogenation process,
thereby providing for optimum operation of the selective hydrogenation process. Such a

gascous hvdrogen reduction can be carried out at a temperature in the range of from, for
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example, about 0°C to about 400°C, alternatively 20°C to about 300°C, or alternatively about
36°C to about 250°C.

{0054} In an crobodiment, a selective hydrogenation catalyst of the type disclosed herein
can catalyze a scloctive hydrogonation pwocess. In some embodiments a  selective
hydrogenation catalyst of the type disclosed herein 15 used in conjunction with one or more
conventional hydrogenation catalysts o catalyze a selective hydrogonation process. I such
embodiments having a conventional hydrogenation catalyst and a selective hydrogenation
catalyst of the type disclosed herein, the selective hydrogenation catalyst may be present in an
ameunt that comprises greater than about 30% of the total amount of hydrogenation catalyst
present duning the selective hydrogenation process. Alternatively greater than about 70% or
allernatively greater than about 85%. Herein, the phrase “conventional hydrogenation
catalysts” refers to hydrogenation catalysts that Jack a catalyst support of the type disclosed
herein,

{0055] The selective hydrogenation catalyst can be contactod with an unsaturatod
hydrocarbon stream primarily containing unsaturated hydrocarbons, e.g., ethylene, but also
containing a highly unsaturated hydrocarbon, e.g., acetylene. The contacting can be exocuted
in the presence of hydrogen al conditions effective to selectively hydrogenate the highly
wnsabrated hydrocarbon to an unsaturated hydrocarbon. In an embodiment, the selective
hydrogenation catalysts of the type disclosed herein are used in the hydrogenation of highly
unsaturated  hydrocarbons  such  as for oxamaple and  without lmitation  acetylene,
methylacetylene, propadiens, butadiene or combinations thereof.  As used herein, a highly
unsaturated hydrocarbon is defined as a bydrocarbon containing a triple bond, two conjugated
carbon-carbon double bonds, or two cumulative carbon-carbon double bonds. As used herein,
an unsaturated hvdrocarbon is defined as a hydrocarbon containing an iselated carbon-carbog
double bond. Figure 1 illustrates an embodimont of a hydrogenation process that utilizes a
selective hydrogonation catalyst of the type disclosed herein.  The hydrogenation process
ncludes feeding an unsaturated hydrocarbon stream 10 and a hydrogen (Hz) stream 20 to a
hydrogenation reactor 30 within which the selective hydrogenation catalyst is disposed. The
unsaturated hydrocarbon stream 10 primarily comprises one or more unsaturated hydrocarbons,
but 1t can also contain one or more highly unsaturated hydrocarbons such as for example and
without hmdtation acetylene, methylacetylene, propadiene, and butadiene.  Alternatively,
unsaturated hydrocarbon stream 10 and hydrogen stream 20 can be combined in a single stream

that is fod to hydrogenation reactor 34
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0056} In an embodument, reactor 3¢ 1s a selective hydrogenation reactor that can belong to
an acetylene romoval unit of an unsaturated hydrocarbon production plant in a backend
configuration. As used herein, “backend” refers to the location of the acetylene removal unit in
an unsaturated hydrocarbon production unit that receives the lower boiling fraction from a
decthanizor fractionation tower that receives the higher botling fraction from a demothamzer
fractionation tower which receives a feed from an unsaturated hydrocarbon production process.

{8057} In an embodiment, reactor 30 is a selective hydrogenation reactor that can belong (o
an acetylene removal unit of an onsaturated hydrocarbon production plant m a frontend
decthanizer configuration.  As used herein, “frontend deethanizer” refers to the location of the
acetylene removal unit in an onsaturated hydrocarbon production unit that recetves the lower
boiling fraction frorn a decthanizer fractionation tower that receives a feed from an unsaturated
hyvdrocarbon production process.

{0058} In an crobodiment, reactor 30 s a selective hydrogenation reacior that may belong
to an acetylene removal unit of an unsaturated hydrocarbon production plant in a frontend
depropanizer configuration. As used herain, “frontend depropanizer” refors to the location of
the acetylene removal unit in an unsaturated hydrocarbon production unit that roceives the
fower boiling fraction from a8 depropanizer fractionation tower that receives a8 feed from an
wnsabirated hydrocarbon production process.

{8059 In an embodiment, reactor 30 1s a selective hydrogenation reactor that can belong to
an acetylene removal vnit of an unsaturated hydrocarbon production plant m a raw gas
configuration. As used herein, “raw gas” refors to the location of the acetylene removal omt in
an unsaturated hydrocarbon production unit that recetves a feed from an unsafurated
hydrocarbon production process without any infervening hydrocarbon fractionation.

{0060} It is understood that hydrogenation reactor 30, and likewise the sclective
hydrogenation catalysts disclosed herein, are not limited to use in backend acetylene removal
units, frontend decthanizer units, frontend depropantzer, or raw gas units and can be used m
any process whorein a highly unsaturated hydrocarbons contained within an unsaturated
hydrocarbon stream is selectively hydrogenated to a unsaturated hydrocarbon. In frontend
deethanizer units, frontend depropanizer, or raw gas unils, the unsaturated hydrocarbon stream
10 contains sufficient quantities of hydrogen for the hydrogenation reaction, and a hydrogen
strearn 20 may becore unnecessary for the reaction.

[061] In those embodiments wherein the acetylene removal unit is in a backend
configuration, the highly uonsaturated bydrocarbon bemg fed o the bydrogenation reactor 30

comprises acetyiene.  The mele ratio of the bydrogen to the acetylens being fod to



WO 2013/134065 PCT/US2013/028597

hydrogenation reactor 30 can be in the range of from about 0.1 o about 10, alternatively from
about 0.2 to about 5, alternatively from about 0.5 to about 4.

{08362 In those embodiments wherein the acetylene removal unit 5 in a front end
deothanmizer, front-end dopropanizer or raw gas configuration, the highly unsaturated
hydrocarbon being fed to the hydrogonation reactor 30 comprises acetylene. In such an
embodiment, the mole ratio of the hydrogen to the acetylene being fed (o the hydrogenation
reactor 30 can be in the range of from about 10 to about 3000, alternatively from about 10 o
about 2000, alternatively from about 10 o about 1500,

[0663] In those embodiments wherein the acetylene removal unit is in a front-end
depropanizer or raw gas configuration, the highly unsaturated hydrocarbon being fed to the
hydrogenation reactor 30 comprises methylacetylene, In such an embodimend, the mole ratio
of the hydrogen to the meathylacatylone being fed 1o the hydrogenation reactor 30 can be inthe
range of from about 3 to about 3000, alternatively from about 5 fo about 2000, aliernatively
from about 16 to about 1500.

{0064] In those embodiments whercin the acotviene removal unit is in a front-end
depropanizer or raw gas configuration, the highly unsaturated hydrocarbon being fod to the
hydrogenation reactor 30 comprises propadiene. In such an embodiment, the mole ratio of the
hydrogen to the propadiene being fed to the hydrogenation reactor 30 can be m the range of
from about 3 to about 3000, alternatively from about 5 to about 2000, alternatively from about
£0 w about 1560,

[8065] In another embodiment, reactor 30 can represent a pluralily of reactors. The
pluraltty of reactors can optionally be separated by a means 10 remove heat produced by the
reaction. The plurality of reactors can optionally be separated by a means 1o control indet and
sfflucnt flows from reactors or heat removal rocans allowing for individual or alternatively
groups of reactors within the plurality of reactors o be rogenerated.  The sclective
hydrogenation catalyst can be amanged in any suitable configuration within hydrogenation
reactor 30, such as a fixed catalyst bed. Carbon monoxide can also be fed to reactor 30 via a
separate stream {not shown), or it can be combined with hydrogen stream 20. In an
embodiment, the amount of carbon monoxide being fed to reactor 30 during the hydrogenation
process 18 {ess than about .15 mole percent (inol. %) based on the total moles of fluid being fed
to reactor 30.

{0066} Hydrogenation reactor 30 can be operated at conditions offective o seloctively
frydrogenate highly unsaturated hydrocarbons 10 one or wore unsaturated hydrocarbons upon

contacting the selective hydrogenation catalyst in the presence of the hydrogen, The conditions
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are destrably effective to maxinnze hydrogenation of kighly unsaturated hydrocarbons to
unsatrated bydrocarbons and to minimize hydrogenation of highly ursaturated hydrocarbons
to saturated hyvdrocarbons. In some embodiments, acetyiene can be selectively hvdrogenated to
othylene.  Alternatively methylacetylene can be selectively hydrogenated o propylene;
alternatively propadiene can be selectively hydrogenated to propylene.  Altemnatively,
butadiene can be selectively hydrogenated to bulenes. In some embodiments, the tomperature
within the hydrogenation zone can be in the range of from abowt 5°C to about 300°C,
alternatively from about 10°C o about 250°C, alternatively from about 15°C to about 200°C.
In some embodiments, the prossure within the hydrogenation zone can be in the range of from
about 15 (204 kPa) to about 2,000 (13,890 kPa) pounds por square inch gauge (psig),
alternatively from about 50 psig (446 kPa) to about 1,500 psig (10,443 kPa), alternatively from
about 100 psig (790 kPa) o about 1,000 psig (6,996 kPa).

{8067} Referring back to Figure 1, an offluent stream 40 comprising unsaturated
hydrocarbons, ncluding the one or more monoolefing produced in hydrogenation reactor 30,
and any unconverted reactants exit hydrogenation reactor 380, In an embodiment where
hydrogenation reactor 30 15 in a backend acetylene remnoval unit configuration, offluent stream
40 primarily comprises ethylene comprises less than about 3 ppmy, alternatively less than about
I ppro of highly uosaturated hydrocarbons, o embodinents wherein hydrogenation reactor 30
is m a frontend decthanizer, frontend depropanizer, or raw gas acetylene removal unit
configuration, offluent stream 40 primanly comprises othylene comprises less than about 35
ppr, alternatively less than about 1 ppm of acetylene, while other highly unsaturated
hydrocarbons such as methylacetylene or propadiene comprises less than about 5000 ppm,
alternatively less than about 4000 ppm.

{8068} In an embodiment, a selective hydrogenation catalyst of the type described herein
cant have a comparable catalytic activity when compared to an otherwise similar catalyst
lacking a catalyst support of the type described herein. For example, a selective hydrogenation
catalyst of this disclosure can have at least one performance property that is improved when
coropared 1o an otherwise similar catalyst. To an crobodiment, a seloctive hydrogenation
catalyst of this disclosure has an opumal balance of desirable propertics. For example, a
selective hydrogenation catalyst of the type disclosed herein has a catalylic activity or clean up
tomperature comparable to an otherwise similar catalyst. The comparable catalytic activity can
{ranslate to a comparable clean up temperature. Hereinafier, an otherwise similar catalyst refers
o a selective hydrogenation catalyst comprising an inorganic catalyst support, palladiom and

one or more selectivily enhancers but lack a8 catalyst support of the type disclosed herein.
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Herein, the cleanup temperatore 18 referred to as T and refers to the temperature at which the
acetylene concentration drops below 20 ppo in the offfucnt when processing a represantative
frontend decthanizer, frontend depropanizer, or raw gas acetyiene removal urit feed stream
comprising unsaturated hydrocarbon and highly unsaturated hydrocarbons such as acetylenes
and diclefins. Determinations of T1 are described in more detall for example in U.S. Patent
Nos. 7,417,007 and 6,417,136, cach of which are incorporated herein in their entirety. In an
embodiment, a selective hydrogenation catalyst of the type disclosed herein can have a T1 of
from about 50°F to about 160°F, alternatively from about 85°F to about 150°F, altematively
from about 90°F to about 140°F for fresh catalyst. In an embodiment, a selective hydrogenation
catalyst of the type descnbed herein can display a selectivity window that 15 increased when
compared to an otherwise sumilar catalyst lacking a catalyst support of the type described
herein. Herein, a selectivity window refers to the reaction time period over which the catalyst
displays a desired selectivity for a specified reaction. For example, a selective hydrogenation
catalyst of the type disclosed herein when employed as a catalyst in acetylene hydrogenation
reactors can display a selectivity window for ethylene of egual o or greater than about 200
hours, alternatively equal to or greater than about 250 hours, or altematively oqual to or greater
than about 300 howrs. The selectivity window of selective hydrogenation catalysis of the type
disclosed herein can be increased by equal to or greater than about 50%, alternatively equal (o
or greater than about 75%, or alternatively equal to or greater than about 100% when compared
to an otherwise similar catalyst lacking a catalyst support of the type disclosed herein
Alternatively, the selectivity window of selective hydrogenation catalysts of the type disclosed
heretn can be increased by equal to or greater than about 50%, alternatively equal to or greater
than about 75%, or altematively equal to or greater than about 100% when comapared to an
otherwise identical catalvst lacking a catalyst support of the type disclosed herein,

{0069] In an ombodiment, a seloctive hydrogenation catalyst of the type disclosed herein
can have an operating window of from about 35°F to about [20°F, alternatively from about
40°F to about B0°F, or altomatively from about 45°F to about 60°F. Tho operating window of a
selective hydrogenation catalyst of the type described herein can be increased by greater than
about 10%, alternatively greater than about 15%, alternatively greater than about 20% when
compared (o an otherwise similar catalyst prepared in the absence of catalyst support of the
type described herein.  Alternatively, the operating window of a selective hydrogenation
catalyst of the type described herein can be increased by greater than about 1096, altematively
greater than about 15%, alternatively greater than about 20% when compared to an othorwise

derttical catalyst prepared in the absence of catalyst support of the tvpe described herein, An
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operating window (AT) is defined as the difference between a munaway teraperature (T2) at
which 3 wt.% of ethviene is hvdrogenated from a feedstock comprising highly unsaturated and
unsaturated hydrocarbons, and the cleanup temperature (T1). AT is a convenient measure of
the catalysts selectivity window and operation stability in the bydrogenation of highly
unsaturated hydrocarbons {0.g., acetylene) to unsaturated hydrocarbouns {e.g., ethylene). The
more seloctive a catalyst, the higher the temperatire beyond T1 required to hydrogenate a given
unsaturated hvdrocarbons (e.g., ethylene). The T2 s comcident with the teraperature at which
a high probability of runaway cthylene hydrogenation reaction could exist in an adiabatic
reactor. Therefore, a larger AT translates to a more selective catalyst and a wider operation
window for the complete acetylene hydrogenation.

{0678 In an embodiment a method comprises providing a catalyst support of the type
disclosed herein and utilizing the catalyst support to form a selective hydrogenation catalyst.
The sclective hydrogenation catalyst can be further processed inte a packaged product
containing or assoctated with written material. In some embodiments, the written material
can provide mformation on the selectivity window of a selective hydrogenation catalyst
formed from a catalyst support of the type disclosed herein alone or in comparison to a
setective hydrogenation catalyst prepared 1o the absence of a catalyst support of the type
disclosed berein. In some embodiments, the written material can provide tnstructions and/or
recommendations for utilization of the selective hvdrogenation catalyst in one or more
applications. For example, the writien material can indicate the selective hydrogenation
catalyst formed from a catalyst support of the type disclosed heroin (o.g., having a bimodal
distribution of pore diameters) is suttable for use i applications where a broader selectivity

window is desirable.

EXAMPLES
10671} The disclosure having been generally described, the following examples are given
as particular embodiments of the disclosure and to demoustrate the practice and advantages
thereof. ¥ is understood that the exaraples are given by way of ilusitration and are not indended
to timit the specification of the claims to follow in any manner.
Example |
{0672} This example illustrates the preparation of various palladium-containing catalyst
compositions to be used in a hydrogenation process. Catalysts A thru E were prepared as
follows: The o-alomina support having a surface area ranging from 5 mz./g to 12 mz/g Was

supplicd by BASF. The support was thon chlonde-treated, followed by the addition of
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Tables 1, 2, and 3 summarize the physical

properties of catalysts A thru E. Figures 2-6 show the pore size distribution from mercury

porosimetry for catalysts A thru E. The dashed lines represent the sample distnibutions while

the solid hine represents percentage cumulative intrusion.

Table 1

od Ag Surface

Catalyst Form o Avea
(ppm} | {(ppm) ()

A extrudate 252 1718 957

B extrudate 284 2492 812

C exfrudate 308 1869 8.57

D peliet 267 1840 671

B extrudate 307 1889 11.22

Pellets were ~dmm x 4min extrudates were ~3mm x 3mm

! By Brupauer, Emmett, and Teller method

Table 2

! By Brunauer, Emmett, and Teller method

? By ASTM UOP378-02

RANGE 1 RANGE 2 RANGE 3 RANGE 4
Catafyst Pore size %5 total Pore size Y5 total Pore size %Y total Pore size %Y total
Diameter range pove Diameter pove Diameter range pore Dismeter range pose
[ Y] volame yapge volame [ Y] Vol [ET:)] VOIuaRe
(o)
A 29736 to 2000 0.51 - - 200610 43 94.29 451010 57
B 21409 to 2,000 6.15 2000 10 332 1932 3321035 80.53
C 21449 10 230 247 - - 2301030 74.56 3¢t 10 0.74
D 21464 10 280 23.9 - -~ 28010 30 76.1 -~ -
B 21468 to 280 17.53 28010 36 76.87 36t0 10 56
Table 3
Surfzce Ares | Pore volumne
Catalyst Form i
TR oyl
{m/g) {ec/zy
A extrudate 9.57 0.326
B extrudate 8.12 (1.344
C exirudate 8.57 (0.253
D pellet 6.71 0.212
E extrudate 11.22 0.265
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Example 2

[06731 Catalyst performance runs were made as follows: About 20 md. of catalyst was
mixed with 40 ml of alundum and placed in a stainless steel jacketed reactor tube having a
0.692 inch nner diameter and a length of about 18 inches. The catalyst resided in the vuddle
of the reactor and both ends of the reactor were packed with about 10 ml of alundum. The
reaction temperature was controlled by circulating ethylene glyeol through the jacket of the
reactor twbe. The catalyst was then activated with hydrogen at a flowrate of 200 mL/min at
atmospheric pressure at the listed temperature for two hours. The catalyst was then contacted
with the feed gas (approximately: 13 wt.% methane, 85.8 wi% cthylene, 1.2 wt.% acetylene,
and 0.1 wt.% hydrogen) at about 913 mL/mun at 200 psig. Some runs vsed a higher hydrogen
conceniration and arc noted likewise. The reaction temporature was adjusted to vield an
acetylene conversion of about 90%. Conversion s referrad to as the disappearance of
acetylene. Gas analysis was performed by gas chromatography using a KCI-ALO; PLOT
columm. Figure 7 shows the temperature noeded to maintain a 90% conversion of acetylene
as a function of time. Figure 8 shows the selectivity to cthylene as a function of time.
{00744 The selectivity (sel.) to ethylene was alse calculated using the following set of
equations, where “C,” represents butane, butenes and butadiene and where “heavies” refer to
hydrocarbons having more carbon atoms than Ca:

selectivity to ethane = (weight of ethane made/weight of acetylene consumed)* 100

selectivity to Cu's = {weight of Ci's made/weight of acetylene consumedy* 100

selectivity & heavies = (weight of heavies made/weight of acetylene consumedy* 100

selectivity to ethylene = 100 — sel. to cthane — sel. to C,’s — sel. to heavies
{0875} The rosults demounstrate that while all the catalysts displayed good activity as
indicated by the comparable temperatures at time zero, catalysts of the type disclosed horein
(i.e., catalysts C, D, and E) displayed a leveling of the adjusted temperature, Figure 7. This in
contrast to catalysts A and B which do not have a catalyst support with a pore distribution of
the type disclosed herein. In the case of catalysts A and B, the temperature begins to mcrease
toward the end of the nin, Further, referring to Figrire 8, with regards to selectivity catalysts C,
D, and E displayed an mcreased selectivity as indicated by a plateay 1o selectivity over the time
pericd wvestigated. In contrast, catalysts A and B show a decline in selectivity after about 150
bowrs,  Catalvsts C, b, and E are selective hyydrogenation cafalysis baving a pore size
distribution, specifically the presence of the peak arcund 1,000 min in the pore size distribution

while catalysts A and B do ot bave this peak.
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ADDITIONAL EMBODIMENTS

[0676] The foliowing enumerated embodiments are provided as non-limiting examples:

1. A composition comprising:
an oxtruded inorganic support comprising an oxide of a metal or metalloid; and
at least one catalytically active metal,
wherein the extruded inorganic support has pores, a total pore volume, and a pore size
distribution; wherein the pore size distribution displays at least two peaks of pore
diameters, each peak having a maximum; wherein a first peak has a first maximom of
pore diameters of equal to or greater than about 120 nmm and a second peak has a
second maxtroum of pore diameters of less than about 120 om; and wherein greater
than or equal to about 5% of a total pore volume of the extruded norganic support is
contained within the first peak of pore diameters,

The composition of ermbodiment § wherein the first maxiowo of the first peak of pore

]

diameters is from about 200 nm to about 9000 om.

3. The composition of embodiment 1 or 2 wherein greater than or equal to about 10% of
the total pore volume of the extruded morganic support is contained within the first
peak of pore diameters.

4. The composition of embodiment 1 or 3 wherein the first maximum of the first pesk of

pore digmeters s from about 400 nm to about 8000 nm.

i~

The composition of embodiment 4 wherein greater than or equal to about 15% of the
total pore volume of the extruded inorgamc support is condained within the first peak of
pore diameters.

6. The composition of any preceding embodiment wherein the oxide of a metal or

metalloid consists essentially of silica, titania, alununa, or aluminate.

4

The composition of embodiment 1, 2, 3, 4, or 5 wherein the oxide of a metal or

metalloid consists essentially of a spinel.

8. The composition of any preceding embodiment having a surface area of from about 1
m2/g to about 35 m™/g.

9. The composition of any preceding embodiment having a total pore volume of from
about .1 cc/g to about 0.6 cc/g as determnined by differential mercory tntrusion.

0. The compostiion of any preceding embodiment wherein the distance between the first

maximnum of the first peak and the second maximum of the second peak is at least about

400 .
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i The composition of any preceding ermbodiment wherein the first peak is non-Gaussian
and has a peak width at half height that (s greater than the peak width at balf beight of

the second peak.

12 The composition of any preceding embodiment further comprising a halide.

i3, The composition of any preceding embodiment further comprising a Group 10 metal.
4. The composition of any preceding embodiment further comprising a Group 18 metal.
£5. The composition of any preceding embodiment further comprising chlonde.

I6. A method of preparing a hydrogenation catalyst comprising:

extruding 8 mixture comprising an oxide of a8 metal or metalloid, a pore former, and
water 1o form an extrudate;

drving the extrudate to form a dried extrudate;

calcining the dried exirudate to from a calcined extrudate;

contacting the calcined extrudate with a chlorine-contaiming compound to forgy a
chlorided support;

reducing the amount of chiornide in the chlonided support to form a cleaned chlorided
support; and

contacling the cleaned chlonded support with 8 Group 10 metal and a Group 1B metal
to form a hydrogenation catalyst,

wherein a pore size distribution for the hydrogenation catalyst displays at least two
peaks of pore dlameters, each peak having » maxiourm, and wherein a first peak has a
first maximuom of pore diameters that 18 equal to or greater than about 120 nm and a
second peak has a second maxivwim of pore diameters that 1s fess than about 120 om,

7. The method of ersbodiment 16 wherein the calcined extrudate, the chionded support,
the cleaned chiorided support, or the hydrogenation catalyvst has a surface arca of from
about 1 m¥/g to about 35 m™g.

8. The method of embodiment 16 or 17 wherein the calcined extrudate, the chiorided
support, the washed chlorided support, or the hydrogenation catalyst has a total pore
volume of from about 0.1 cc/g to about 0.6 ¢o/g as determined by differential mercury
ntrusion,

19. The method of embodiment 16, 17, or {8 wherein the extrudate consists essentially of
silica, titania, alumina, or aluminate.

24, The raethod of embodiment 16, 17, or 18 wherein the extrudate consists essentially of

alpha alumioa.
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21, The method of embodiment 16, 17, 18, 19, or 20 wherein greater than or equal to 5% of
a total pore volume of the hydrogenation catalyst is contained within the fiest peak of

pore diameters.

2
[Rv]

An exiruded inorganic support comprising an oxide of a metal or metalloid, wherein a
pore size distribution for the extruded morganic support displays at least two peaks of
pore diameters, cach peak having a maximum; wherein a first peak has a first maximoum
of pore diameters of equal to or greater than abowt 120 mm and a second peak has a
second maximmum of pore diameters of less than about 120 nm; wherein greater than or
equal to 15% of a total pore volume of the extruded inorganic support is contained
within the first peak of pore diameters; and wherein the wnorganic support has a surface

area of from about 3 m‘z/g to abont 15 o

/
I, g-
&

e
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A method of prepanog a hydrogenation catalyst comprising:

selecting an morganic suppott having a multimodal distribution of pore diameters,
wherein at least one distribution of pore diameters comprises pores having a diameter of
equal (o or greater than about 120 mim;

extruding a mixture comprising the inorganic support and water to form an extrudate;
drying the extrudate o form a dried extrudate;

calcming the dried extrudate (o from a calcined extrudate; and

contacling the calcined extrudate with a Group VIH metal and a Group 1B metal to
form a hydrogenation catalyst.

24, The method of embodiment 23 further comprising contacting the caleined extrudate
with a chiorine-containing coropound o fomn a chiorided support; contacting the
chiorided support with a wash solution to form a washed chlonided support; contacting
the washed chlovided support with the Group VI metal aod the Group 1B metal 1o

form the hydrogenation catalyst,

2
=

A method for selectively hydrogenating a highly unsaturated hydrocarbon to a less
unsaturated hydrocarbon i an olefin rich hydrocarbon stream comprising introducing
o a reactor a hydrocarbon fluid stream comprising a highly unsaturated hydrocarbon
in the presence of hydrogen and a catalyst composition under conditions effective o
convert the highly unsatorated hydrocarbon to a less unsaturated hydrocarbon,

wherein at least 50% of the catalyst composition comprises the hydrogenation catalyst
produced according to embodiment 23,

26, A method comprising:
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preparing a plurality of extruded inorgasic supports consisting essentially of silica,
titania, almina, or a spinel;

plotting the pore diameter as a function of a log of differential mercury mtrusion for the
extruded inorganic support; and

identifying the oxtruded inorganic supports having at least two peaks, cach poak having
a maximum, wherein a first peak comprises pores with a first pore diameter maximoum
equal to or greater than about 120 mm, and wherein the first peak of pore diameters
represents greater than or equal to about 5% of a total pore volume of the extruded

norganic support.

27 The method of erabodiment 26 further coroprising marketing the extruded inorganic
supports for use o preparing a selective hydrogenation catalyst.

28, A bydrogenation catalyst comprising a Group 10 matal, a Group 1B metal and at least
one of the identified axtruded inorganic supports of any preceding embodiment.

29, A packaged product comprising least one of the identified extruded morganic supports
of any preceding embodiment and written matorial describing use of the identified
extruded inorganic supports in the preparation of hydrogenation catalysts having a
reduced fouling rate.

{68771 While embodiments of the invention have been shown and described, modifications

thereof can be made by one skilled in the art without departing from the spirit and teachings of
the wvention, The embodiments described heremn are exemplary ondy, and are not intended o
be limtting. Many vanations and modifications of the imvention disclosed herein are possible
and are within the scope of the tnvention. Where numerical ranges or limitations are expressly
stated, such oxpross ranges or honitations should be understood to include ttorative ranges or
funitations of like magnitude falling within the expressly stated ranges or linitations {e.g., from
about 1 to about 10 inchudes, 2, 3, 4, etc.; greater than (.10 inchudes 611, 0,12, 0.13, ete.). Use
of the term "oplionally” with respect to any clement of a claim is inlended to mean that the
subject element s required, or altornatively, 15 not required. Both alternatives are intended to
be within the scope of the claim. Use of broader terms soch as comprises, inchides, baving, etc.
should be ynderstood o provide support for narrower terms such as consisting of, consisting
essentially of, comprised substantially of, etc.

10678} Accordingly, the scope of protection i1s not hmited by the description set out above

but s only Lmited by the clams which follow, that scope including all equivalents of the

subject matier of the clatmos, Each and every claim is tocorporated ino the specification as an

embodiment of the present invention. Thus, the claims are a further description and are an
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addition to the embodunents of the present imvention. The disclosures of all patents, patent
applications, and publications cited herein are hereby incorporated by reference, to the axtent

that they provide exemplary, procedural or other details supplomentary to those set forth herein
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CLAIMS

What is claimed is:

1. A composition comprising:
an extruded inorganic support comprising an oxide of a metal or metalloid; and
at least one catalytically active metal,
wherein the extruded inorganic support has pores, a total pore volume, and a pore sivze
distribution; wherein the pore size distribution displays at least two peaks of pore
diameters, each peak having a maximum; wherein a first peak has a first maximom of
pore diameters of equal to or greater than about 120 nm and a second peak has a
second maximum of pore diameters of less than about 120 omy; and wheremn greater
than or equal to about 5% of a total pore volume of the extruded norganic support is

contained within the first peak of pore diameters.

]

The composition of claim 1 wherein the first maximum of the fiest peak of pore

diameters is from about 200 nm to about 9000 om.

3. The composition of claim 1 or 2 wherein greater than or equal to about 10% of the total
pore volume of the extruded inorganic support is contained within the first peak of pore
diameters.

4, The composition of claim 1 or 3 wherein the first maximum of the first peak of pore

diameters 18 from about 400 nm to about 8000 nm.

i~

The composition of claim 4 wherein greater than or equal to about 15% of the total pore
volume of the extruded inorganic support is condained within the first peak of pore
diameters,

6. The composition of any preceding claim wherein the oxide of a metal or metalloid

consists essentially of silica, titania, aluraina, or aluminate.

o~

The composition of claim 1, 2, 3, 4, or 5 wherein the oxide of a metal or metalloid

consists essentially of a spinel.

8. The composition of any preceding claim having a surface area of from about 1 m2/g to
about 35 m¥/g.

9. The composition of any preceding claim having a total pore volume of fom about 0.1
cc/g to about 0.6 cc/g as deteromned by differential mercury mbrusion.

£0. The composition of any preceding claim wherein the distance between the frst

maxiomum of the first peak and the second maximum of the second peak is at least about

400 no
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The composition of any preceding clairn wherein the first peak is non-Gaussian and has
a peak width at half beight that s greator than the peak width at half height of the
second peak.

The composition of any preceding claim further comprising a halide.

The composition of any preceding claim further comprising a Group 10 metal.

The composition of any preceding clam further comprising a Group 18 metal.

The composition of any preceding claim further comprising chlonde.

A method of preparing a hydrogenation catalyst comprising:

extruding a mixture comprising an oxide of a metal or metalloid, a pore former, and
water 10 form an extrudate;

drving the extrudate o form a dried extrodate;

calcining the ded extrudate to from a calcined extrudate;

contacting the calcined extrudate with a chlorine-containing compound o foroy a
chlorided support;

reducing the amount of chionide in the chlorided support to form a cleaned chlorided
support; and

contacting the cleaned chlonded support with a Group 10 metal and a Group 1B metal
to form a hydrogenation catalyst,

wherein a pore size distribution for the hydrogenation catalyst displays at least two
peaks of pore diameters, cach peak having a maxivourg, and wherein a first peak has a
first maximeur of pore diameters that 18 cqual to or greater than about 120 nm and a
second peak has a second maxigwmm of pore diarneters that is less thanabout 120 om
The meothod of claim 16 wherein the calcined extrudate, the chiorided support, the
cleaned chiorided support, or the hydrogenation catalyst has a surface area of from
about | m?/g to about 35 m¥/g.

The method of claim 16 or 17 wherein the calcined extrudate, the chionded support, the
washed chlorided support, or the hydrogenation catalyst has a total pore volume of from
about 0.1 c¢/g to about 0.6 c¢/g as determined by differential mercary intrusion.

The method of clavm 16, 17, or 18 wherein the extrudate consists essentially of silica,
titania, alumina, or aluminate.

The method of claim 16, 17, or 1¥ wherein the extrudate consists essentially of alpha

alununa.

PCT/US2013/028597
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21, The method of claim 16, 17, 18, 19, or 20 wherein greater than or equal to 5% of a total
pore volume of the hydrogenation catalvst (s contained within the first peak of pore

diameters.

2
[Rv]

An exiruded inorganic support comprising an oxide of a metal or metalloid, wherein a
pore size distribution for the extruded morganic support displays at least two peaks of
pore diameters, cach peak having a maximurm; wherein a first peak has a first maximum
of pore diameters of equal to or greater than about 120 mm and a second peak has a
second maximoum of pore diameters of less than about 120 nm; wherein greater than or
equal to 15% of a total pore volume of the extruded inorganic support is contained
within the first peak of pore diameters; and wherein the wnorganic support has a surface

area of from about 3 m‘z/g to abont 15 o

/
I, g-
&

e
23

A method of prepanog a hydrogenation catalyst comprising:

selecting an morganic suppott having a multioodal distribution of pore diameters,
wherein at least one distribution of pore diameters comprises pores having a diameter of
equal to or greater than about 120 nim;

extruding a puxiure comprising the inorganic support and waler (o form an extrudate;
drying the extradate to form a dried extrudale;

calcining the dried extrudate to from a calcined extrudate; and

contacting the calcined extrudate with a Group VIH metal and a4 Group B metal to
form a hydrogenation catalyst.

24, The method of claim 23 further comprising conlacting the caleined extrudate with a
chlorine-containing compound o foro 2 chlorided support; contacting the chiorided
support with 2 wash schution fo form a washed chiorided support; contacting the
washed chlorided support with the Group VI metal and the Group 1B roetal o form

the hydrogenation catalyst.

2
=

A method for selectively hydrogenating a highly unsaturated hydrocarbon to a less
unsaturated hydrocarbon m an olefin rich hydrocarbon stream comprising introducing
mto a reactor a hydrocarbon flaid stream comprising a highly unsaturated hydrocarbon
in the presence of hydrogen and 8 catalyst composition under condiions effective o
convert the highly unsatorated hydrocarbon (o a less unsaturated hydeocarbon,

wherein at least 50% of the catalyst coraposition comprises the hydrogenation catalyst
produced according o clag 23,

26, A method comprising:
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preparing a plurality of extruded inorgasic supports consisting essentially of silica,
titania, almina, or a spinel;

plotting the pore diameter as a function of a log of differcatial wercury mirusion for the
extruded inorganic support; and

identifying the oxtruded inorganic supports having at least two peaks, cach poak having
a maximum, wherein a first peak comprises pores with a first pore diameter maximoum
equal to or greater than about 120 mm, and wherein the first peak of pore diameters
represents greater than or equal to about 5% of a total pore volume of the extruded

norganic support.

27 The method of claira 26 further comprising arketing the extruded inorganic supports
for use in preparing a sclective hydrogenation catalyst,

28, A bydrogenation catalyst comprising a Group 10 matal, a Group 1B metal and at least
one of the identified extruded inorganic supports of any preceding clain.

29, A packaged product comprising least one of the identified extruded morganic supports

of any preceding claim and written material describing use of the identified extruded
morganic supports in the preparation of hydrogenation catalysts having a reduced

fouling rate.
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LOG DIFFERENTIAL INTRUSION VS, PORE SIZE

Log Differential Intrusion {mb/g)

100 i
Pore size Diameter (nm)
FIG. 2
LOG DIFFERENTIAL INTRUSION VS, PORE SIZE
1.0+ )
: si%
0.9 ;
:J:\’O:S“% EE Ea
=g 1 4
5 0.7 : ;1
2 { 65 b 3
A | s
B 0.5 ; 1
B i
B 0.4+ i {
8 3 Pk
o 0.3 ] A 'S
8777 / %
0.2 AU
5 \mf %
0.1 %
b L}
O:O“: Speeden e ¥ ¥ [ ?&Ml:_: i 568‘; by L ¥ LI
19,000 1,000 100 10

Pare size Diameter {nm)

FIG. 3




WO 2013/134065 PCT/US2013/028597

LOG DIFFERENTIAL INTRUSION V5, PORE §IZE

0.8~ S S ~100

0.7 90
] =50
;3‘; 0.6 s o
£ ] :“70 g
& 057 60 &
wn " " ok
2 - B
g > &
5 0.3~ - 40 ¢
g -
& - -
B T =20

G O,.,: AAAAAAAAAAAA o \.s_l ooy Sogitrirbirds - O

143,000 10
Pore size Diameter {nm)
LOG DIFFERENTIAL INTRUSION VS, PORE SIZE
o Lo - 1@@

(.65 -

{3.60- 590
0,55 =80
et .
E 0,50 . e
o< o 3
2 (.45 : g
S 0.403 =60 5
& e ~—R C B
+ 0.35 =50 s
= - o =3
o 3 - g
& .30~ o
%) 0,253 - S
%9.20 ?39:%
~ .15 o0

(.10 C

0.05-3 S g»m

“Af‘};‘;‘; (((((( ” - . o \‘ bbbt =)

10,600 1,000 100 10

Pare size Diameter {nm)

FIG. 5




WO 2013/134065 PCT/US2013/028597

4/5
LOG DIFFERENTIAL INTRUSION VS, PORE SIZE
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA = 100}
0.9~ .
it g 90
0.8 ? 1f :
S Ez% = 30
T 0.7 ; O
E ! UE
& 0.6= i c 2
g | 00y
£ 0.5 i I N =
- fg b 050 =
2 4a it c I
5 04 i 40 E
5 S
8> # 1 =303
S92+ %i o0
0.1 \ 10
0.0~ R N =
10,000 5,000 1,060 500 166 50 10 5
Pore size Diameter (nm)
FIG. 6
160
150
140
g: 130 & A
© 44 +
=2 ry &_&& Soodl e 4+ + + + + ¢
% 120 e
g a L & s B Bg 8 ©
= s + m 2 E8R 40 E
& 110 g 8 2 B S o2
+ g8
+ &
100 8 g &
B 3
B
af
A
80— ] ; ] ; 7
0 100 200 300 400 500 600

Time (hours)

FiG. 7




WO 2013/134065

PCT/US2013/028597

Selectivity to Ethviene (%)

80

73

Lr
3

N
<

3
framy

i
fe)

ot
[

&
60”%

Ya
%‘“’“&éw&w&@@@%ﬁgg 5% s " mwow
; —8-g s

®
by

¢

$

&

$
* s

&

v

+ B8

¢ & ¢

o HB

06 € @D

& A 8

¥ ¥ i ¥
200 300 400 500
Time (hours)

600

FIG. &




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings

