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SUPPORTED NANO SIZED ZEOLITE
CATALYST FOR ALKYLATION REACTIONS

CROSS-REFERENCE TO RELATED

APPLICATIONS
[0001] Not applicable.
FIELD
[0002] The present disclosure 1s generally related to the

alkylation of hydrocarbons. More specifically, the embodi-
ments of the present disclosure relate to catalysts for the
alkylation of hydrocarbons, such as the alkylation of benzene
tor the production of ethylbenzene and other compounds.

BACKGROUND

[0003] Styrene 1s an important monomer used 1n the manu-
facture of many polymers. Styrene 1s commonly produced by
tforming ethylbenzene, which 1s then dehydrogenated to pro-
duce styrene. Fthylbenzene 1s typically formed by one or
more aromatic conversion processes mvolving the alkylation
ol benzene.

[0004] Aromatic conversion processes, which are generally
carried out utilizing a molecular sieve type catalyst, are well
known 1n the chemical processing industry. Such aromatic
conversion processes include the alkylation of aromatic com-
pounds such as benzene with ethylene to produce alkyl aro-
matics, such as ethylbenzene.

[0005] The molecular sieve catalysts that are suitable for
use 1n these alkylation reactions typically include zeolites.
The most commercially available zeolites are prepared such
that the zeolite crystal 1s greater than 1 um.

SUMMARY

[0006] Embodiments of the present disclosure include an
alkylation catalyst having dispersed and/or grown nanosize
zeolite particles and a support material. The support material
can be selected from the group consisting of silica, silicon
carbide, alumina, aluminosilica, titania, and zirconia, and
combinations thereof.

[0007] The nanosize zeolite can have a particle size of less
than 1000 nm or less than 300 nm and can be formed from a
tamjasite (FAU), such as an X-type or Y-type zeolite, MTW,
MWW, BEA (beta) type zeolite or a MFI type zeolite, such as
a ZSM-5, and other 10 membered and 12 membered ring
zeolites. The support material can be selected from the group
consisting of silica, alumina, including alpha alumina, alu-
mina silicates, titania, and zirconia, and combinations
thereot. The catalyst can further include a promoter selected
from the group consisting of Co, Mn, 11, Zr, Nb, K, Cs, Ga, P,
B, Rb, Ge, Cu, Mg, Ce, L1, Ag, and Na and combinations
thereol.

[0008] The catalyst and parts thereof can be hydrophilic 1n
nature.

BRIEF DESCRIPTION OF DRAWINGS
[0009] The present disclosure 1s best understood from the

tollowing detailed description when read with the accompa-
nying figures.
[0010] FIG. 1 1illustrates a tlow chart for the production of

cthylbenzene by the alkylation reaction of benzene and eth-
ylene consistent with at least one embodiment of the present

disclosure.
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[0011] FIG. 2 1s a Transmission Flectron Microscopy
(TEM) image of an embodiment of the present disclosure
depicting nanozeolites incorporated in the pores of a silica
substrate.

[0012] FIG. 3 1s a TEM image of an embodiment of the
present disclosure depicting distribution of nanocarriers and
nanozeolites incorporated in the pores of a silica substrate.

DETAILED DESCRIPTION

[0013] The following disclosure provides many different
embodiments, or examples, for implementing different fea-
tures of various embodiments. Specific examples of compo-
nents and arrangements are described below to simplity the
present disclosure. These are, of course, merely examples and
are not intended to be limiting.

[0014] Various terms as used herein are shown below. To
the extent a term used 1n a claim 1s not defined below, 1t should
be given the broadest definition skilled persons 1n the perti-
nent art have given that term as reflected 1n printed publica-
tions and 1ssued patents at the time of filing. Further, unless
otherwise specified, all compounds described herein may be
substituted or unsubstituted and the listing of compounds
includes derivatives thereof.

[0015] Further, various ranges and/or numerical limitations
may be expressly stated below. It should be recognized that
unless stated otherwise, 1t 1s intended that endpoints are to be
interchangeable. Further, any ranges include iterative ranges
of like magnitude falling within the expressly stated ranges or
limitations.

[0016] Styrene production can include reacting benzene
with ethylene to produce ethylbenzene that can then be dehy-
drogenated to form styrene. The catalysts described herein 1in
combination with the described processes are capable of
minimizing side product formation, thereby resulting in
increased conversion and/or selectivity.

[0017] The styrene production process generally includes
catalyst disposed within one or more reactors. The reactors
may include fixed bed reactors, fluid bed reactors, entrained
bed reactors or combinations thereof, for example. Reactors
capable of operation at the elevated temperature and pressure
as described herein, and capable of enabling contact of the
reactants with the catalyst, can be considered within the scope
of the present disclosure. Embodiments of the particular reac-
tor system may be determined based on the particular design
conditions and throughput, as by one of ordinary skill 1n the
art, and are not meant to be limiting on the scope of the present
disclosure.

[0018] In another embodiment, the one or more reactors
may include one or more catalyst beds. When utilizing mul-
tiple beds, an inert material layer may separate each bed. In
one or more embodiments, the reactor includes from 1 to 10
catalyst beds, or from 2 to 8 catalyst beds, or from 2 to 6
catalyst beds, for example.

[0019] In a non-limiting example, benzene and ethylene
may be injected into a catalyst bed, an inert material layer or
combinations thereot, for example.

[0020] Inan embodiment, all of the benzene feed may flow
through a series of catalyst beds and the ethylene may be
injected between the catalyst beds to adjust the benzene:
cthylene ratio for each catalyst bed to optimize conversion to
cthylbenzene.

[0021] The operating conditions of the reactors will be
system specific and can vary depending on the feedstream
composition and the composition of the product streams. In
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one or more embodiments, the reactor(s) may operate at
clevated temperatures and pressures, for example.

[0022] In one or more embodiments, the elevated tempera-
ture can range from 150° C. to 750° C., or from 175° C. to
500° C. or from 200° C. to 450° C., for example. The pressure
can range from 0.1 atm to 70 atm, or from 0.1 atm to 35 atm,
for example. In an embodiment, the reaction 1s conducted 1n
a liquid phase and the elevated temperature can range from
150° C. to 400° C., or from 200° C. to 300° C. or from 200°
C. 10 260° C., for example. In an embodiment, the reaction 1s
conducted 1n a gas phase and the elevated temperature can

range from 300° C. to 750° C., or from 3350° C. to 550° C. or
from 400° C. to 460° C., for example.

[0023] FIG. 1 illustrates a simplified flow chart of one
embodiment of the styrene production process described
above. In this embodiment, a first reactor (3) 1s an alkylation
reactor designed to react benzene feed (1) with an ethylene
teed (2). The product stream (4) of the first reactor (3) may
then be sent to a separation unit (5) where the ethylbenzene 1s
separated from any unreacted benzene or ethylene and
unwanted byproducts (6). Any unreacted benzene can then be
recycled back into the firstreactor (3). The byproducts and the
benzene recycle steam (6) are separated from the ethylben-
zene (7).

[0024] The ethylbenzene (7) 1n the presence of steam 1s
then dehydrogenated to styrene in the dehydrogenation reac-
tor (9). The styrene product (10) of the dehydrogenation
reactor (9) may then be sent to a separation unit (11) where
any unwanted byproducts (15), such as benzene, toluene,
higher molecular weight compounds and water, can be sepa-
rated from the styrene and unreacted ethylbenzene (12). Any
unreacted ethylbenzene (12) can be recycled back into the
dehydrogenation reactor (9). A styrene product stream (14)
can be removed from the separation unit (11) and subjected to
turther treatment or processing 1f desired.

[0025] The catalyst utilized for the alkylation process
described herein generally includes a zeolitic material. As
used herein, the term “zeolitic material” refers to a molecular
sieve contaiming an alumino silicate lattice. Zeolitic matenals
are well known 1n the art and possess well-arranged pore
systems with uniform pore sizes.

[0026] Embodiments of the present disclosure utilize a
nanosize zeolite. As used herein, the term “nanosize zeolite”
refers to zeolitic materials having a particle size smaller than
5000 nm (5 um), optionally smaller than 2500 nm (2.5 um),
optionally smaller than 1000 nm (1 pum). For example, the
particle size may be less than 1000 nm, or less than 300 nm,
or less 100 nm, or less than 50 nm, or less than 25 nm, for
example. In one or more embodiments, the particle size 1s
from 1.0 nm to 1000 nm, or from 10 nm to 500 nm, or from 25
nm to 300 nm, or from 50 nm to 100 nm, or from 20 nm to 200
nm, or from 50 nm to 735 nm, for example. As used herein, the
“particle si1ze” refers to either the size of each discrete crystal
(1.e., crystal) of the zeolitic material or the size of an agglom-
eration of particles (i.e., crystallite) within the zeolitic mate-
rial. The particles of nanosize zeolite may also be referred to
as nanoparticles.

[0027] The zeolitic materials may include silicate-based
zeolites, such as faujasites and mordenites, for example. Sili-
cate-based zeolites may be formed of alternating S10., and
MO, tetrahedra, where M 1s an element selected from the
Groups 1 through 16 of the Periodic Table. Such formed
zeolites may have 4, 6, 8, 10, or 12-membered oxygen ring
channels, for example. An example of a faujasite are X-type
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and Y-type zeolites. Other suitable zeolitic materials may
include MTW, FAU, or MWW. The zeolitic material may
have a S1/Al ratio of 1.0 or greater. In an embodiment the
S1/ Al ratio can range from 1.0 to 300. In an alternate embodi-
ment the S1/Al ratio can range from 1.0 to 100. In an alternate
embodiment the S1/Al ratio can range from 1.0 to 50. In an
alternate embodiment the S1/ Al ratio canrange from 1.0to 25.
The zeolitic material can include BEA type zeolite material
such as beta zeolite, and MFI type zeolite material such as

/SM-5.

[0028] Optional support materials may include but not lim-
ited to silica, silicon carbide, alumina, including alpha alu-
mina, alumina silicates, titania, zirconia and combinations
thereof, for example. An optional support material can be a
larger crystal size faujasite, such as a conventional sized
zeolite, that can support a nanosize zeolite.

[0029] The catalyst generally includes from 1 wt. % to 99
wt. %, or from 3 wt. % to 90 wt. % or from 4 wt. % to 80 wt.
% nanosize zeolite 1n the final catalyst, for example. In an
embodiment the nanosize zeolite in the final catalyst ranges
from 5 wt. % to S0 wt. %, optionally from 5 wt. % to 30 wt. %,
optionally from 5 wt. % to 10 wt. %. In one or more embodi-
ments, the catalyst includes from 35 wt. % to 20 wt. %, or from
Swt. % to 15 wt. % or from 7 wt. % to 12 wt. %, optionally
from 5 wt. % to 10 wt. % support material in the final catalyst,
for example.

[0030] In one or more embodiments, the nanosize zeolite
may have an increased ratio of surface area to volume com-
pared to zeolitic materials that are not nanosize, for example.
For example the nanosize zeolite may have at least 50%
higher ratio of surface area to volume compared to zeolitic
materials that are not nanosize, optionally at least 100%
higher ratio, optionally at least two times higher ratio, option-
ally atleast five times higher ratio, optionally at least ten times
higher ratio.

[0031] Thenanosize zeolite may be supported, or added, by
any method(s) known to one skilled in the art. In an embodi-
ment, these methods may 1include 1incipient wetness impreg-
nation. In an alternative embodiment, the nanosize zeolite can
be admixed with a support material. In a further embodiment,
the nanosize zeolite may be supported in-situ with the support
material or extruded. In an additional embodiment, the nano-
s1ze zeolite may be supported by spray-coating 1t onto a
support material. It 1s further contemplated that such support
processes may include layering the nanosize zeolite onto the
support material, such as the support matenials described
below or optionally polymer spheres, such as polystyrene
spheres, for example. It 1s even further contemplated that such
support processes may 1include the utilization of zeolitic
membranes, for example.

[0032] In one specific embodiment, the nanosize zeolite 1s
supported by a support material and the nanosize zeolite 1s
added to the support material via incipient wetness 1mpreg-
nation. In an embodiment, this process includes dispersing a
nanosize zeolite 1 a diluent, such as non-limiting examples
of methanol or toluene, to yield individually dispersed crys-
tals, or individually dispersed nanoparticles. A support mate-
rial may then be added to the solution and mixed until dry. In
an embodiment, the dispersing of the nanoparticles of the
nanosize zeolite 1n a solution 1s naturally dispersed or can be
aided by agitation. Any suitable means of agitation can be
used. In a specific embodiment, the agitation includes soni-
cation.
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[0033] In the incipient wetness impregnation method, the
nanoparticles can have an aflinity for one another and can
form conglomerations 1nside the pores of the substrate. These
conglomerations may become bound 1nside the support mate-
rial, causing the nanosize zeolite to be supported by the sup-
port material. But conglomerations of the nanoparticles
within the pores of the substrate are not necessary for the
nanoparticles to be supported by the substrate.

[0034] In another embodiment, the nanoparticles may be
added to the support aided by the use of carriers. In an
embodiment, this process includes dispersing a nanosize zeo-
lite 1n a diluent, such as methanol or toluene, to yield indi-
vidually dispersed crystals, or individually dispersed nano-
particles. A support material may then be added to the
solution and mixed. A carrier may be added to the solution at
any point during the mixing. In an embodiment, the carrier 1s
added to the diluent before the nanosize zeolite 1s added. In
another embodiment, the carrier 1s added to the diluent after
the nanosize zeolite 1s added and before the support material
1s added. In a further embodiment, the carrier 1s added after
the nanosize zeolite and support material are added to the
diluent. In an aspect, the zeolitic matenial, the catalytically
active promoter, the support material or combinations thereof
may optionally be contacted with a carrier prior to contact of
the zeolitic material with the catalytically active promoter.
This can be done by having an 10n exchange, or other process
of addition, performed after a supporting step. The carrier
may be adapted to aid 1n the incorporation of the catalytically
active promoter into the zeolitic material, for example. In one
or more embodiments, the carrier 1s a nano-sized carrier, or
nanocarrier (with the nano-sized carrier defined as for nano-
s1ze zeolites, as described above). In an embodiment, the
carrier may include aluminum. In a more specific embodi-
ment, the aluminum-containing carrier includes boehmite
alumina. In an embodiment, the nanocarrier comprises mate-
rial that can attract nanoparticles with columbic interaction.

[0035] In one embodiment, the nanosize zeolite 1s formed
by utilizing a carrier to transport the nanosize zeolite into
pores of the support matenal. In an embodiment, the carrier
includes boehmite alumina. The carrier may be then be added
to a solution containing a solvent. Boechmite alumina 1s a
nano-sized crystallite having particle sizes from about 10 to
15 nm. These nanoparticles have a high surface charge that
can adhere small particles, such as nano-zeolites, which can
be beneficial 1 transporting the zeolites into the pores of the
silica support material. The formed zeolite may then be dried
and subjected to thermal treatment. During thermal treat-
ment, the silica and alumina can bond and hold the zeolite 1n
a cage-like assembly for catalytic activity. In a further
embodiment, the carrier may be mixed with a solvent prior to
contact with the nanosize zeolite.

[0036] Inan embodiment, the nanosize zeolite 1s supported
by physical addition of the nanosize zeolite with the zeolitic
support. In another embodiment, the nanosize zeolite 1s sup-
ported by forming an extrudable material utilizing a support
material 1n combination with the nanosize zeolite to form
extrudates and/or tablets.

[0037] Thenanosize zeolite may be chemically modified so
that 1t will graft onto a support. In an embodiment, the nano-
s1ze zeolite 1s supported by surface modification of the nano-
s1ze zeolite followed by grafting the modified nanosize zeo-
lite onto a support. In an embodiment, the support 1s selected
from the group of silica, alumina, a monolith structure, silicon
carbide, and combinations thereof. In another embodiment,
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the nanosize zeolite 1s supported by a process including:
surface modilying the nanosize zeolites using a graiting mol-
ecule such as a silane (silica having functional groups) to
yield a surface modified nanosize zeolite, wherein the surface
modified nanosize zeolite has terminal reactive functional
groups which can help to graft the nanosize zeolite onto a
support.

[0038] In an embodiment the catalyst 1s produced by a
method that includes providing nanosize zeolite particles,
contacting the nanosize zeolite particles with a silane result-
ing 1n a modified nanosize zeolite. The modified nanosize
zeolite 1s then grafted onto a support and calcined resulting 1n
a catalyst comprising nanosize zeolite particles.

[0039] Inan embodiment, the nanosize zeolite 1s deposited
or grown or grafted on a support by any suitable means, such
as by non-limiting example one selected from the group of
dip-coating, spray-coating, and wash-coating and any com-
binations thereol. The nanosize zeolite may be wash-coated
on a monolith or an 1nert structured support for example.

[0040] The nanosize zeolite may be supported 1n situ with
the support material. In an embodiment, the nanosize zeolite
particles are created in situ with the support matenial. In
another embodiment, the nanosize zeolite particles are simul-
taneously created and supported in situ with the support mate-
rial

[0041] The catalysts described herein may increase the
cifective diffusivity of the reactants, thereby increasing reac-
tant conversion to desired products. Furthermore, the cata-
lysts may result 1n processes exhibiting improved product
selectivity over processes utilizing conventional zeolitic
materials. In addition, activity of such processes may be
increased due to an increase of accessibility of active sites,
which thereby increases the effective number of active sites
per weight of catalyst over larger non-nanosize zeolites.

[0042] Optionally, a catalytically active element, such as a
catalytically active metal, may be incorporated into the nano-
s1ze zeolite by, for example, 1on-exchange or impregnation of
the zeolitic material, or by incorporating the active element in
the synthesis materials from which the zeolitic matenal 1s
prepared. As described herein, the term “incorporated into the
zeolitic material” refers to incorporation into the framework
of the zeolitic maternial, incorporation 1into channels of the
zeolitic material (i.e., occluded) or combinations thereof.

[0043] The catalytically active element can be 1n a metallic
form, combined with oxygen (e.g., metal oxide) or include
derivatives of the compounds described below, for example.
Suitable catalytically active metals depend upon the particu-
lar process in which the catalyst 1s intended to be used and
generally include, but are not limited to, Co, Mn, Ti, Zr, Nb,
K, Cs, Ga, P, B, Rb, Ge, Cu, Mg, Ce, and Na and combinations
thereof.

[0044] In one or more embodiments, the nanosize zeolite
may include less than 15 wt. % sodium of the total weight of
active catalyst, optionally less than 7 wt. % sodium, option-
ally less than 1 wt. % sodium. In one or more embodiments,
the nanosize zeolite may include less than 25 wt. % aluminum
of the total weight of active catalyst, optionally less than 20
wt. % aluminum, optionally less than 7 wt. % aluminum. In
one or more embodiments, the nanosize zeolite may include
less than 30 wt. % silicon of the total weight of active catalyst,
optionally less than 25 wt. % silicon, optionally less than 18
wt. % silicon. The balance of the nanosize zeolite will gen-
erally be formed of oxygen. If other elements are included 1n
the material, then these amounts may be altered.
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[0045] Aluminum oxide, commonly referred to as alumina,
possesses strong 1onic interatomic bonding giving rise to
desirable material characteristics. It can exist in several crys-
talline phases which all revert to the most stable hexagonal
alpha phase at elevated temperatures. Alpha phase alumina 1s
the strongest and stiffest of the oxide ceramics. Its high hard-
ness, refractoriness and good thermal properties make 1t the
material of choice for a wide range of applications. High
purity alumina 1s usable in both oxidizing and reducing atmo-
spheres to 1925° C.

[0046] In an embodiment the nanosize zeolite catalyst can
comprise alumina, optionally alpha phase alumina. In an
embodiment the nanosize zeolite catalyst can comprise at
least 5 wt. % alumina of the total weight of active catalyst,
optionally at least 10 wt. % alumina, optionally at least 25 wit.
% alumina, optionally at least 50 wt. % alumina.

[0047] Increased alkylation selectivity towards desired
products may be achieved by treating the catalyst with chemi-
cal compounds to 1nhibit select basic sites. Such 1mprove-
ment may be accomplished by the addition of a second ele-
ment. The second element can be one of those mentioned
above. For example, 1n one or more embodiments, the second
clement may include boron.

[0048] A processformaking ethylbenzene includes provid-
ing a C, source to a reactor containing a catalyst and reacting
benzene with the C, source 1n the presence of the catalyst to
form a product stream comprising ethylbenzene, wherein the
catalyst includes nanosize zeolite particles. The C, source can
be selected from the group consisting of ethanol, ethylene,
and combinations thereof.

[0049] Theprocesses described herein may exhibit an over-
all benzene conversion of at least 0.01 mol. %, or from 0.1
mol. % to 80 mol. %, or from 10 mol. % to 60 mol. % or from
15 mol. % to 40 mol. % for example.

[0050] The process may exhibit a selectivity to ethylben-
zene of at least S mol. %, or from 5 mol. % to 99.9 mol. %, or
at least 50 mol. % or at least 75 mol. %, for example.

EXAMPLES

Example 1

[0051] A supported nanosize zeolite material was prepared
according to the incipient wetness impregnation method. In
this method, 18 mg of nanozeolite (Cs/Y) having a size of
about 60 nm were dispersed 1n toluene and then loaded on to
570 mg of silica support.

[0052] The Transmission Electron Microscopy (TEM)
image in FIG. 2 shows that nanozeolites (Cs/Y), indicated by
circles, are incorporated in the pores of the silica substrate and
that they are well distributed.

Example 2

[0053] A supported nanosize zeolite material was prepared
by utilizing nanocarriers. In this method, 2.18 g of nanozeo-
lite (Cs/Y) having an average size as determined by TEM of
about 60 nm were dispersed 1n 250 m1 of toluene using soni-
cation cycles creating a dispersion solution. Each sonication
cycle was comprised of a five minute period at 450 watts and
21 amplitude level, followed by five minutes of 1mactivity to
allow the solution to cool. This cycle was repeated three
times, for a total of three cycles.

[0054] 0.2 g of Catapal A alumina was added to the disper-
sion solution. Catapal A 1s a boehmite alumina, which 1s a
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nano-sized crystallite having sizes of about 10 to 15 nm. This
boehmite alumina has a high surface charge that can adhere
the small particles of the nanozeolites. The Catapal A 1s used
as the nanocarrier. The mixture was then sonicated for five
cycles.

[0055] 10.09 g of silica having an average pore diameter of
about 379 nm size as determined by TEM, a pore volume of
0.78 cc/g, and bulk density of 0.49 cc/g was then placed 1n an
ion exchange column having an interior diameter of 1 inch.
The dispersion solution was then added to the 10.09 g ot silica
in the 1on exchange column. After the silica substrate was
completely wet, the excess liquid was drained out and then
lett 1n a hood to air dry, followed by drying 1n a vented drying
oven at 70° C. for 1 hr. This was repeated 19 times until the
dispersion liquid was consumed.

[0056] The samples for TEM analysis were prepared by
embedding the sample 1n an epoxy resin and curing the resin.
The cured resin 1s then microtomed to ultra thin sections
containing the cross-sections of the nanozeolites incorpo-
rated within the silica. The microtomed sections are placed on
to the carbon film coated copper grid for TEM investigation.

[0057] The image in FIG. 3 shows distribution of nanocar-
riers (Catapal-A-alumina) as indicated by the larger dashed
circle, along with the nanozeolites (Cs/Y ), as indicated by the
smaller dashed oval, incorporated 1n the pores of the silica
substrate.

[0058] As used herein, the term “‘activity” refers to the
weight of product produced per weight of the catalyst used in
a process at a standard set of conditions per unit time.

[0059] The term “conversion” refers to the percentage of
reactant (e.g. benzene) that undergoes a chemical reaction.

[0060] The term “molecular sieve” refers to a material hav-
ing a fixed, open-network structure, usually crystalline, that
may be used to separate hydrocarbons or other mixtures by
selective occlusion of one or more of the constituents, or may
be used as a catalyst 1n a catalytic conversion process.

[0061] Use of the term “optionally” with respect to any
clement of a claim 1s intended to mean that the subject ele-
ment 1s required, or alternatively, 1s not required. Both alter-
natives are itended to be within the scope of the claim. Use
of broader terms such as comprises, includes, having, etc.
should be understood to provide support for narrower terms
such as consisting of, consisting essentially of, comprised
substantially of, etc.

[0062] The term “selectivity” refers to the relative activity
ol a catalyst 1n reference to a particular compound 1n a mix-

ture. Selectivity 1s quantified as the proportion of a particular
product relative to all other products.

[0063] The term “zeolite” refers to a molecular sieve con-
taining an aluminosilicate lattice, usually 1n association with
some aluminum, boron, gallium, 1ron, and/or titanium, for
example. In the following discussion and throughout this
disclosure, the terms molecular sieve and zeolite will be used
more or less interchangeably. One skilled 1n the art will rec-
ognize that the teachings relating to zeolites are also appli-
cable to the more general class of materials called molecular
S1EVES.

[0064] The various embodiments of the present disclosure
can be joined in combination with other embodiments of the
disclosure and the listed embodiments herein are not meant to
limit the disclosure. All combinations of embodiments of the
disclosure are enabled, even i1f not given in a particular
example herein.
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[0065] The foregoing outlines features of several embodi-
ments so that a person of ordinary skill in the art may better
understand the aspects of the present disclosure. Such fea-
tures may be replaced by any one of numerous equivalent
alternatives, only some of which are disclosed herein. One of
ordinary skill in the art should appreciate that they may
readily use the present disclosure as a basis for designing or
moditying other processes and structures for carrying out the
same purposes and/or achieving the same advantages of the
embodiments introduced herein. One of ordinary skill in the
art should also realize that such equivalent constructions do
not depart from the spirit and scope of the present disclosure,
and that they may make various changes, substitutions and
alterations herein without departing from the spirit and scope
of the present disclosure.

[0066] Where numerical ranges or limitations are expressly
stated, such express ranges or limitations should be under-
stood to include 1terative ranges or limitations of like magni-
tude falling within the expressly stated ranges or limitations
(e.g., from about 1 to about 10 includes, 2, 3, 4, etc.; greater
than 0.10 includes 0.11, 0.12, 0.13, etc.).

[0067] While the foregoing 1s directed to embodiments,
versions and examples of the present disclosure, which are
included to enable a person of ordinary skill in the art to make
and use the disclosures when the information in this patent 1s
combined with available information and technology, the dis-
closure 1s not limited to only these particular embodiments,
versions and examples. Also, 1t 1s within the scope of this
disclosure that the aspects and embodiments disclosed herein
are usable and combinable with every other embodiment
and/or aspect disclosed herein, and consequently, this disclo-
sure 1s enabling for any and all combinations of the embodi-
ments and/or aspects disclosed herein. Other and further
embodiments, versions and examples of the disclosure may
be devised without departing from the basic scope thereof and
the scope thereot 1s determined by the claims that follow.

What 1s claimed 1s:

1. An alkylation catalyst comprising:
nanosize zeolite particles; and

a support material.

2. The alkylation catalyst of claim 1, wherein the nanosize
zeolite particles have a particle size of less than about 1000
nm.

3. The alkylation catalyst of claim 1, wherein the nanosize
zeolite particles have a particle size of less than about 300 nm.

4. The alkylation catalyst of claim 1, wherein the nanosize
zeolite particles are formed from a zeolite selected from the
group consisting of FAU type zeolite, BEA type zeolite, MFI
type zeolite, MTW, FAU, MWW, and other 10 membered and
12 membered ring zeolites, and combinations thereof.

5. The alkylation catalyst further comprising a promoter
selected from the group consisting of Co, Mn, T1, Zr, Nb, K,
Cs, Ga, P, B, Rb, Ge, Cu, Mg, Ce, L1, Ag, and Na and
combinations thereof.

6. The alkylation catalyst of claim 1, wherein the support
material 1s selected from the group consisting of silica, silicon
carbide, alumina, aluminosilica, titania, and zirconia and
combinations thereof.

7. The alkylation catalyst of claim 1, wherein the support
material comprises mert alumina that increases the catalyst
strength, wherein the alumina 1s of one or more of alpha, beta,
delta, or theta phase.

8. The alkylation catalyst of claim 1, wherein the support
material comprises high surface area silicon carbide or simi-

Jul. 4, 2013

lar support material with high heat capacity and transier prop-
erties 1s used, and wherein the heat from the exothermic
alkylation reaction can be managed more eflectively at the
active sites of the catalyst

9. The alkylation catalyst of claim 1, wherein the catalyst 1s
produced by a method comprising:

providing nanosize zeolite particles;

contacting the nanosize zeolite particles with a silane

resulting 1n a modified nanosize zeolite;

grafting the modified nanosize zeolite onto a support; and

calcining the modified nanosize zeolite grafted onto the

support, resulting 1n a catalyst comprising nanosize zeo-
lite particles.

10. The alkylation catalyst of claim 1, wherein the catalyst
1s produced by physically combining nanosize zeolite par-
ticles with a support to form extrudates.

11. The alkylation catalyst of claim 1, wherein the catalyst
1s produced by simultaneously creating and supporting nano-
s1ze zeolite particles 1n situ with the support material.

12. The alkylation catalyst of claim 1, wherein the catalyst
turther comprises silicon carbide.

13. The alkylation catalyst of claim 1, wherein the catalyst
further comprises alumina silicates.

14. The alkylation catalyst of claim 1, wherein the nanosize
zeolite particles are grown within the support material.

15. The alkylation catalyst of claim 1, wherein at least a
portion of the catalyst 1s hydrophilic.

16. A process for making ethylbenzene comprising;:

providing a C, source to a reactor comprising a catalyst;

and

reacting benzene with the C, source 1n the presence of the

catalyst to form a product stream comprising ethylben-
Zene;

wherein the catalyst comprises nanosize zeolite particles.

17. The process of claim 16, wherein the C, source 1s
selected from the group consisting of ethanol, ethylene, and
combinations thereof.

18. The process of claim 16, wherein the nanosize zeolite
particles have a particle size of less than about 1000 nm.

19. The process of claim 16, wherein the nanosize zeolite
particles have a particle size of less than about 300 nm.

20. The process of claim 16, wherein the nanosize zeolite
particles are formed from a zeolite selected from the group
consisting of FAU type zeolite, BEA type zeolite, MFI type
zeolite, MTW, FAU, MWW, and other 10 membered and 12
membered ring zeolites, and combinations thereof.

21.The process of claim 16, wherein the alkylation catalyst
further comprises a promoter selected from the group con-
sisting of Co, Mn, T1, Zr, Nb, K, Cs, Ga, P, B, Rb, Ge, Cu, Mg,
Ce, L1, Ag, and Na and combinations thereof.

22. The process of claim 16, wherein the support material
1s selected from the group consisting of silica, silicon carbide,
alumina, aluminosilica, titania, and zirconia and combina-
tions thereof.

23. The process of claim 16, wherein the support material
comprises inert alumina that increases the catalyst strength,
wherein the alumina 1s of one or more of alpha, beta, delta, or
theta phase.

24. The process of claim 16, wherein the support material
comprises high surface area silicon carbide or similar support
material with high heat capacity and transfer properties 1s
used, and wherein the heat from the exothermic alkylation
reaction can be managed more effectively at the active sites of
the catalyst.
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25. The process of claim 16, wherein the process achieves
an overall benzene conversion of at least 0.01 mol. %, or from
0.1 mol. % to 80 mol. %, or from 10 mol. % to 60 mol. % or
from 15 mol. % to 40 mol. %.

26. The process of claim 16, wherein the process achieves
a selectivity to ethylbenzene of at least 5 mol. %, or from 5
mol. % to 99.9 mol. %, or at least SO0 mol. % or at least 75 mol.
%, for example.
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