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CATALYST SUPPORT COMPRISING MESOPOROUS CARBON

FIELD

The present invention relates to (i) a mesoporous carbon resin composition, (ii)
a mesoporous carbon support member made using the mesoporous carbon resin
composition, and (iii) a mesoporous catalyst product or article made using the
mesoporous carbon support member.

BACKGROUND

Carbon support members, for use in making a catalyst by impregnating the
carbon support member with catalytic active metal particles, are known in the art. The
known carbon support members usually have pores in the micropore and the mesopore
size range. A carbon support member having an optimum mesoporosity is highly
desirable in the catalyst industry because the mesopores of the carbon support member
allow the impregnation of bimetal or multi-metal particles into the carbon support
member wherein the impregnation sufficiently disperses and deposits particles into the
mesoporous of the carbon support member to maximize the concentration of the
bimetal or multi-metal particles in the mesopores of the carbon support member to form
a catalyst product or article.

Activated carbon is traditionally produced from coal or biomass; and the carbon
is activated by steam or chemicals to generate the porosities in the carbon; and then the
carbon can be granulated/extruded with an additional binder to make pellets. For
example, such prior processes are described in JP52008277B; and EPO831058A1.

The above-described traditional activated carbon process known in the art has
several problems: (1) the raw materials are not consistent, and such non-consistency
results in the production of a product having non-uniform product qualities; (2)
impurities present in the natural raw materials get passed onto the final carbon product;
and (3) the use of the blunt chemical/steam activation process generates complex
micropore-mesopore structures in the carbon product, which causes the production of a
non-uniform catalyst composition.

U.S. Patent No. 9,579,627B2 discloses a process to form microporous carbon
pellets from a cation exchange resin and a carbon forming binder. The above patent

describes using carbon molecular sieve pellet compositions for C2-C3 alkane/alkene
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separations. Because the process of the above patent uses consistent and pure quality
of starting raw materials, the resultant carbon pellets product made from the process
can solve problems (1) and (2) described above for the process which uses a
conventional activated carbon. However, U.S. Patent No. 9,579,627B2 does not
address problem (3) described above related to the production of a non-uniform catalyst
composition. The carbon pellets disclosed in the above patent are pyrolyzed at an
intermediate temperature, for example, in the range of from 750 degrees Celsius (°C) to
1,000 °C; and the pyrolysis results in carbon pellets containing micropores having a
micropore area, for example, of from 100 meters squared per gram (m%/g) to 400 m%/g.
And, the carbon pellets produced by the process disclosed in the above patent lack
mesopores because the process uses a gel-type (non-porous) resin precursor.

While the use of a cation exchange resin-derived mesoporous carbon, as
disclosed in U.S. Patent No. 9,579,627B2, has found some success in providing a
mesoporous carbon support member for a catalyst, the mesoporous carbon produced by
the prior art process has two disadvantages: (1) the area of mesoporosity of the
mesoporous carbon is generally small (e.g., less than (<) 30 m?/g) and the small
mesoporosity area of the mesoporous carbon limits the concentration of bimetal or
multi-metal particles that can be dispersed into the mesoporous carbon; and (2) the
pyrolysis of a cation exchange resin generates SOz and SO3 gases, and such generation
of gases needs to be controlled which makes the process complex and expensive.

Also known in the prior art are processes that use a formaldehyde carbon
material, such phenol formaldehyde carbon material, to form a porous carbon.
Processes that use a formaldehyde carbon material are described, for example, in

Thrupore, http://www.thrupore.com/innovation.html; and Energ2,

http://www.energ2.com/products.html. Typically, a phenol formaldehyde is used by

carbon manufactures to make pure carbons with different pore size distributions for
various applications. However, the above known prior art processes that use a phenol
formaldehyde carbon material, are usually (1) pyrolyzed at an intermediate temperature
(e.g., < 1,000 °C); and/or (2) activated by steam or CO> to maximize micropore area
and overall micro plus mesopore area. There has been no effort in the prior art to make

a support for bimetal catalyst application where the support has mesoporosity only.
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The mesoporous supports disclosed in prior art have a large amount of micropores
along with the mesopores.

SUMMARY

To help solve the problems of the prior art processes, one embodiment of the
present invention is directed to a mesoporous carbon resin composition useful for
producing an essentially mesoporous synthetic carbon; and a novel process for
producing such essentially mesoporous synthetic carbon. It has been surprisingly found
that by eliminating micropores from the carbon resin (e.g., by annealing synthetic
carbon at extremely high temperature, i.e.
> 1000 °C) the uniformity of the bimetal alloy catalyst can be improved with the
present invention.

In another embodiment, the present invention includes a mesoporous carbon
support member made from the above mesoporous carbon resin composition.

In still another embodiment, the present invention includes a mesoporous
catalyst product or article made using the above mesoporous carbon support member.

In yet other embodiments, the present invention includes processes for
producing (i) the above mesoporous carbon resin composition, (ii) the above a
mesoporous carbon support member, and (iii) the above mesoporous catalyst product or
article.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic flow diagram of a process for making a mesopore carbon,
a carbon support, and a catalyst of the present invention.

FIG. 2 is another schematic flow diagram of an alternative process for making a
mesopore carbon, a carbon support, and a catalyst of the present invention.

FIG. 3 is a graphical illustration showing the atomic ratio of Pd/Ag nanometer

particles on a catalyst.

DETAILED DESCRIPTION

Porous materials are typically classified into several kinds, categories, or types
by the pore size of the porous material. In the present invention, a “mesoporous”
material herein means a material containing pores with pore diameters between 2

nanometers (nm) and 100 nm; a “microporous” material herein means a material
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containing pores with pore diameters of

< 2 nm; and a “macroporous” material herein means a material containing pores with
pore diameters of greater than (>) 100 nm. Therefore, with regard to the pore diameter
size category of the synthetic carbon mesoporous materials of the present invention, the
average pore diameter size lies generally inbetween (i.e., the middle of) the diameter
sizes of a microporous material and a macroporous material.

In the present invention, the final carbon support material can have porosities in
the mesopore size and porosities in the micropore size; but the predominant size of the
porosities is mesopores; and thus, the final carbon support material can be referred to
herein as an “essentially mesoporous” carbon. And, an “essentially mesoporous”™
carbon herein means a carbon having a maximum number of porosities in the mesopore
size (i.e., porosities predominantly in the mesopore size) and a minimum number of
porosities in the micropore size (i.e., a carbon material substantially free of porosities in
the micropore size). Thus, the “essentially mesoporous”™ synthetic carbon produced by
the process of the present invention herein includes a synthetic carbon that has a
combined volume of micropores (< 2 nm) and mesopores (from 2 nm to 50 nm); and
the total area of micropores present in the synthetic carbon is generally < 50 percent
(%) of the combined area of micropores and mesopores in the synthetic carbon in one
embodiment, and < 30 % in another preferred embodiment.

“Pyrolysis” or “pyrolyzation”, with reference to a thermal decomposition
process to convert a polymeric resin into a carbonaceous material, herein means heating
at a temperature of < 1,000 °C.

“Anneal” or “annealing”, with reference to a high temperature process to
collapse the micropores through carbon framework rearrangement, herein means
heating at a temperature of higher than 1,000 °C.

A carbon formulation or composition (which is can also be referred to herein as
a “carbon precursor composition™) of the present invention, that can be used for
preparing a carbon support structure, includes, for example, an admixture of: (a) a
mesoporous carbon polymer resin precursor material having mesoporous particles; and
(b) a macro-molecule carbon forming binder.

The mesoporous carbon polymer resin precursor that can be used to form: (1) a

synthetic carbon; and (2) the mesopores in a final carbon support product, can be
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derived from various carbon materials having mesoporous particles such as a cation
exchange resin, a phenol formaldehyde resin, a polyacrylonitrile, a polyfurfural alcohol,
and the like; and mixtures thereof. In a preferred embodiment, the mesoporous carbon
polymer resin precursor can be selected from a cation exchange resin material, a phenol
formaldehyde resin material, or a mixture thereof.

Exemplary of cation exchange resins useful as the mesoporous carbon polymer
resin precursor can include AMBERLYST™ 15, AMBERLYST™ 35, DOWEX™ 88
all available from The Dow Chemical Company.

Exemplary of phenol formaldehyde resins useful as the mesoporous carbon
polymer resin precursor can include AMBERLITE™ XAD761, commercially available
from The Dow Chemical Company.

In general, the mesoporosity area of the mesoporous particles of component (a)
used in the above carbon composition can be in the range of from 10 m?/g to 500 m?/g
in one embodiment, from 20 m?/g to 400 m?/g in another embodiment, from 30 m?/g to
300 m?/g in still another embodiment, from 40 m?/g to 300 m?/g in yet another
embodiment. and from
50 m?/g to 200 m?/g in even still another embodiment.

The beneficial properties of the mesoporous particles of component (a) can be
achieved when the mesoporosity area of the mesoporous particles is predominantly of a
mesoporous size. However, it is within the scope of the present invention for the
mesoporous particles to include some amount of microporosity area in combination
with the mesoporosity area. In a preferred embodiment, the microporosity area of the
mesoporous particles can be minimized or eliminated as much as possible. For
example, the microporosity area of the mesoporous particles of component (a) used in
the above carbon composition can be in the range of less than 200 m?/g in one
embodiment, less than 100 m?/g in another embodiment, and less than 50 m?/g in still
another embodiment.

The average mesopore diameter (i.e., the average diameter of the pores) of the
mesoporous particles of the mesoporous polymer resin precursor, component (a), can
be, for example, from 2 nm to 100 nm in one embodiment, from 3 nm to 80 nm in
another embodiment, from 5 nm to 80 nm in still another embodiment, and from 10 nm

to 50 nm in yet another embodiment.



WO 2020/101972 PCT/US2019/060041

The particle size of the mesoporous particles of component (a) can be an
average particle size of from 0.1 micron (um) to 1,000 pm in one embodiment, from 1
pum to 500 pm in another embodiment, and from 5 um to 300 pm in still another
embodiment.

Generally, the amount of the mesoporous carbon polymer resin precursor
material, component (a), used in the formulation of the present invention can be
generally for example from 30 weight percent (wt %) to 99 wt % in one embodiment,
from 50 wt % to 97 wt % in another embodiment; and from 70 wt % to 95 wt % in still
another embodiment; based on the total weight of all components in the formulation.

The macro-molecule carbon forming-binder material, component (b), of the
present invention can include for example, a methylcellulose binder, coal tar pitch,
phenolic resin, and mixtures thereof. In a preferred embodiment, the binder material
can be a methylcellulose binder. For example, the methylcellulose binder useful in the
carbon composition can include METHOCEL™ A4M, commercially available from
The Dow Chemical Company.

In general, concentration of the binder material, component (b), used in the
present invention may range generally from 1 wt % to 70 wt % in one embodiment,
from 3 wt % to
50 wt % in another embodiment, and from 5 wt % to 30 wt % in still another
embodiment, based on the total weight of all components in the formulation.

In one broad embodiment, the process for producing the carbon composition
(which is also a precursor composition) of the present invention used for preparing a
mesoporous carbon support structure as described above includes admixing: (o) a
mesoporous material having mesoporous polymeric particles such as a cation exchange
resin material (e.g., a sulfonated crosslinked polystyrene) or a phenol formaldehyde
resin; and (3) a macro-molecule carbon forming binder such as a methylcellulose
binder. Any other desired optional additives can be added to the above carbon
composition.

In preparing the mesoporous carbon composition, the mixing of the components
(o) and () can be carried out at a temperature of from -10 °C to 100 °C in one
embodiment; from 0 °C to 80 °C in another embodiment; and from 10 °C to 50 °C in

still another embodiment. The order of mixing of the ingredients is not critical and two
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or more compounds can be mixed together followed by addition of the remaining
ingredients. The ingredients that make up the carbon composition may be mixed
together by any known mixing process and equipment.

With reference to FIG. 1, there is shown a schematic flow diagram of one
embodiment of an overall process, generally indicated by numeral 10, for (i) making a
mesopore carbon composition in the first steps shown in FIG. 1, followed by (ii)
making a carbon support, and then (iii) making a catalyst article of the present
invention. The steps of the process, as shown FIG. 1 include, but are not to be limited
thereby, for example, providing a mesopore resin and binder mixture 11; pelletizing
mesopore resin and binder mixture 11 in a pelletizing step 12 to form mesopore resin
pellets 13; pyrolyzing the pellets 13 in a pyrolysis step 14 to form micro-mesopore
carbon 15; annealing the micro-mesopore carbon 15 in a annealing step 16 to form a
mesopore carbon 17; and impregnating a metal salt into the mesopore carbon 17 and
calcining the metal salt impregnated mesopore carbon 17 in a metal salt
impregnation/calcination step 18 to form a mesopore carbon catalyst 19.

With reference to FIG. 2, there is shown another schematic flow diagram of
another embodiment of an overall process, generally indicated by numeral 20, for (i)
making a carbon support in the first steps shown in FIG. 2, followed by (ii) making a
mesopore carbon composition and then (iii) making a catalyst article of the present
invention. The steps of the process, as shown FIG. 2 include, but are not to be limited
thereby, for example, providing a mesopore resin 21; pyrolyzing the mesopore resin 21
in a pyrolysis step 22 to form a micro-mesopore carbon 23; annealing the micro-
mesopore carbon 23 in a annealing step 24 to form a mesopore carbon 25; forming an
admixture 26 of mesopore carbon and binder; pelletizing the mesopore carbon/binder
mixture 26 in a pelletizing step 27 to form mesopore carbon/binder pellets 28; and
impregnating a metal salt into the mesopore carbon/binder pellets 28 and calcining the
metal salt impregnated mesopore carbon/binder pellets 28 in a metal salt
impregnation/calcination step 29 to form a mesopore carbon catalyst 31. In an optional
alternative embodiment, after the mesopore carbon/binder pellets 28 are formed in step
28, the mesopore carbon/binder pellets 28 can be further processed to carbonize the
binder in the mesopore carbon/binder pellets 28 to form a mesopore carbon/carbonized

binder pellets 32 and then the resulting pellets 32 can be impregnated with a metal salt
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and the metal salt impregnated mesopore carbon/carbonized binder pellets 32 in a metal
salt impregnation/calcination step 29 to form a mesopore carbon catalyst 31

The carbon formulation or composition of the present invention has
advantageous properties and benefits. For example, the composition advantageously
can be free of ash content and other impurities. By “free of ash content and other
impurities”, with reference to the carbon composition, it is meant that the content of ash
and other impurities in the composition can be < 5 wt % in one embodiment, and < 0.5
wt % in another embodiment, based on the total weight of all the components in the
carbon composition. The ash content and impurities content of the composition can be
measured by the procedure described in ASTM D2866.

Another embodiment of the present invention is directed to a mesoporous
carbon support structure made from the above carbon composition containing a
majority of mesopores and a minority of micropores (a micro+mesoporous carbon
composition). Generally, the mesoporous carbon support structure includes an
annealed pyrolyzed carbon support structure resulting from annealing (e.g., > 1,000 °C)
the above described micro+mesoporous carbon composition. The carbon support
structure has a mesoporosity and a pore size which are derived from the mesoporosity
and the pore size of the mesoporous carbon polymer resin precursor, component (a), of
the above carbon composition.

In one general embodiment, the mesoporosity area of the carbon support
structure can be in the range of from 10 m?/g to 500 m?/g, from 30 m?/g to 400 m?/g in
another embodiment, and from 50 m?/g to 300 m?/g in still another embodiment; while
the microporosity area of the carbon support structure can be in the range of less than
200 m?/g in one embodiment, less than 100 m?/g in another embodiment, and less than
50 m?/g in still another embodiment. The mesopore size of the carbon support structure
can be an average mesopore diameter size of from 2 nm to 100 nm in one embodiment,
from 3 nm to 80 nm in another embodiment, and from
5 nm to 50 nm in still another embodiment.

In a broad embodiment of the present invention, the novel process for making
the mesoporous carbon support structure includes the steps of pyrolyzing and annealing
the unique mesoporous carbon formulation or composition described above. Pyrolysis,

or inert thermal decomposition, can be used to convert the composition of the mesopore
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carbon polymeric resin pellets into carbon structures. During this step, micropores are
generated from the leaving of volatile gases. The macropores in the resin precursor are
largely retained. Therefore, an essentially mesopore carbon which can contain
micropores (a micro+mesopore carbon) is generated after an initial low temperature
pyrolysis step.

With reference to FIG. 1 again, the process to make the mesoporous carbon
support includes the steps from the palletization of the carbon composition (process
flow step 12 in FIG. 1) to the annealing of micro-mesopore carbon (process flow step
16 in FIG. 1) to form the mesopore carbon support (shown in the flow diagram FIG. 1
as step 17).

For example, the novel carbon support structure (or formation) for
accommodating a bi-metal or multi-metal catalyst system can be prepared by: (1) using
mesoporous carbon material which provides the mesopores in the final carbon; and (2)
using a high temperature (e.g., > 1,200 °C) annealing step so that any micropores
generated from the decomposition/degassing of the carbon can be annealed away or
reduced/minimized. The high temperature anneal step is very uncommon for typical
known activated carbon processes because the heating of activated carbon is limited to
a temperature of up to 1,000 °C whereas in the present invention a process with a high
temperature annealing step can be used, viz, the annealing step 16 can be carried out a
temperature of > 1,000 °C.

In one general embodiment, the process for making the unique mesoporous
carbon support structure can include the steps of: (i) mixing the components (a) and (b)
together to form a paste material; (ii) extruding the paste to form an extrudate (i.e.
pellets); and then
(iii) pyrolyzing and simultaneously annealing the extrudate at a temperature of higher
than, or equal to, 1,200 °C to create a micropore-free porous carbon structure, i.e., a
mesoporous carbon support structure.

The pellets formed from the carbon composition of the present invention has
advantageous properties and benefits. For example, the pellets advantageously can
have a mechanical strength, as measured by the procedure described in ASTM D6175,

of from
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0.1 kg/mm to 10 kg/mm in one embodiment, from 0.5 kg/mm to 8 kg/mm in another
embodiment, and from 1 kg/mm to 5 kg/mm in still another embodiment.

In carrying out the process of the present invention, extremely high temperature
(e.g.,
> 1,200 °C) for a pyrolyzation and/or an annealing (heating) step of the process can be
used to collapse most of the micropores present in a carbon material; and thus, the
number of micropores in the carbon can be either eliminated or at least reduced to a
minimum. It has been unexpectedly found that the collapse the micropores in the
carbon enables the formation of compositional uniform nanoparticles catalytic metals
such as for example Pd/Ag in the resulting mesopores of the carbon. Thus, the
resulting mesoporous carbon, obtained using the high pyrolysis temperature, can be
suitable for preparing a catalyst support that can, in turn, be used for preparing a multi-
metal catalyst such as a highly selective Pd/Ag bimetal catalyst. The catalyst can then
be used in a variety of chemical processes such as in acetylene selective hydrogenation,
dichloroethane hydrodechlorination, hydrosilylation. The mesopore carbon structure
enables the formation of compositional uniform nanoparticles such as a uniform Pd/Ag
composition on all nanometer particles supported on the mesopore carbon structure.
The mesopores are places where catalytic metal alloy nanometer particles exist for
catalyst applications. The mesopore carbon of the present invention can also be useful
to support other multi-metal catalysts for other reactions and applications. Thus, the bi-
metal or multi-metal catalyst system of the present invention can be used in a broad
range of applications.

In another specific embodiment, the process for producing a carbon support
structure can include the steps of: (i) admixing: (o) a mesoporous material having
mesoporous particles such as a mesoporous material derived from a cation exchange
resin material or a phenol formaldehyde carbon material; and () a macro-molecule
carbon forming binder such as a methylcellulose; (ii) mixing the mixture from step (i)
with water to form an extrudable paste material; (iii) extruding the paste material from
step (ii), via a die such as a 2 millimeters (mm) to 10 mm die, to form an extrudate; (iv)
chopping or cutting the extrudate from step (iii) into shaped members such as from 2
mm to 10 mm length cylindrical-shaped members or from

2 mm to 10 mm spherical-shaped members (e.g., pellets); (v) drying and

-10 -
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simultaneously pyrolyzing the shaped members from step (iv) at a temperature of, for
example, from 650 °C to 800 °C under an inert atmosphere such as nitrogen (N»); and
(vi) annealing the pyrolyzed chopped extruded paste material from step (v) ata
temperature of at least equal to or higher than

1,200 °C under an inert atmosphere sufficient to create a micropore-free porous carbon
support structure. In another embodiment, steps (v) and (vi) can be combined together
in one step.

The pyrolyzing (heating) step of the process can be carried out at a temperature
of from 400 °C to 1,000 °C in one embodiment; from 500 °C to 800 °C in another
embodiment; and from 600 °C to 700 °C in still another embodiment. The amount time
required for pyrolyzation may be for example from 0 minutes (min) to 1,000 min in one
embodiment; from 10 min to
500 min in another embodiment; and from 30 min to 200 min in still another
embodiment.

The annealing (heating) step of the process can be carried out at a temperature
of from 1,000 °C to 2,500 °C in one embodiment; from 1,200 °C to 2,000 °C in another
embodiment; and from 1,500 °C to 1,800 °C in still another embodiment. The amount
time required annealing may be for example from O min to 1,000 min in one
embodiment; from 10 min to
500 min in another embodiment; and from 30 min to 200 min in still another
embodiment.

The carbon material used to form the carbon composition, i.e., the mesoporous
polymer resin precursor material having mesoporous particles may include for example
carbon particles, powder, beads, pellets, granules, aggregates, and the like. The carbon
material can have various shapes such as spherical, tubular, rods, and the like. As
aforementioned, when used in combination with a macro-molecule carbon forming
binder, the carbon material can be formed, for example, in a paste for extruding in
shaped members. The shaped members formed from the extrudate paste material can
also be of any shape desired for the selected application. For example, the shape of the
shaped members can include spherical, cylindrical, tubular, rods, elliptical, and the like;

and mixtures thereof. In addition, the inert atmosphere used during the heating steps of

- 11 -
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the process can be, for example, nitrogen, argon, and other inert gases; and mixtures
thereof.

Any of the steps of the process of the present invention, such as extruding the
paste material to form an extrudate; chopping or cutting the extrudate into shaped
members; and heating the materials, can be carried out using any technique and
ancillary equipment known in the art.

The mesoporous carbon support structure produced in accordance with the
present invention advantageously has advantageous properties and benefits including,
for example: (1) the carbon support can have a large surface area (e.g., > 30 m%/g) of
mesopores wherein the mesopores can be retained from the mesoporous polymer
precursor; and (2) the carbon support can be essentially free of micropores wherein the
micropores can be collapsed by high temperature (e.g., > 1,000 °C) annealing. The
mesopore carbon support is also free of other impurities because the carbon support can
be derived from synthetic resin and does not require any chemical activation.

The synthetic carbon of the present invention derived from a carbon material
has several advantages compared to a carbon derived from known carbon materials
using known processes. For example, the synthetic carbon: (1) has a higher activity;
and (2) can be used in a simplified process to make the final synthetic carbon structure.
In addition, a low temperature pyrolyzed carbon precursor, which is a low-cost starting
material, can be annealed at a high temperature before the final bi-metal or multi-metal
catalyst preparation step. The extremely high temperature (e.g., > 1,200 °C) annealing
step and the carbon structure obtained using the high temperature annealing step can
provide an effective catalyst while saving catalyst and process costs and while using a
simplified process to make the effective catalyst. In addition, the extremely high
temperature (e.g., > 1,200 °C) anneal step of the process can be beneficially used to
remove the detrimental micropores from the carbon material; and to create a very pure
carbon (C atomic composition higher than 95 weight percent (wt %) in one
embodiment, and higher than 98 wt % in another preferred embodiment.

In one preferred embodiment, the carbon support structure of the present
invention can be produced in the form of micropore-free carbon pellets that contain

mesopores and a certain number of macropores (i.e., the carbon pellets are essentially
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free of micropores). Advantageously, the carbon pellets also exhibit:(1) superior crush
strength and (2) good interaction with metal nanoparticles.

An extrusion or pelletization process can be used to make beads or extrudate
that have beneficial crush strength (e.g., > 0.1 kilograms per millimeter [kg/mm]),
dimensions (e.g., | mm to 5 mm diameter and length), and porosities (e.g., 20 volume
% [vol %] to 40 vol %). The crush strength of the pellets can be, for example, from 0.1
kg/mm to 10 kg/mm in one embodiment; from 0.5 kg/mm to 5 kg/mm in another
embodiment; and from 1 kg/mm to 3 kg/mm in still another embodiment as measured
by the process described in ASTM D6175.

The dispersion of composition of metal alloy nanoparticles on the carbon
support can be measured by Transmission Electron Microscope (TEM). The average
metal alloy particle can be for example, from 2 nm to 100 nm in one embodiment; from
3 nm to 80 nm in another embodiment; and from 5 nm to 50 nm in still another
embodiment as measured by TEM.

As an illustration of one embodiment of the present invention, the carbon pellets
can include a carbon support structure including: (a) mesoporous particles with a
mesopore area in the range of from 10 m?/g to 500 m?/g, an average mesopore diameter
of from 2 nm to 100 nm, and an average particle size of from 0.1 pm to 100 pum.

It has been surprisingly and unexpectedly found that, by using mesopore carbon
materials which have been annealed at a high temperature of above 1,200 °C to form a
bi-metal or multi-metal catalyst support, a bi-metal or multi-metal catalyst containing
metal alloy particles of uniform composition can be obtained. In addition, the bi-metal
or multi-metal catalyst can catalyze the desired reaction very selectively.

The multi-metallic catalyst of the present invention includes a combination of:
(A) an annealed pyrolyzed mesopore carbon structure having a mesoporosity of >20
m?/g and an average mesopore diameter of from 2 nm to 50 nm; and (B) at least two or
more metallic particles disposed throughout the mesoporosity of the annealed
pyrolyzed mesopore carbon structure. As described above, to produce the multi-
metallic catalyst, the annealed pyrolyzed carbon, component (A), can be prepared from
a mesoporous material having mesoporous particles derived from a cation exchange
resin material or a phenol formaldehyde polymeric precursor. Exemplary of the two

metallic particles, component (B) in the above multi-metallic catalyst, can include, first
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metallic particles of palladium and second metallic particles of silver (e.g., a Pd/Ag
catalyst). Other metallic particles for the catalyst can include platinum (Pt), copper
(Cu), and mixtures thereof.

In a broad embodiment, the catalyst of the present invention can be
manufactured by disposing at least two metals in the catalyst support member described
above. In a preferred embodiment, the process for producing the multi-metallic catalyst
of the present invention can include the steps of: (I) providing an annealed pyrolyzed
carbon structure having a mesoporosity of > 20 m?/g and an average mesopore diameter
of 2 nm to 50 nm; and (II) impregnating the annealed pyrolyzed carbon structure of
step (I) with at least two or more catalytic metallic particles throughout the
mesoporosity of the annealed pyrolyzed carbon structure such that at least a portion of
the two or more catalytic metallic particles are deposited throughout the mesoporosity
of the annealed pyrolyzed carbon structure. As aforementioned, the annealed
pyrolyzed carbon structure can be obtained from a mesoporous material having
mesoporous particles derived from a cation exchange resin material or a phenol
formaldehyde carbon material; and the two metallic particles can include first metallic
particles of palladium and second metallic particles of silver.

The catalyst made in accordance with the present invention can be useful in a
variety of applications including, for example, selective hydrogenation,

hydrodechlorination, hydroformylation, hydrosilylation, and the like.

EXAMPLES
The following examples are presented to further illustrate the present invention
in detail but are not to be construed as limiting the scope of the claims. Unless
otherwise stated all parts and percentages are by weight.
Various raw materials used in the Inventive Examples (Inv. Ex.) and the
Comparative Examples (Comp. Ex.) herein are described in Table I as follows:

Table I — Raw Materials

Component Brief Description Supplier
?é\;[)i]iRLYSTTM Mesoporous cation exchange resin The Dow Chemical Company
g?gi@RLYSTTM Mesoporous cation exchange resin The Dow Chemical Company
QXIDB;E ;LI;I;FE;M Mesoporous phenol formaldehyde resin The Dow Chemical Company
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Z/TJIHOCELTM Binder The Dow Chemical Company

Examples 1 — 5 and Comparative Examples A and B

AMBERLYST™ 15 and AMBERLY ST™ 35, were used to prepare a carbon

composition, which in turn, was used for preparing a catalyst support structure. The

In these Examples, two different mesoporous cation exchange resin products,

catalyst support structure was then, in turn, used for preparing a catalyst. The catalysts

used in the Examples and the catalyst performance results are described in Table I1L.

The various general procedures used for preparing and testing the catalysts of the

Examples are also described herein below.

Table II — Catalyst Preparation and Performance Results

Example Carbon Precursor p E(I)Tm;is / Average Pore | Micropore MLS:&

Form m Radius - BJH Area A;ea

Annealing Adsorption (m?/g) -

Temperature (m~/g)

(Oc) m

Comp. Ex. A | Powder | AMBERLYST™ 15 850 8.7 423 31
Inv. Ex. 1 Powder | AMBERLYST™ 15 1300 13.3 20 40
Inv. Ex. 2 Powder | AMBERLYST™ 15 1500 12.6 10 37
Inv. Ex. 3 Powder | AMBERLYST™ 15 1700 11.2 8 35
Comp. Ex. B | Powder | AMBERLYST™ 35 850 99 492 51
Inv. Ex. 4 Powder | AMBERLYST™ 35 1700 11.7 30 55
Inv. Ex. 5 Pellet AMBERLYST™ 15 1700 10.9 6 28

General Procedure for Pelletization

A wet cation exchange resin, AMBERLYST™ 15 or AMBERLYST™ 35, with

a resin bead (~500 microns in diameter) was milled into powder using an Alpine mill.

The milled powder has a D50 (volume cumulative 50 % point of diameter) of 22 pum, as

measured by laser diffraction method in dry powder form. A binder, METHOCEL™

A4M, and the milled cation exchange resin were mixed together using an automatic

low-shear kitchen mixer. The weight ratio of the binder/dry resin was kept at 3/100.

Water was gradually added to the binder/dry resin mixture until a paste formed with a

good balance of viscosity and stickiness such that the mixture had a consistent rheology

to be extrudable. A 5 centimeter (cm)-diameter ram extruder with a maximum working
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cylinder pressure of 200 Bar was used for extruding the paste material. The paste was
loaded into the barrel of the ram extruder and the ram was advanced at various rates
(e.g., 0.25 centimeters per minute (cm/min) to 1 cm/min) to force the paste through a
shaping die. The paste was extruded through a 4 mm internal diameter (ID) die and
automatically cut into cylindrical pellets of approximately 4-10 mm in length. The
pellets were dried in an air purged oven at 50 °C overnight.

General Procedure of Pyrolysis

Approximately 60 grams (g) of dried powder or pellets was loaded into a 6-inch
(15.2 cm) quartz tube furnace purged with nitrogen at a rate of 2 liters per minute
(L/min). A scrubber connected to the furnace contained a 10 wt % sodium hydroxide
aqueous solution. The loaded tube furnace was heated to a final temperature of either
300 °C or 850 °C at a rate of 5 degrees Celsius per minute (°C/min) and then the
temperature of the furnace was held for
30 min before cooling the furnace to ambient temperature (about 25 °C).

General Procedure for Annealing

Approximately 60 g of dried pellets, of the carbons pyrolyzed at 1700 °C, was
pre-pyrolyzed in a 6-inch (15.2 cm) quartz tube furnace to 850 °C at 5 °C/min and held
for
30 min. A subsequent higher temperature pyrolysis was then carried out in a graphite
furnace. About 20 g of the pre-pyrolyzed carbon obtained from the quartz tube furnace
was loaded into a graphite boat having the dimensions of 4 inches x 4 inches x 0.5 inch
(102cmx 10.2 cm x
1.3 cm). The boat containing the pre-pyrolyzed carbon sample was heated to 1700 °C
at
10 °C/min and held for 30 min, with a nitrogen purge at 10 L/min (one volume turnover
in every 12 min). After pyrolysis of carbon sample, the graphite furnace was cooled at
10 °C/min to 450 °C, below which the furnace was allowed to cool to ambient
temperature at a slower rate due to heat transfer limitations.

General Procedure for Catalyst Impregnation

Approximately 0.449 g AgNO3 salt (99.9999 % purity, available from Premion)
and 1.556 g of Pd(NOs)- salt in excess nitric acid solution (13.82 wt % Pd metal,

available from Heraeus) were added into a 50 milliliters (mL) jar. Additional deionized
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water (impregnation volume from BET minus 1.556 g of Pd(NQOs)> salt solution) was

added into the jar and hand-shaken to form a homogeneous solution. Approximately 10

g of carbon was added into the jar and the resulting solution/carbon mixture was hand-

shaken in the jar closed to the atmosphere. Then, the jar was opened and the contents

of the jar exposed to air such that the solution/carbon mixture in the jar dried overnight

at room temperature. After the mixture dried overnight, the resulting impregnated

catalyst was then dried at 120 °C with a 1 °C/min ramp for 12 hours (hr) under air

purge. The dried impregnated catalyst was then placed into a 6-inch (15.2 cm)

diameter quartz tube furnace and heated to 500 °C at 5 °C/min and held for 30 min.

Then, the quartz tube furnace was cooled to ambient temperature.

All of the catalysts described in Table II had the same metal loading: 2.15 wt %

Pd and 2.85 wt % Ag. The impregnated catalysts were then further calcined at 500 °C.

The catalysts of Comp. Ex. A and Comp. Ex. B had the largest amount of micropores

compared to the Inv. Ex. 1-5.

Examples 6 — 8 and Comparative Example C

was used as the mesoporous polymer resin. The mesoporous material was used to

In these Examples, a phenol formaldehyde resin (AMBERLITE™ XAD761)

prepare a carbon composition, which in turn, was used for preparing a catalyst support

structure. The catalyst support structure was then, in turn, used for preparing a catalyst.

The catalysts used in the Examples and the catalyst performance results are described

in Table III. The various general procedures used for preparing and testing the

catalysts of the Examples are described herein below.

Table IIT — Catalyst Preparation and Performance Results

Example Carbon Precursor Flna_l Avera;_ze Micropore | Mesopore Average
Pyrolysis/A | pore radius- Pd/Ag
Form - Area Area -
— nnealing BJH (m¥e) (m?/e) ratio [-
Temp. Adsorption = =
Q) (nm)

Comp. Ex. C | Powder ﬁ%gfg;‘é?a 850 3.8 473 176 1.07
Inv. Ex. 6 Powder ﬁi\/gfg;é?a 1300 4.0 156 183 0.43
Iv.Ex.7 | Powder | mriamiat’ 1500 44 139 139 0.38
Inv. Ex. 8 Powder ﬁ%gfg;‘é?a 1700 4.3 68 120 0.43
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General Procedure of Pyrolysis

Approximately 60 g of dried resin powder was loaded into a 6-inch (15.2 cm)
quartz tube furnace purged with nitrogen at a rate of 4-4.5 L/min. A scrubber
connected to the furnace contained a 10 wt % sodium hydroxide aqueous solution. The
loaded quartz tube furnace was heated to a final temperature of 850 °C at a rate of 5
°C/min; and then, the temperature of the furnace was held for 30 min before cooling the

furnace to ambient temperature.

General Procedure for Annealing
Approximately 20 g of pre-pyrolyzed carbon (which was pyrolyzed at 850 °C at

5 °C/min and held for 30 min in the 6-inch (15.2 cm) quartz tube furnace described
above in the pyrolysis procedure) was subsequently pyrolyzed at higher temperature in
a graphite furnace. About 20 g of the pre-pyrolyzed carbon obtained from the quartz
tube furnace was loaded into the graphite boat having the dimensions of 4 inches x 4
inches x 0.5 inch (10.2 cm x 10.2 em x 1.3 cm). The graphite boat containing the pre-
pyrolyzed carbon sample was then heated to a final temperature of 1,300 °C, 1,500 °C,
and 1,700 °C at 10 °C/min and held for 30 min, with a nitrogen purge at 10 L/min (one
volume turnover in every 12 min). After pyrolysis of the carbon sample, the furnace
was cooled at 10 °C/min to 450 °C, below which the furnace was allowed to cool to
ambient temperature at a slower rate due to heat transfer limitations.

General Procedure for Catalyst Impregnation

Approximately 0.898 g AgNO3 salt (99.9999 percent (%) purity, available from
Premion) and 1.556 g of Pd(INO3) salt in excess nitric acid solution (13.82 wt % Pd
metal, available from Heraeus) were added into a 50 mL jar. Additional deionized
water (impregnation volume from BET minus 1.556 g of Pd(NQOs)> salt solution) was
added into the jar and hand-shaken to form a homogeneous solution. Approximately 10
g of carbon was added into the jar and the resulting solution/carbon mixture was hand-
shaken in the jar closed to the atmosphere. Then, the jar was opened and the contents
of the jar exposed to air such that the solution/carbon mixture in the jar dried overnight
at room temperature. After the mixture dried overnight, the resulting impregnated
catalyst was then dried at 120 °C with a 1 °C/min ramp for 12 hr under air purge. The

dried impregnated catalyst was then placed into a 6-inch (15.2 cm) diameter quartz tube
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furnace and heated to 500 °C at 5 °C/min and held for 30 min. Then, the quartz tube
furnace was cooled to ambient temperature.

All of the catalysts described in Table II had the same metal loading: 2.15 wt %
Pd and 5.70 wt % Ag. The impregnated catalyst was then were further calcined at 500
°C.
Carbon Catalyst

Pd/Ag nanoparticles were imaged using Scanning Transmission Electron
Microscopy - High Angle Annular Dark Field (STEM-HAADF); the composition of
the Pd/Ag nanoparticles was determined using x-ray energy-dispersive spectroscopy
(XEDS). Two to five hundred individual particle sizes and composition were measured
using a custom Python script. As shown in FIG. 2 and Table III above, the
compositional distribution of the nanometer metal alloy particles changes significantly
on different carbon support. The catalyst of Comp. Ex. C has the widest distribution of
Pd/Ag ratios and may have less selectivity in catalytic systems. The catalyst of Comp.
Ex. C has the largest amount of micropores, which probably caused the separation of
the larger Pd2+ hydrated ion and the smaller Ag+ hydrated ion during the wet
impregnation stage. Annealing the carbon at a temperature above 1,200 °C reduces the
amount of micropores. The catalysts of Inv. Ex. 6, 7, and 8 have nanometer alloy
particles of much more uniform compositions. The catalyst of Inv. Ex. 6, 7, and 8
having a higher compositional uniformity can advantageously catalyze reactions more

selectively.

Exemplary embodiments include the following:

(1) A carbon composition used for preparing a catalyst support structure
including an admixture of: (a) a mesoporous material having mesoporous particles; and
(b) a macro-molecule carbon forming binder.

(2) The carbon composition of embodiment (1) above, wherein the mesoporous
material having mesoporous particles is derived from a cation exchange resin material
or a phenol formaldehyde carbon material.

(3) The carbon composition of embodiment (1) above, wherein the
mesoporosity area of the mesoporous particles of component (a) is in the range of from

10 m?/g to 500 m?/g; wherein the average mesopore diameter of the mesoporous
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particles is from 2 nanometers to 100 nanometers; and wherein the particle size of the
mesoporous particles is an average particle size of from 0.1 micron to 100 microns.

(4) The carbon composition of embodiment (1) above, wherein the macro-
molecule carbon forming binder is methylcellulose.

(5) A process for producing a carbon composition used for preparing a catalyst
support structure including admixing: (o) a mesoporous material having mesoporous
particles; and () a macro-molecule carbon forming binder.

(6) The process of embodiment (5) above, wherein the mesoporous material
having mesoporous particles is derived from a cation exchange resin material or a
phenol formaldehyde carbon material.

(7) The process of embodiment (5) above, wherein the macro-molecule carbon
forming binder is methylcellulose.

(8) A carbon support structure including an annealed pyrolyzed carbon structure
having a mesoporosity area of from 10 m?/g to 500 m?/g and an average mesopore
diameter of from 2 nanometers to 50 nanometers.

(9) A process for producing a carbon support structure including the steps of:

(i) admixing: (o) a mesoporous material having mesoporous particles; and (B) a
macro-molecule carbon forming binder;

(i1) mixing the mixture from step (i) with water to form an extrudable paste

material;

(iii) extruding the paste material from step (ii), via a 2 millimeters to 10

millimeters die;

(iv) chopping the extruded paste material from step (iii) into 2 millimeters to
10 millimeters length cylinders;

(v) drying and simultaneously pyrolyzing the chopped extruded paste material
from step (iv) at a temperature of 650 °C to 800 °C under an inert atmosphere; and

(vi) annealing the pyrolyzed chopped extruded paste material from step (v) at a
temperature of at least 1,200 °C under an inert atmosphere.

(10) The process of embodiment (9) above, wherein the mesoporous material
having mesoporous particles is derived from a cation exchange resin material or a

phenol formaldehyde carbon material.
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(11) The process of embodiment (9) above, wherein the macro-molecule carbon
forming binder is methylcellulose.

(12) A multi-metallic catalyst including: (A) an annealed pyrolyzed carbon
structure having a mesoporosity of from 10 m?/g to 500 m?/g and an average mesopore
diameter of from 2 nanometers to 50 nanometers; and (B) at least two or more metallic
particles disposed throughout the mesoporosity of the annealed pyrolyzed carbon
structure.

(13) The multi-metallic catalyst of embodiment (12) above, wherein the
annealed pyrolyzed carbon is obtained from a mesoporous material having mesoporous
particles derived from a cation exchange resin material or a phenol formaldehyde
carbon material.

(14) The multi-metallic catalyst of embodiment (12) above, wherein the
annealed pyrolyzed carbon includes a macro-molecule carbon forming binder is
methylcellulose.

(15) The multi-metallic catalyst of embodiment (12) above, wherein the two
metallic particles include first metallic particles of palladium and second metallic
particles of silver.

(16) A process for producing a multi-metallic catalyst including the steps of:

(D providing an annealed pyrolyzed carbon structure having a mesoporosity of
from
10 m?/g to 500 m?/g and a mesopore size of from 2 nanometers to 50 nanometers; and

(II) impregnating the annealed pyrolyzed carbon structure of step (I) with at
least two or more catalytic metallic particles throughout the mesoporosity of the
annealed pyrolyzed carbon structure such that at least a portion of the two or more
catalytic metallic particles are deposited throughout the mesoporosity of the annealed
pyrolyzed carbon structure.

(17) The process of embodiment (16) above, wherein the annealed pyrolyzed
carbon structure is obtained from a mesoporous material having mesoporous particles
derived from a cation exchange resin material or a phenol formaldehyde carbon
material.

(18) The process of embodiment (16) above, wherein the annealed pyrolyzed

carbon structure includes a macro-molecule carbon forming binder is methylcellulose.
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(19) The process of embodiment (16) above, wherein the two metallic particles

include first metallic particles of palladium and second metallic particles of silver.
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WHAT IS CLAIMED IS:

1. A catalyst support structure, comprising:
a carbon composition that includes an admixture of (a) a mesoporous material

having mesoporous particles; and (b) a macro-molecule carbon forming binder.

2. The catalyst support structure as claimed in claim 1, wherein the mesoporous
material having mesoporous particles is derived from a cation exchange resin material

or a phenol formaldehyde carbon material.

3. The catalyst support structure as claimed in claim 1 or claim 2, wherein:

the mesoporosity area of the mesoporous particles of component (a) is in the
range of from 10 m?/g to 500 m?/g; the microporosity area of the mesoporous particles
of component (a) is in the range of less than 200 m?/g; the average mesopore diameter
of the mesoporous particles is from 2 nanometers to 100 nanometers; and the particle
size of the mesoporous particles is an average particle size of from 0.1 micron to 100

microns.

4. The catalyst support structure as claimed in any one of claims 1 to 3, wherein

the macro-molecule carbon forming binder is methylcellulose.

5. A catalyst support structure as claimed in any one of claims 1 to 4, wherein

the catalyst support structure includes an annealed pyrolyzed carbon structure.

6. The catalyst support structure as claimed in claim 5, further comprising at
least two or more metallic particles disposed throughout the mesoporosity area of the

annealed pyrolyzed carbon structure to form a multi-metallic catalyst.
7. The catalyst support structure as claimed in claim 6, wherein the two

metallic particles include first metallic particles of palladium and second metallic

particles of silver.
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8. A process for producing the catalyst support structure as claimed in any one
of claims 1 to 7, the process comprising the steps of:

(i) admixing the (a) mesoporous material having mesoporous particles; and (b)
the
macro-molecule carbon forming binder;

(i1) mixing the mixture from step (i) with water to form an extrudable paste
material;

(iii) extruding the paste material from step (ii), via a 2 millimeters to 10
millimeters die;

(iv) chopping the extruded paste material from step (iii) into 2 millimeters to
10 millimeters length cylinders;

(v) drying and simultaneously pyrolyzing the chopped extruded paste material
from step (iv) at a temperature of 650 °C to 800 °C under an inert atmosphere; and

(vi) annealing the pyrolyzed chopped extruded paste material from step (v) at a

temperature of at least 1,200 °C under an inert atmosphere.
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