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CATALYST AND PROCESS FOR THE PRODUCTION OF PARA-XYLENE

Inventors: Nikolaos Soultanidis, Todd E. Detjen, Scott J. Weigel

CROSS-REFERENCE OF RELATED APPLICATIONS

[0001] This application claims priority to and the benefit of U.S. Provisional Application
No. 62/313,313 filed March 25, 2016, and EP Application No. 16170703.9, filed May 20,
2016, the disclosure of each being incorporated herein by reference in their entireties for all
purposes.

FIELD

[0002] This disclosure relates to a catalyst and process for producing para-xylene by the
alkylation of benzene and/or toluene with methanol.

BACKGROUND

[0003] Of the xylene isomers, para-xylene is of particular value since it is useful in the
manufacture of terephthalic acid which is an intermediate in the manufacture of synthetic
fibers. Today, para-xylene is commercially produced by hydrotreating of naphtha (catalytic
reforming), steam cracking of naphtha or gas oil, and toluene disproportionation.

[0004] One problem with most existing processes for producing xylenes is that they
produce a thermodynamic equilibrium mixture of ortho (0)-, meta (m)- and para (p)-xylenes,
in which the para-xylene concentration is typically only about 24 wt%. Thus, separation of
para-xylene from such mixtures typically requires superfractionation and multistage
refrigeration steps. Such processes involve high operational costs and result in only limited
yields. There is therefore a continuing need to provide processes for producing xylenes
which are highly selective for para-isomers.

[0005] It is well-known to manufacture xylenes by the alkylation of toluene and/or
benzene with methanol, and, in particular, to selectively make para-xylene (PX) product
using zeolite catalyst. See, for instance, U.S. Patent Nos. 4,002,698; 4,356,338; 4,423,266;
5.675.,047; 5,804.690: 5,939,597 6,028.238; 6,046,372; 6.048.816; 6,156,949: 6,423,879:
6,504,072; 6,506,954; 6,538,167, and 6,642,426. The terms "para-xylene selectivity", "para-
selective", and the like, means that para-xylene is produced in amounts greater than is present
in a mixture of xylene isomers at thermodynamic equilibrium, which at ordinary processing
temperatures is about 24 mol%. Para-xylene selectivity is highly sought after because of the

economic importance of para-xylene relative to meta- and ortho-xylene. Although each of
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the xylene isomers have important and well-known end uses, para-xylene is currently the
most economically valuable.

[0006] In the process, typically toluene and/or benzene are alkylated with methanol, in
the presence of a suitable catalyst, to form xylenes in a reactor in a system illustrated
schematically in Figure 1, wherein a feed comprising reactants enter fluid bed reactor 11 via
conduit 1 and effluent comprising product exits through conduit 5, and the catalyst circulates
between fluid bed reactor 11, apparatus 12, which strips fluid from the catalyst, and catalyst
regenerator 13, via conduits 2, 3, and 4, respectively. Water is typically co-fed with toluene
and methanol to minimize toluene coking in the feed lines and methanol self-decomposition.
Other side reactions include the formation of light olefins, light paraffins, as reactions that
convert para-xylenes to other xylene isomers or heavier aromatics.

[0007] Although toluene methylation, and particularly the para-selective toluene
methylation process of U.S. Patent No. 6,504,072, provides an attractive route to para-xylene,
the process inevitably produces significant quantities of C;-Cs non-aromatics. Therefore, it is
desirable to suppress the formation of C;-Cs non-aromatics and produce more aromatics in
the toluene methylation reaction.

SUMMARY

[0008] Some embodiments disclosed herein provide a process and dual-function catalyst
system for the methylation of toluene and/or benzene in a fluidized bed reactor. Because of
the nature of the fluidized bed reactor, the dual-function catalyst system is preferably a core-
shell catalyst, meaning a catalyst that contains one zeolite structure, i.e., the shell, that
performs one type of chemical reactions, with a similar or different zeolite structure, i.e., the
core, that performs or promotes different reactions. In one embodiment, the core-shell
catalyst comprises shell zeolite crystals to accomplish the toluene methylation reaction and
core zeolite crystals to either further convert the olefins and paraffins formed as byproducts in
the toluene methylation reaction or unconverted methylating agent, improve the yields of
desired products such as aromatics, or both. The inclusion of the second catalyst can
suppress the C;-Cs non-aromatic fraction by over 50% and significantly enhance the
formation of aromatics.

[0009] The process includes providing, in a fluidized bed reactor, a catalyst comprising
core crystals of a first medium-pore size aluminosilicate zeolite and a discontinuous layer of
shell crystals of a second medium-pore size aluminosilicate zeolite covering at least a portion

of the external surface of the core crystals. The shell crystals may be the same as or different
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from the core crystals. In one embodiment, the shell crystals comprise ZSM-5 having a
silica/alumina molar ratio of at least 200, as measured prior to any steaming of the catalyst,
and phosphorus or a compound thereof, wherein the catalyst has been steamed at a
temperature of at least 900°C, wherein said steamed catalyst has a Diffusion Parameter for
2,2 dimethylbutane of about 0.1-15 sec” when measured at a temperature of 120°C and a 2,2
dimethylbutane pressure of 60 torr (8 kPa). The core crystals may also be ZSM-5, either with
a higher activity and/or higher para-xylene selectivity than the shell crystals or with a metal
incorporated therein to further convert olefins and paraffins. The core-shell catalyst alkylates
Ce+ aromatic hydrocarbons with an alkylating agent selected from methanol, dimethyl ether,
and mixtures thereof, in the presence of the shell crystals under conditions including a
temperature of at least 400°C, and converts olefins and/or paraffins formed, unconverted
alkylating agent, and unconverted Ceq. aromatic hydrocarbons to para-xylene in the presence
of the core crystals.

[0010] Some embodiments disclosed herein also include a catalyst system that comprises
core crystals of a first medium-pore size aluminosilicate zeolite and a discontinuous layer of
shell crystals of a second medium-pore size aluminosilicate zeolite, which may be the same
as or different from the core crystals, covering at least a portion of the external surface of the
core crystals. The shell crystals are effective to accomplish toluene methylation and the core
crystals are effective to convert olefin and/or paraffin by-products formed by the toluene
methylation reaction and/or improve the yield of aromatics.

[0011] These and other objects, features, and advantages will become apparent in the
following detailed description, drawings, specific embodiments, experiments, and
accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Figure 1 is a schematic of a reactor system including reactor and regenerator and
some associated auxiliary devices and transfer piping per se known in the art.

[0013] Figure 2 is a schematic view of a core-shell catalyst in accordance with at least
some embodiments disclosed herein.

[0014] Figure 3 is a comparative chart of the components in the product streams of
Reactions A-D in the Example.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0015] At least some embodiments disclosed herein include a fluidized bed process for

producing para-xylene via toluene and/or benzene methylation with methanol using a dual
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function catalyst system. A first catalyst accomplishes the toluene and/or benzene
methylation and a second catalyst converts the by-products of the methylation reaction or
unconverted methylating agent, improves the yields of the desired products, or a combination
thereof. The inclusion of the second catalyst can suppress the C;-Cs non-aromatic fraction by
over 50% and significantly enhance the formation of aromatics.

[0016] For the purposes of this description and claims, reference to a group number for
an element corresponds to the International Union of Pure and Applied Chemistry (IUPAC)
Periodic Table version dated 1 May 2013.

[0017] As used herein, “toluene methylation” may also include benzene methylation.
[0018] The alkylation process employed herein can use any aromatic feedstock
comprising toluene and/or benzene, although in general it is preferred that the aromatic feed
contains at least 90 weight % (wt%), especially at least 99 wt%, of benzene, toluene or a
mixture thereof. An aromatic feed containing at least 99 wt% toluene is particularly desirable
in at least some embodiments. Similarly, although the composition of the methanol-
containing feed is not critical, it is generally desirable to employ feeds containing at least 90
wt%, especially at least 99 wt%, of methanol.

[0019] The dual function catalyst system employed in the alkylation process is
preferably a “core-shell” catalyst or coated catalyst. Using a dual function catalyst system in
a fluidized bed reactor poses unique challenges since stacking the two catalysts is not an
option. One possible solution is to include both catalysts in the reactor but there is no control
of the reaction mechanisms in this scenario because all of the reactions will occur at the same
time. Another possible solution is to utilize two reactors in sequence, but this is not preferred
for capital reasons. A core-shell catalyst allows the use of a single reactor and management
of the two reaction mechanisms. As used herein, a core-shell catalyst or coated catalyst
means a catalyst that contains one zeolite structure, i.e., the shell, that performs one type of
chemical reactions, with a similar or different zeolite structure, i.e., the core, that performs or
promotes different reactions. One or both of the zeolite structures may also contain a metal.
The terms core-shell catalyst and coated catalyst may be used interchangeably herein.
Examples of coated catalysts are found in U.S. Patent No. 7,335,295, which is incorporated
herein by reference.

[0020] Referring now to Figure 2, the core-shell catalyst of embodiments disclosed
herein contains a coating of second crystals 20, known herein as the shell crystals, of a

second zeolite covering at least a portion of the external surface of the first crystals 22,
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known herein as the core crystals. The shell crystals 20 can grow together and form an
overgrowth over the core crystals 22. By coating the core crystals 22 with the shell crystals
20, the accessibility of reactants and products to the external surface acid sites of the core
zeolite 22 is reduced. The term "coating" as used in the specification and claims, means that
a discontinuous layer of second or shell zeolite crystals (e.g., second crystals 20) is formed,
such as by being deposited or grown on, covering at least a portion of the external surface of
the first or core zeolite crystals (e.g., first crystals 22) such that the shell zeolite crystals are
non-continuous with the core crystals, i.e., the crystalline framework of the shell zeolite
crystals is not part of or a continuation of the framework of the core zeolite. Hence, the layer
deposited on the core zeolite crystals 22 is not isocrystalline with the core zeolite crystals 20.
It should be appreciated that the representation of the crystals 20, 22 in Figure 2 is schematic
in nature, and should not be interpreted as particularly defining the specific physical shape of
embodiments of the core-shell catalyst.

[0021] Preferably, the shell crystals 20 will cover at least 20 percent (i.e., 20%) of the
outer surface of the core crystals 22 and more preferably will cover at least 75 percent (i.e.,
75%) of the external surface of the core crystals. While Figure 2 shows the shell crystals 20
covering substantially all of the outer surface of the core crystals 22, it should be appreciated
that such total coverage is not required and that in at least some embodiments, the shell
crystals 20 may cover less than all of the outer surface of the core crystals 22. The coating
(e.g., of shell crystals 20) will usually be non-uniform and may adhere to the surface of the
core crystals 22. Another way to describe the coverage of the shell crystals 20 is the ratio of
shell crystals 20 to core crystals 22. In some embodiments, the ratio of shell crystals 20 to
core crystals 22 is 20:1, or 10:1, or 8:1, or 5:1, or 2:1.

[0022] In one embodiment, the core-shell catalyst comprises shell zeolite crystals 20 to
accomplish the toluene methylation reaction and core zeolite crystals 22 to either further
convert the olefins and paraffins formed as byproducts in the toluene methylation reaction,
improve the yields of desired products such as aromatics, or both.

[0023] The shell crystals 20 of the core-shell catalyst comprise a medium-pore size
aluminosilicate zeolite, preferably steamed, modified with phosphorus, and in its proton
form, such as that described in U.S Patent No. 9,012,711, which is incorporated herein by
reference. Medium pore zeolites are generally defined as those having a pore size of about 5
to about 7 Angstroms, such that the zeolite freely sorbs molecules such as n-hexane, 3-

methylpentane, benzene and p-xylene. Another common definition for medium pore zeolites
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involves the Constraint Index test which is described in U.S. Patent No. 4,016,218, which is
incorporated herein by reference. In this case, medium pore zeolites have a Constraint Index
of about 1-12, as measured on the zeolite alone without the introduction of oxide modifiers
and prior to any steaming to adjust the diffusivity of the catalyst. In addition to the medium-
pore size aluminosilicate zeolites, other medium pore acidic metallosilicates, such as
silicoaluminophosphates (SAPOs), can be used in the present process.

[0024] Particular examples of suitable medium pore zeolites include ZSM-5, ZSM-11,
ZSM-12, ZSM-22, ZSM-23, ZSM-35, ZSM-48, and MOR, with ZSM-5 and ZSM-11 being
particularly preferred. Zeolite ZSM-5 and the conventional preparation thereof are described
in U.S. Patent No. 3,702,886. Zeolite ZSM-11 and the conventional preparation thereof are
described in U.S. Patent No. 3,709,979. Zeolite ZSM-12 and the conventional preparation
thereof are described in U.S. Patent No. 3.832.449. Zeolite ZSM-23 and the conventional
preparation thereof are described U.S. Patent No. 4,076,842. Zeolite ZSM-35 and the
conventional preparation thereof are described in U.S. Patent No. 4,016,245, ZSM-48 and the
conventional preparation thereof is taught by U.S. Patent No. 4,375,573. The entire
disclosures of these U.S. patents are incorporated herein by reference.

[0025] In at least some embodiments, the medium pore zeolite is ZSM-5. The ZSM-5
employed in the present process is typically an aluminosilicate or silicate having a silica
(Si05) to alumina (Al,O3) molar ratio of at least 200, preferably 350, and more preferably
450, as measured prior to any steaming of the catalyst to adjust its diffusivity. After steaming
(described below), the silica (Si0») to alumina (Al,O3) molar ratio may be at least 900.

[0026] The shell zeolite crystals 20 employed in the present process are preferably
steamed such that the steamed catalyst has a Diffusion Parameter for 2,2 dimethylbutane of
about 0.1-15 sec” when measured at a temperature of 120°C and a 2,2 dimethylbutane
pressure of 60 torr (8 kPa). As used herein, the Diffusion Parameter of a particular porous
crystalline material is defined as D/r? x 10°, wherein D is the diffusion coefficient (cm?/sec)
and r is the crystal radius (cm). The diffusion parameter can be derived from sorption
measurements provided the assumption is made that the plane sheet model describes the
diffusion process. Thus for a given sorbate loading Q, the value Q/Qcq where Qgq 1s the

2 \where t is the time (sec)

equilibrium sorbate loading, is mathematically related to (Dt/r?)
required to reach the sorbate loading Q. Graphical solutions for the plane sheet model are
given by J. Crank in “The Mathematics of Diffusion”, Oxford University Press, Ely House,

London, 1967.
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[0027] The medium pore zeolites described above are preferred for the present process
since the size and shape of their pores favor the production of p-xylene over the other xylene
isomers. However, conventional forms of these zeolites have Diffusion Parameter values in
excess of the 0.1-15 sec™ range desired for the present process. Nevertheless, the required
diffusivity can be achieved by severely steaming the zeolite so as to effect a controlled
reduction in the micropore volume of the catalyst to not less than 50%, and preferably 50-
90%, of that of the unsteamed catalyst. Reduction in micropore volume is monitored by
measuring the n-hexane adsorption capacity of the zeolite, before and after steaming, at 90°C
and 75 torr n-hexane pressure.

[0028] Steaming to achieve the desired diffusivity and reduction in the micropore
volume of the porous crystalline material can be effected by heating the material in the
presence of steam at a temperature of at least about 900°C, preferably about 950 to about
1075°C, and most preferably about 1000 to about 1050°C, and for time period of from about
10 minutes to about 10 hours, preferably from 30 minutes to 5 hours, such as 30 minutes to 2
hours. Other preferred temperature and temperature ranges include any of the lower
temperatures and/or times listed in this paragraph to any of the higher temperatures and/or
times listed herein, e.g., from about 900 to 1050°C for about 10 minutes to 2 hours, and so
on.

[0029] To effect the desired controlled reduction in diffusivity and micropore volume, it
may be desirable to combine the porous crystalline material, prior to steaming, with at least
one oxide modifier, preferably selected from oxides of the elements of Groups I1A, IIIA,
IIB, IVA, VA, VB and VIA of the Periodic Table (IUPAC version). Conveniently, said at
least one oxide modifier is selected from oxides of boron, magnesium, calcium, lanthanum
and preferably phosphorus. In some cases, it may be desirable to combine the porous
crystalline material with more than one oxide modifier, for example a combination of
phosphorus with calcium and/or magnesium, since in this way it may be possible to reduce
the steaming severity needed to achieve a target diffusivity value. The total amount of oxide
modifier present in the catalyst, as measured on an elemental basis, may be between about
0.05 and about 20 wt%, such as between about 0.1 and about 10 wt%, based on the weight of
the final catalyst.

[0030] Where the modifier includes phosphorus, incorporation of phosphorus modifier
in the catalyst is conveniently achieved by the methods described in U.S. Patent Nos.

4,356,338, 5,110,776, 5,231,064 and 5,348,643, the entire disclosures of which are
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incorporated herein by reference. Treatment with phosphorus-containing compounds can
readily be accomplished by contacting the ZSM-5, either alone or in combination with a
binder material, with a solution of an appropriate phosphorus compound, followed by drying
and calcining to convert the phosphorus to its oxide form. Contact with the phosphorus-
containing compound is generally conducted at a temperature between about 25°C and about
125°C for a time between about 15 minutes and about 20 hours. The concentration of the
phosphorus in the contact mixture may be between about 0.01 and about 30 wt%.

[0031] After preparation of the phosphorus-containing compound, the catalyst may be
dried and calcined to convert the phosphorus to an oxide form. Calcination can be carried out
in an inert atmosphere or in the presence of oxygen, for example, in air at a temperature
between about 150 to 850°C, such as from 300 to 650°C, or about 540 to 810°C, for at least
30 minutes (mins), such as from 45 to 90 mins or from 30 to 60 mins.

[0032] Representative phosphorus-containing compounds which may be used to
incorporate a phosphorus oxide modifier into the catalyst have been previously disclosed in
U.S. Patent No. 6,504,072,

[0033] The phosphorus oxide modifier is generally present in the catalyst in an amount
such that the catalyst contains from 1 to 10 wt%, for example from 2 to less than 8 wt%, such
as from 2 to 6 wt%, of phosphorus, based on elemental phosphorus.

[0034] In an embodiment, the phosphorus source, such as phosphoric acid, is added to a
slurry of ZSM-5 in deionized water. Then clay, for example a kaolin clay, such as Thiele
RC-32, is then added to the slurry of ZSM-5 and phosphorus compound. The spray dried
product from this step is then calcined, preferably in air and at a nominal temperature of
between about 540-810°C, prior to steaming.

[0035] The core crystals 22 of the core-shell catalyst are an aluminosilicate zeolite that
can further convert reactants that were not converted by the shell crystals, aromatize the
olefins and paraffins formed as byproducts in the toluene methylation reaction, thereby
improving the yield of desired aromatics.

[0036] In one embodiment, the core crystals 22 comprise a medium pore size
aluminosilicate zeolite, such as those described above. In a preferred embodiment, the
medium-pore size zeolite is ZSM-5, which may be in the proton form (HZSM-5), having a
silica (S10,) to alumina (Al,O3) molar ratio of about 10 to 800, preferably about 10 to 400,
more preferably about 20 to 200, and most preferably about 20 to 100, as measured prior to

any steaming of the catalyst. The core crystals 22 of the core-shell catalyst may also include
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at least one element selected from Groups 6-14 of the Periodic Table. Typically, the total
weight of the Group 6-14 elements is at least 0.01 wt.% and less than about 20.0 wt.%,
preferably about 0.01 to 10.0 wt.%, more preferably about 0.01 to 2.0 wt.%, and most
preferably about 0.01 to 1.0 wt.%, the weight percent excluding any binder that may be used
and based on the core mass basis, not on the total core/shell mass. Of course, the total weight
of the Group 6-14 elements shall not include amounts attributable to the molecular sieve itself
or any binder that is used. Preferably, the Group 6-14 element is selected from Zn, Ga, Cu,
Re, Mo, W, La, Fe, Ag, Pt, or Pd. More preferably, the Group 6-14 element is Ga or Zn. The
inclusion of a Group 6-14 metal aids in the conversion of the olefins and paraffins by-
products to more aromatics, thereby improving the yield of desired aromatic products.

[0037] In another embodiment, the core crystals 22 comprise a medium pore zeolite,
such as ZSM-5, as described above in relation to the shell crystals, but with a higher activity,
a higher para-xylene selectivity, or a combination thereof. To achieve the higher activity
level, the zeolite has a lower silica (Si05) to alumina (Al,O;) molar ratio. In one embodiment
where the shell crystals have a silica (SiO;) to alumina (Al,O3;) molar ratio of greater than
450 prior to steaming, the core zeolite has a silica (Si0,) to alumina (Al,O3) molar ratio of
less than 450, prior to any steaming, or silica (Si0;) to alumina (Al,O3;) molar ratio of less
than 900 after any steaming, increased acid sites, and increased strength of acid sites. This
higher activity catalyst consumes the olefin by-products of the toluene methylation reaction
and makes additional aromatics and light paraffins by an aromatization reaction.
Alternatively, or in addition to the higher activity level, the zeolite may be more selective to
para-xylene. This may be achieved by steaming the zeolite.

[0038] In yet another embodiment, the core crystals 22 comprise a different zeolite than
ZSM-5. The zeolite may be any zeolite with a three-dimensional structure, such as ZSM-11,
ZSM-12, ZSM-22, ZSM-23, ZSM-35, ZSM-48, or those in the SAPO family. The zeolite
may be chosen based on the desired reaction to conduct within the core and/or the desired
characteristics.

[0039] The core zeolite crystals 22 employed in the present process may be steamed to
achieve the desired diffusivity and reduction in the micropore volume of the porous
crystalline material. The conditions may be the same as, or different from, those used to
steam the shell crystals 20 as described above. The steaming can be effected by heating the
zeolite in the presence of steam at a temperature of at least about 900°C, preferably about 950

to about 1075°C, and most preferably about 1000 to about 1050°C, and for time period of
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from about 10 minutes to about 10 hours, preferably from 30 minutes to 5 hours, such as 30
minutes to 2 hours. Other preferred temperature and temperature ranges include any of the
lower temperatures and/or times listed in this paragraph to any of the higher temperatures
and/or times listed herein, e.g., from about 900 to 1050°C for about 10 minutes to 2 hours,
and so on.

[0040] The catalyst system employed in the present process preferably includes a binder
or matrix materials resistant to the temperatures and other conditions employed in the
process. Such materials include active and inactive materials such as clays, silica and/or
metal oxides such as alumina. The latter may be either naturally occurring or in the form of
gelatinous precipitates or gels including mixtures of silica and metal oxides. Use of a
material which is active, tends to change the conversion and/or selectivity of the catalyst and
hence is generally not preferred. Inactive materials suitably serve as diluents to control the
amount of conversion in a given process so that products can be obtained economically and
orderly without employing other means for controlling the rate of reaction. These materials
may be incorporated into naturally occurring clays, e.g., bentonite and kaolin, to improve the
crush strength of the catalyst under commercial operating conditions. Said materials, i.e.,
clays, oxides, etc., function as binders for the catalyst. It is desirable to provide a catalyst
having good crush strength because in commercial use it is desirable to prevent the catalyst
from breaking down into powder-like materials.

[0041] Naturally occurring clays which can be utilized in the present catalyst include the
montmorillonite and kaolin family, which families include the subbentonites, and the kaolins
commonly known as Dixie, McNamee, Georgia and Florida clays or others in which the main
mineral constituent is halloysite, kaolinite, dickite, nacrite, or anauxite. Such clays can be
used in the raw state as originally mined or initially subjected to calcination, acid treatment or
chemical modification. It will be recognized that the specific clay used and treatment thereof
will affect performance to some extent, and the determination of the most appropriate clay (or
binder more generally) is within the skill of the ordinary artisan in possession of the present
disclosure to determine by routine experimentation.

[0042] In addition to the foregoing materials, the core-shell catalyst can be composited
with a porous matrix material such as silica-alumina, silica-magnesia, silica-zirconia, silica-
thoria, silica-beryllia, silica-titania as well as ternary compositions such as silica-alumina-
thoria, silica-alumina-zirconia silica-alumina-magnesia and silica-magnesia-zirconia.

[0043] Generally, the catalyst composition will contain from 50 to 90 wt% of the binder.

-10-
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[0044] Different synthesis methods can be applied for achieving the core-shell structure.
One method is to grow the shell crystals on the core crystals. Another method is to begin the
synthesis of the core crystals and add the proper reagents at a point during the synthesis to
start crystallization of the shell crystals. A different approach is to deposit an amorphous
silica alumina on the core crystal, followed by modification and crystallization of the
amorphous silica into the desired shell crystal structure. A similar method synthesizes the
core crystals with a binder into an extrudate that could be converted to the shell crystals. Yet
another method involves conventional synthesis of the core crystals followed by vapor
growth of the shell crystals. Other methods that may be used removes aluminum (by
steaming or a chemical leaching method) from the core crystals to create a mesoporous
defected surface that can then be used for the shell crystals to grow on, or impregnates the
mesoporous shell of the core crystals with the shell crystals’ structure directing agent and
then crystalizes the shell crystals.

[0045] The alkylation process can be conducted in any known reaction vessel but
generally the methanol and aromatic feeds are contacted with the catalyst described above
with the catalyst particles being disposed in one or more fluidized beds. Each of the
methanol and aromatic feeds can be injected into the fluidized catalyst in a single stage.
However, in one embodiment, the methanol feed is injected in stages into the fluidized
catalyst at one or more locations downstream from the location of the injection of the
aromatic reactant into the fluidized catalyst. For example, the aromatic feed can be injected
into a lower portion of a single vertical fluidized bed of catalyst, with the methanol being
injected into the bed at a plurality of vertically spaced intermediate portions of the bed and
the product being removed from the top of the bed. Alternatively, the catalyst can be
disposed in a plurality of vertically spaced catalyst beds, with the aromatic feed being
injected into a lower portion of the first fluidized bed and part of the methanol being injected
into an intermediate portion of the first bed and part of the methanol being injected into or
between adjacent downstream catalyst beds.

[0046] One particular system for the alkylation process disclosed herein is described in
U.S. Patent No. 9,095,831. However, is the embodiments disclosed herein are generally
applicable to fixed bed, moving bed, or fluid bed reactors.

[0047] The conditions employed in the alkylation stage of the present process are not
narrowly constrained but, in the case of the methylation of toluene, generally include the

following ranges: (a) temperature between about 400 and about 700°C, such as between
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about 450 and about 650°C; (b) pressure of between about 1 atmosphere and about 1000 psig
(between about 100 and about 7000 kPa), such as between about 10 psig and about 50 psig
(between about 170 and about 1480 kPa); (c) moles toluene/moles methanol (in the reactor
charge) of at least about 0.2, such as from about 0.2 to about 20; and (d) a weight hourly
space velocity (WHSV) for total hydrocarbon feed to the reactor(s) of about 0.2 to about
1000, such as about 0.5 to about 500 for the aromatic reactant, and about 0.01 to about 100
for the combined methanol reagent stage flows, based on total catalyst in the reactor(s).

[0048] In addition to producing para-xylene and other xylene isomers, the present
process produces water vapor which, at the high temperatures employed in the process, can
lead to rapid aging of the catalyst. Notwithstanding that water is produced in the reaction,
water is also advantageously and preferably added to the reaction, such as in one or more of
the aromatic feed(s) and/or alkylating agent feed(s). Addition of water in this manner has
been found to increase alkylation agent conversion, decrease side reactions, and also decrease
coking in furnace(s) used to heat feedstreams to the reactor.

[0049] As is shown in the following Example, the present catalyst exhibits suppressed
C,-Cs non-aromatics formation and an improved aromatics yield. Additionally, the use of a
Group 6-14 metal increases methanol utilization by shifting the kinetic equilibrium of the
reactions. This allows less reactants to be used to yield the same amount of para-xylene and
smaller equipment downstream of the methylation reactor to process the C;-Cs non-aromatic
by -products.

Example

[0050] Figure 3 shows the results from converting methanol to aromatics and olefins
with three different catalysts at varying reaction conditions. In Figure 3, the results are
displayed as a bar graph for each reaction, with the weight percent of each reaction product
designated by different shaded sections. Reaction A used a ZSM-5 catalyst at a temperature
of 535°C, a methanol partial pressure of 15 psig, and a weight hourly space velocity (WHSV)
of 2 hr''. Reaction B used a ZSM-5 catalyst with 1 wt% zinc dispersed thereon at a
temperature of 500°C, a methanol partial pressure of 15 psig, and a weight hourly space
velocity (WHSV) of 2 hr'. Reaction C used a ZSM-5 catalyst with 1 wt% zinc dispersed
thereon at a temperature of 450°C, a methanol partial pressure of 15 psig, and a weight hourly
space velocity (WHSV) of 2 hr'. Reaction D used a ZSM-5 catalyst with 1 wt% zinc and 1
wt% of phosphorus dispersed thereon at a temperature of 450°C, a methanol partial pressure

of 15 psig, and a weight hourly space velocity (WHSV) of 2 hr’. All conversion reactions
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were performed to achieve 100% conversion of the methanol feed. While none of the
catalysts used in Reactions A-D were core-shell catalysts, Figure 3 shows that the addition of
a Group 6-14 metal to the catalyst decreases the amount of olefins formed and increases the
amount of aromatics produced.

[0051] While this disclosure includes description and illustrations that reference
particular embodiments, those of ordinary skill in the art will appreciate that the embodiments

disclosed herein lend themselves to variations not necessarily illustrated herein.
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CLAIMS
1. A process for producing para-xylene, the process comprising:

(a) providing a catalyst comprising core crystals of a first medium-pore size
aluminosilicate zeolite having a pore size of about 5 to about 7 Angstroms and
a discontinuous layer of shell crystals of a second medium-pore size
aluminosilicate zeolite covering at least a portion of the external surface of the
core crystals in a fluidized bed reactor;

(b) alkylating Ce+ aromatic hydrocarbons with an alkylating agent selected from
methanol, dimethyl ether, and mixtures thereof, in the presence of the shell
crystals under conditions including a temperature of at least 400°C; and

© converting olefins and/or paraffins formed in step (b), unconverted alkylating
agent, and unconverted Ce: aromatic hydrocarbons to para-xylene in the
presence of the core crystals.

2. The process of claim 1, wherein the second medium-pore size aluminosilicate zeolite

comprises ZSM-5 having a silica/alumina molar ratio of at least 200, as measured prior to any

steaming of the catalyst.

3. The process of claim 1 or 2,

wherein the second medium-pore size aluminosilicate zeolite comprises ZSM-5 and

phosphorus or a compound thereof

wherein (a) further comprises steaming the catalyst at a temperature of at least 900°C

so that the catalyst has a Diffusion Parameter for 2,2 dimethylbutane of about
0.1-15 sec’ when measured at a temperature of 120°C and a 2.2

dimethylbutane pressure of 60 torr (8 kPa).

4, The process of any one of claims 1-3, wherein the first medium-pore size

aluminosilicate zeolite comprises ZSM-5 having a lower silica/alumina molar ratio than that

of the second medium-pore size aluminosilicate zeolite.

5. The process of any one of claims 1-3, wherein the first medium-pore size

aluminosilicate zeolite comprises ZSM-5 having a silica/alumina molar ratio of about 10-100,
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as measured prior to any steaming of the catalyst, and about 0.01 to 2 wt% of at least one

Group 6-14 element.

6. The process of claim 5, wherein the first medium-pore size aluminosilicate zeolite

comprises from about 0.8-1.2 wt% of the Group 6-14 element.

7. The process of claim 5 or 6, wherein the Group 6-14 element is selected from the

group consisting of Zn, Ga, Cu, Ag or Pt.

8. The process of claim 7, wherein the Group 6-14 element comprises Zn or Ga.

9. The process of any preceding claim, wherein the catalyst further comprises a binder.
10. The process of claim 9, wherein the binder comprises silica and/or clay.

11.  The process of claim 9 or 10, wherein the catalyst contains from 75 to 90 wt% binder.
12.  The process of any one of claims 1-11, wherein the second medium-pore size

aluminosilicate zeolite has been steamed at a temperature of at least 900°C for between about

10 minutes and about 1.5 hours.

13.  The process of any one of claims 1-12, wherein said conditions in (b) also include a
temperature between about 500 and 700°C, a total reactor pressure of between about 1
atmosphere and 1000 psig (100 and 7000 kPa), a weight hourly space velocity between about

0.5 and about 1000 and a molar ratio of toluene to methanol of at least about 0.2.

14. A process for producing para-xylene, the process comprising:

(a) providing a core-shell catalyst comprising a discontinuous layer of shell
crystals covering at least a portion of the external surface of core crystals in a
fluidized bed reactor,

wherein the shell crystals comprise ZSM-5 having a silica/alumina molar ratio of at
least 200, as measured prior to any steaming of the catalyst, and phosphorus or
a compound thereof, wherein the catalyst has been steamed at a temperature of

at least 900°C, wherein said steamed catalyst has a Diffusion Parameter for 2,2
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dimethylbutane of about 0.1-15 sec” when measured at a temperature of
120°C and a 2,2 dimethylbutane pressure of 60 torr (8 kPa),

wherein the core crystals comprise ZSM-5;

(b) alkylating Cs: aromatic hydrocarbons with an alkylating agent selected from
methanol, dimethyl ether, and mixtures thereof, in the presence of the shell
crystals; and

© converting olefins and/or paraffins formed in step (b), unconverted alkylating
agent, and unconverted Ce: aromatic hydrocarbons to para-xylene in the

presence of the core crystals.

15. The process of claim 14, wherein the core crystals comprise ZSM-5 having a lower

silica/alumina molar ratio than the ZSM-5 of the shell crystals.

16.  The process of claim 14, wherein the core crystals comprise ZSM-5 having a
silica/alumina molar ratio of about 10-100, as measured prior to any steaming of the catalyst,

and about 0.01 to 2 wt% of at least one Group 6-14 element.

17. The process of claim 14, wherein the core crystals comprise from about 0.8-1.2 wt%
of the Group 6-14 element and wherein the Group 6-14 element is selected from the group

consisting of Zn, Ga, Cu, Ag or Pt.

18.  The process of any one of claims 14-17, wherein the catalyst further comprises a
binder.
19.  The process of any one of claims 14-18, wherein said conditions in (b) also include a

temperature between about 500 and 700°C, a total reactor pressure of between about 1
atmosphere and 1000 psig (100 and 7000 kPa), a weight hourly space velocity between about

0.5 and about 1000 and a molar ratio of toluene to methanol of at least about 0.2.

20. A catalyst composition for producing para-xylene in a fluidized or moving bed
process, the catalyst comprising:
(a)  core crystals of a first medium-pore size aluminosilicate zeolite having a pore
size of about 5 to about 7 Angstroms; and

(b) a discontinuous layer of shell crystals of a second medium-pore size
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aluminosilicate zeolite covering at least a portion of the external surface of the
core crystals, wherein the shell crystals may be the same as or different from
the core crystals,
wherein the shell crystals are configured to accomplish toluene methylation and the
formation of olefin and/or paraffin by-products when toluene is reacted with
an alkylating agent in the presence of the shell crystals; and
wherein the core crystals are configured to convert the olefin and/or paraffin by-

products to para-xylene.

21.  The catalyst of claim 20, wherein the second medium-pore size aluminosilicate zeolite
comprises ZSM-5 having a silica/alumina molar ratio of at least 200, as measured prior to any
steaming of the catalyst, and phosphorus or a compound thereof, wherein the catalyst has
been steamed at a temperature of at least 900°C, wherein said steamed catalyst has a
Diffusion Parameter for 2,2 dimethylbutane of about 0.1-15 sec” when measured at a

temperature of 120°C and a 2,2 dimethylbutane pressure of 60 torr (8 kPa).

22.  The catalyst of claim 20 or 21, wherein the first medium-pore size aluminosilicate
zeolite comprises ZSM-5 having a lower silica/alumina molar ratio than that of the second

medium-pore size aluminosilicate zeolite.

23. The catalyst of any one of claims 20 or 21, wherein the first medium-pore size
aluminosilicate zeolite comprises ZSM-5 having a silica/alumina molar ratio of about 10-100,
as measured prior to any steaming of the catalyst, and about 0.01 to 2 wt% of at least one

Group 6-14 element.

24, The catalyst of claim 23, wherein the Group 6-14 element is selected from the group
consisting of Zn, Ga, Cu, Ag or Pt.

25.  The catalyst of any one of claims 20-24, wherein the catalyst further comprises a

binder.

-17-



WO 2017/164981 PCT/US2017/015212

1/3

IN o ]: —7—»

Fig. 1

(Prior Art)



WO 2017/164981 PCT/US2017/015212

2/3

Fig. 2



WO 2017/164981 PCT/US2017/015212

3/3

V.

i
7
g

s HP

# C0x & CHY
=paraffins
® Olefins

# Aromatics




INTERNATIONAL SEARCH REPORT International application No.
PCT/US2017/015212

Box No. Il Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. m Claims Nos.: 6, 8, 10
) because they relate to patts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:
Claims 6, 8, 10 are unclear since they refer to claims which are not searchable due to not being drafted in accordance with third
sentence of Rule 6.4(a).

3. Claims Nos.: 4-5, 7,9, 11-13, 19, 25
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. |:| As all required addtional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment
of any additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4, |:| No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest |:| The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.
The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.
|:| No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2017/015212

A. CLASSIFICATION OF SUBJECT MATTER

C07C 2/86(2006.01)i, CO7C 7/20(2006.01)i, CO7C 15/08(2006.01)i, CO7C 15/04(2006.01)i, CO7C 15/06(2006.01)i, BO1J
29/40(2006.01)i, BO1J 8/18(2006.01)i, BO1J 35/00(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
C07C 2/86, CO7C 15/12; CO7C 7/04, CO7C 15/08; CO7C 7/20; CO7C 2/68; B01J 29/80; CO7C 15/04; CO7C 15/06;, BO1J 29/40; BO1J

8/18; BO1J 35/00

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
eKOMPASS(KIPO internal) &google & keywords: para-xylene, catalyst, core crystals, shell crystals, first medium-pore size aluminosilicate
zeolite, second medium-pore size aluminosilicate zeolite, alkylating agent, olefins, paraffins, discontinuous layer, C6+ aromatic hydrocarbon

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X WO 96-16004 A2 (EXXON CHEMICAL PATENTS INC.) 30 May 1996 1,2,20
See page 1, lines 6-24; page 4, lines 21-27; page 5, line 28-page 6, line 12;
page 6, lines 29-34; page 7, lines 3-11; page 14, line 35-page 15, line 3;
page 18, lines 1-11; page 19, lines 28-31; and claims 1, 3, 5.
Y 3,14-18,21-24
Y US 6504072 Bl (BROWN, S. H. et al.) 07 January 2003 3,14-18,21-24
See claims 1, 6 and 11.
A WO 2016-032639 A1 (EXXONMOBIL CHEMICAL PATENTS INC.) 03 March 2016 1-3,14-18,20-24
See claims 1-25.
A WO 97-45387 A1l (EXXON CHEMICAL PATENTS INC.) 04 December 1997 1-3,14-18,20-24
See claims 1-20.
A Ji, Y.-J. et al., “Core/shell-structured Al-MWW@B-MWW zeolites for shape- 1-3,14-18,20-24
selective toluene disproportionation to para—xylene,” Journal of
Catalysis, vol. 283, pages 168-177, [Epub] 23 September 2011.
See the whole document .

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:

"A" document defining the general state of the art which is not considered
to be of particular relevance

carlier application or patent but published on or after the international
filing date

document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

document referring to an oral disclosure, use, exhibition or other
means

document published prior to the international filing date but later
than the priority date claimed

i

K

nQr

npr

e

'

myn

ng"

later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art

document member of the same patent family

Date of the actual completion of the international search
07 June 2017 (07.06.2017)

Date of mailing of the international search report

09 June 2017 (09.06.2017)

Name and mailing address of the [SA/KR

International Application Division

Korean Intellectual Property Office

189 Cheongsa-ro, Seo-gu, Dagjeon, 35208, Republic of Korea

Facsimile No. +82-42-481-8578

Authorized officer

CHO, Han Sol

Telephone No.

\\\\ N

+82-42-481-5580

Form PCT/ISA/210 (second sheet) (January 2015)



INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2017/015212
Patent document Publication Patent family Publication
cited in search report date member(s) date
WO 96-16004 A2 30/05/1996 AU 1996-47378 A 17/06/1996
BR 9509756 A 16/06/1998
CA 2206891 Al 30/05/1996
CA 2206891 C 20/03/2007
CN 1059424 C 13/12/2000
CN 1170396 A 14/01/1998
DE 69511575 T2 27/04/2000
EP 0793634 A2 10/09/1997
EP 0793634 Bl 18/08/1999
ES 2137566 T3 16/12/1999
JP 11-501286 A 02/02/1999
JP 3862095 B2 27/12/2006
KR 10-0364182 Bl 07/02/2003
KR 10-1998-0700244 A 30/03/1998
MX 9703769 A 31/05/1998
RU 2177468 C2 27/12/2001
US 2001-0002426 Al 31/05/2001
US 5993642 A 30/11/1999
US 6039864 A 21/03/2000
US 6198013 B1 06/03/2001
US 6458736 B2 01/10/2002
WO 96-16004 A3 01/08/1996
US 6504072 Bl 07/01/2003 AU 1997-48954 B2 06/04/2000
AU 1999-33793 Al 25/10/1999
AU 1999-33793 B2 08/08/2002
AU 1999-33795 Al 25/10/1999
AU 1999-33795 B2 21/08/2003
AU 2001-94608 Al 29/04/2002
CA 2267915 Al 09/04/1998
CA 2267915 C 01/04/2008
CA 2327246 Al 14/10/1999
CA 2327688 Al 14/10/1999
CN 1088694 C 07/08/2002
CN 1157351 C 14/07/2004
CN 1231653 A 13/10/1999
CN 1302283 A 04/07/2001
EP 0935591 Al 04/05/2005
EP 0935591 B1 14/09/2005
EP 1070032 Al 24/01/2001
EP 1070032 B1 23/06/2004
EP 1073614 Al 07/02/2001
JP 2001-524069 A 27/11/2001
JP 2002-510659 A 09/04/2002
JP 2002-510660 A 09/04/2002
JP 4077518 B2 16/04/2008
KR 10-0569657 Bl 11/04/2006
KR 10-2001-0042501 A 25/05/2001
US 2003-0004383 Al 02/01/2003

Form PCT/ISA/210 (patent family annex) (January 2015)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2017/015212
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 6046372 A 04/04/2000
US 6048816 A 11/04/2000
US 6423879 Bl 23/07/2002
US 6538167 Bl 25/03/2003
WO 02-32836 Al 25/04/2002
WO 98-14415 Al 09/04/1998
WO 99-51548 Al 14/10/1999
WO 99-51549 Al 14/10/1999
WO 2016-032639 Al 03/03/2016 US 2016-0060188 Al 03/03/2016
WO 97-45387 Al 04/12/1997 AU 1997-32289 A 05/01/1998
AU 737003 B2 09/08/2001
BR 9709620 A 10/08/1999
CA 2255873 Al 04/12/1997
CA 2256525 Al 04/12/1997
CA 2256525 C 25/07/2006
CN 1078194 C 23/01/2002
CN 1083412 C 24/04/2002
CN 1084718 C 15/05/2002
CN 1088049 C 24/07/2002
CN 1102075 C 26/02/2003
CN 1222898 A 14/07/1999
CN 1222899 A 14/07/1999
CN 1223601 A 21/07/1999
CN 1223602 A 21/07/1999
CN 1223603 A 21/07/1999
CN 1223629 A 21/07/1999
CN 1224408 A 28/07/1999
EA 002376 Bl 25/04/2002
EA 199801061 Al 24/06/1999
EP 0906152 Al 29/09/2004
EP 0906152 B1 20/10/2004
EP 0909216 Al 14/01/2004
EP 0909216 Bl 07/07/2004
EP 0912473 Al 06/05/1999
EP 0912473 B1 16/04/2003
EP 0914310 Al 16/04/2003
EP 0914310 B1 01/10/2003
EP 0914311 Al 30/05/2001
EP 0914311 B1 11/07/2001
EP 0918737 Al 09/07/2003
EP 0958050 Al 16/05/2001
JP 2000-511106 A 29/08/2000
JP 2000-511107 A 29/08/2000
JP 2000-511194 A 29/08/2000
JP 2000-511195 A 29/08/2000
JP 2001-501588 A 06/02/2001
JP 2001-504084 A 27/03/2001
JP 4067122 B2 26/03/2008

Form PCT/ISA/210 (patent family annex) (January 2015)




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2017/015212
Patent document Publication Patent family Publication
cited in search report date member(s) date

JP 4197740 B2 17/12/2008
KR 10-0490511 Bl 04/08/2005
KR 10-0543270 Bl 23/03/2006
KR 10-2000-0016071 A 25/03/2000
KR 10-2000-0016072 A 25/03/2000
KR 10-2000-0016111 A 25/03/2000
KR 10-2000-0016112 A 25/03/2000
KR 10-2000-0016113 A 25/03/2000
KR 10-2000-0016114 A 25/03/2000
KR 10-2000-0016115 A 25/03/2000
TW 408094 A 11/10/2000
US 5994603 A 30/11/1999
WO 97-45196 Al 04/12/1997
WO 97-45197 Al 04/12/1997
WO 97-45198 Al 04/12/1997
WO 97-45384 Al 04/12/1997
WO 97-45385 Al 04/12/1997
WO 97-45386 Al 04/12/1997

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	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 - claims
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - wo-search-report
	Page 24 - wo-search-report
	Page 25 - wo-search-report
	Page 26 - wo-search-report
	Page 27 - wo-search-report

