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(57) Abstract: A catalyst and method of forming a catalyst for use in aromatic alkylation involves treating a zeolite, which may be
a ZSM-5 zeolite, with a phosphorus- containing compound. The phosphorus-treated zeolite is combined with a binder material.
The bound phosphorus-treated zeolite is treated with an aqueous solution of a hydrogenating metal compound by contacting the
bound phosphorus-treated zeolite with the aqueous solution and separating the aqueous solution from the bound phosphorus-treat-
ed zeolite to form a hydrogenating-metal-containing zeolite catalyst. The catalyst may be used in preparing an alkyl aromatic prod-
uct by contacting a hydrogenating-metal-containing zeolite catalyst with an aromatic alkylation feed of an aromatic compound and
an alkylating agent under reaction conditions suitable for aromatic alkylation.
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STABLE SHAPE-SELECTIVE CATALYST FOR AROMATIC
ALKYLATION AND METHODS OF USING AND PREPARING

TECHNICAL FIELD

[0001] The invention relates generally to the alkylation of aromatic compounds and

catalysts used for such reactions.
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BACKGROUND

[0002] Aromatic compounds may be alkylated to form different alkylated aromatic

products. One that has particular value is para-xylene. Para-xylene is a valuable
substituted aromatic compound because of its great demand for its oxidation to
terephthalic acid, a major component in forming polyester fibers and resins. It can be
commercially produced from hydrotreating of naphtha (catalytic reforming), steam
cracking of naphtha or gas oil, and toluene disproportionation.

[0003] Alkylation of toluene with methanol, which is also known as toluene
methylation, has been used in laboratory studies to produce para-xylene. Toluene
methylation has been known to occur over acidic catalyst, particularly over zeolite
catalyst. In particular, ZSM-5 zeolite, zeolite Beta and silicaaluminophosphate
(SAPO) catalysts have been used for this process. Generally, a thermodynamic
equilibrium mixture of ortho (0)-, meta (m)- and para (p)-xylenes can be formed from

the methylation of toluene, as is illustrated by the reaction below.
CH3 CH3 CH3 CHa
+ CH30H e R + + + Hzo
TOLUENE O-XYLENE M-XYLENE P-XYLENE

[0004] Thermodynamic equilibrium compositions of o-, m-, and p-xylenes may be

1)

around 25, 50 and 25 mole%, respectively, at a reaction temperature of about 500 °C.
Such toluene methylation may occur over a wide range of temperatures, however.
Para-xylene can be separated from mixed xylenes by a cycle of adsorption and
isomerization. Byproducts such as C9+ and other aromatic products can be produced
by secondary alkylation of the xylene product.

[0005] A significantly higher amount of p-xylene can be obtained in toluene
methylation reaction if the catalyst has shape selective properties. Shape selective
properties can be obtained in modified zeolite catalysts by narrowing zeolite pore
opening size, inactivation of the external surface of the zeolite or controlling zeolite

acidity. Toluene methylation may occur over modified ZSM-5 zeolite catalysts giving
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xylene products containing significantly greater amounts of p-xylene than the
thermodynamic concentration.

[0006] Unfortunately, there are a number of technical hurdles for toluene
methylation to be commercially successful. These include fast catalyst deactivation,
low methanol selectivity, and so on. Most of the catalysts, if not all, for toluene
methylation show fast catalyst deactivation. Typically, toluene conversion declines
with time on stream due to rapid coke formation on the catalyst. The catalyst
deactivation is one of the most difficult technical hurdles to overcome for commercial
use of toluene methylation.

[0007] The present invention is directed to a catalyst and a method of preparation of
a catalyst that has shape selective properties and that also has increased catalyst

stability when used in aromatic alkylation reactions, such a toluene methylation.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0008] For a more complete understanding of the present invention, reference is
now made to the following descriptions taken in conjunction with the accompanying
figures, in which:

[0009] FIGURE 1 shows a plot of toluene conversion over time for toluene
methylation reactions using Catalyst A (without metal) and Catalyst B (containing
nickel) from Examples 1-3;

[0010] FIGURE 2 shows a plot of toluene conversion over time for toluene
methylation reactions using Catalysts C-F (containing different amounts of nickel)
from Examples 4- 7;

[0011] FIGURE 3 shows a plot of toluene conversion over time for toluene
methylation reactions using Catalyst A (without metal) from Example 1 and Catalyst
G (containing nickel) from Example §;

[0012] FIGURE 4 shows a plot of toluene conversion over time for toluene
methylation reactions using Catalyst H (self-bound P/ZSM-5 without metal) and
Catalysts I and J (containing nickel) from Examples 9-11;

[0013] FIGURE 5 shows a plot of toluene conversion over time for toluene
methylation reactions using Catalyst A (without metal) from Example 1 and Catalysts
K-M (containing platinum) from Examples 12-14; and

[0014] FIGURE 6 shows a plot of toluene conversion over time for the toluene
methylation reactions using Catalysts A (without metal) from Example 1 and

Catalysts N-O (containing palladium) from Examples 15-16.
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DETAILED DESCRIPTION

[0015] Zeolites are aluminosilicate materials having microporous structures. They

may be naturally occurring or synthesized. Zeolites are commonly used as catalysts
in a variety of different hydrocarbon conversion reactions such as isomerization and
alkylation reactions. Among these is the alkylation of aromatic compounds.

[0016] The ZSM-5 zeolite is one of the most versatile zeolites used for catalyst in
aromatic alkylation. Specific reference is made to the use of a ZSM-5 zeolite that has
been modified in accordance with the invention for use in toluene methylation, for
which the modified zeolite is particularly well suited. It will be apparent to those
skilled in the art, however, that the zeolite catalysts described herein may have
application for use in other types of reactions, such as transalkylation and other
aromatic alkylation reactions. In particular, the catalyst of the invention may have
application to reactions to provide increased selectivity for para-isomers in mixed
dialkylated aromatic products.

[0017] The ZSM-5 zeolite is a porous material containing intersecting two-
dimensional pore structure with 10-membered oxygen rings. Zeolite materials with
such 10-membered oxygen ring pore structures are often classified as medium-pore
zeolites. Such medium-pore zeolites typically have pore diameters ranging from 5.0
A to 7.0 A. The ZSM-5 zeolite is a medium pore-size zeolite with a pore diameter of
from about 5.1 to about 5.6 A.

[0018] Although specific reference and emphasis is made with respect to ZSM-5
zeolite, other zeolites may be treated and formed using the techniques described
herein as well. One skilled in the art will therefore readily appreciate that other
zeolite materials besides ZSM-5 zeolite may provide similar properties to those of the
ZSM-5 zeolite materials described, such as mordenite, omega, etc. These may be
medium pore zeolites as well.

[0019] The ZSM-5 zeolite catalysts and their preparation are described in U.S.
Patent No. 3,702,886, which is herein incorporated by reference. The starting ZSM-5
may be an NH;" or H' form and may contain traces of other cations. In the present
invention, the ZSM-5 zeolite catalyst may have a silica/alumina molar ratio of from
about 30 or lower to about 1000 or higher prior to modification, more particularly, the
silica/alumina molar ratio may be from about 30, 50, 80, 100, 200, 250, 300, 400, 500
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to about 1000 or more, including any and all data points within such range and the
end points of the such range.

[0020] It should be understood that with respect to any concentration or amount
range listed or described herein as being useful, suitable, or the like, it is intended to
include every concentration or amount within the range, including the end points, and
is to be considered as having been specifically stated. For example, “a range of from
1 to 10” is to be read as indicating each and every possible number along the
continuum between about 1 and about 10. Thus, even if specific data points within
the range, or even no data points within the range, are explicitly identified or refer to
only a specific few, it is to be understood that the inventors appreciate and understand
that any and all data points within the range are to be considered to have been
specified, and that the inventors are in possession of the entire range and all points
within the range.

[0021] To provide para-selective properties to the ZSM-5 zeolite or other zeolites,
the zeolite is modified by treating it with phosphorus-containing compounds. Such
phosphorus-containing compounds may include, but are not limited to, phosphonic,
phosphinous, phosphorus and phosphoric acids, salts and esters of such acids and
phosphorous halides. In particular, phosphoric acid (H3POs) and ammonium
hydrogen phosphate ((NH4);HPO,;) may be used as the phosphorus-containing
compound to provide a catalyst for aromatic alkylation or toluene methylation with
'shape selective properties to provide increased para-selectivity. Such modified
catalysts may contain phosphorus (P) in an amount of from about 0.01 wt% to about
15 wt% by total weight of the catalyst.

[0022] The phosphorus treatment may be carried out by various techniques. This
may include slurry evaporation, wet incipient and spray-dry methods. In slurry
evaporation, the phosphorus may be incorporated into the catalyst by preparing a
slurry of the zeolite and an aqueous solution of the phosphorus compound. Heating of
the slurry may be used to facilitate treatment of the zeolite catalyst and to evaporate
liquids. Heating of the slurry to temperatures of from about 25 °C or more, with
from about 70 °C to about 100 °C may be suitable in most instances. The slurry may
also be stirred or agitated during this step to ensure uniform treatment. The
evaporation of the liquid from the zeolite slurry can be alternatively achieved by using

a spray-dry technique which is well known in the art.
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[0023] In the wet incipient method, an aqueous solution of the phosphorus
compound is added, such as by spraying, to dry zeolite without forming a slurry. The
dry zeolite, which may be initially in the form of a powder, may be mixed with the
phosphorus compound or its aqueous solution. If necessary, water may be added to
the mixture of zeolite powder and phosphorus containing compound or its solution to
facilitate interaction between them. The phosphorus treated zeolite is then calcined
using a temperature profile with a maximum temperature of from about 400 °C to
about 700 °C. In some embodiments, the P-treated zeolite may be heated at a
temperature of about 300 °C or higher prior to binding and then the zeolite is bound
with a suitable binder, as described in U.S. Patent No. 7,368,410, which is herein
incorporated by reference.

[0024] The phosphorus treated zeolite after calcination is combined with a binder
material to form catalyst with a particular shape, for example, 1/16-inch diameter
cylindrical shaped extruded catalyst. The binder materials may include inorganic
oxide materials. In particular, a binder of an aluminum-containing material, such as
alumina, clay, aluminum phosphate, silica-alumina or other-aluminum containing
material, or their combinations, may be particularly useful. The bound catalyst may
contain from about 1 wt% to about 99 wt% of binder material by total weight of the
catalyst. In some applications the binder may be present in an amount of from about
10 wt% to about 50 wt% binder by total weight of catalyst.

[0025] Even without a binder the phosphorus treated zeolite (prior to calcination as
described above) can also be formed into a particular shape and size as catalyst, for
example, 1/16-inch diameter cylindrical shaped extrudates. Such catalyst may be
described as “self-bound” catalyst.

[0026]) The formed catalyst (either self-bound or bound with binder such as
alumina) may then be calcined or heated at a temperature of about 400 °C or higher,
more particularly at a temperature from about 450 °C to about 700 °C. Such heating
may be carried out for 0.5 hours or more.

[0027]) In order to provide increased catalyst activity or stability, the bound
phosphorus-treated zeolite includes a hydrogenating metal. The hydrogenating metal
may be any of the group VIIIA transition metals and may include nickel, palladium
and platinum, as well as other metals. Nickel is particularly well suited as the

hydrogenating metal. The hydrogenating metal may be present in an amount of from
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about 0.01 weight % to about 5.0 weight %, more particularly, from about 0.03
weight % to about 2.0 weight % of the total weight of zeolite catalyst. The
hydrogenating metal may be added to the catalyst as hydrogenating metal salt or other
compound that readily dissolves in water.

[0028] Unexpectedly, the presence of a hydrogenating metal in a bound
phosphorus-treated ZSM-5 zeolite catalysts has an impact on the activity of the final
catalyst. A hydrogenating metal deposited on the bound phosphorus-treated zeolite
provides increased activity. Deposition of the hydrogenating metal may be carried
out by immersing the bound phosphorus-treated zeolite catalyst in an aqueous
solution containing the hydrogenating metal. The temperature of the solution may be
maintained at room temperature or a temperature below the boiling point of the
solution. After a period of 5 min or more, the liquid is separated from the solid. This
is done through decantation or filtration or other non-evaporative separation
techniques for separating liquids from solids. As used herein, the term or expression

bR IN1Y

“separation,” “separating” or similar expressions as it is applied to the separation of
the liquids and solids upon the treatment of the zeolite with an aqueous solution of a
hydrogenating metal is meant to exclude evaporation of liquids from the solids. As is
demonstrated in the examples, treatment of self-bound P/ZSM-5 catalyst with the
hydrogenating metal solution did not result in a catalyst exhibiting the increased
catalytic activity.

[0029] The method of treatment of the bound P/ZSM-5 catalyst with hydrogenating
metal has an added impact on catalyst activity or stability as well. As demonstrated in
the examples, the separation of liquid by filtration or decantation technique after
treating the bound zeolite catalyst with solution containing hydrogenating metal
resulted in a catalyst with further increased activity or stability than the commonly
used impregnation technique where the liquid is evaporated to dryness.  See, for
example, Table 7: Catalyst G v. Catalyst E.

[0030] After treatment with the hydrogenating metal, the treated catalyst may be
calcined at a temperature from about 400 °C to about 600 °C in an environment
containing oxygen, typically air. The hydrogenating metal in the catalyst after such
calcinations may be present in the oxide form, for example, Ni as NiO. -

[0031] The hydrogenating metal loaded zeolite catalyst may be further pretreated

prior to use in alkylation or other reactions to reduce or to lower the oxidation state of
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the hydrogenating metal in a reducing environment. Such treatment includes
contacting the catalyst with a reducing gas at an elevated temperature. The reducing
gas may be hydrogen (H,) or a hydrogen-containing gas, such as a mixture of
hydrogen and nitrogen (N,) or light alkane(s). The catalyst is contacted with the
reducing gas, which may be mixed with an ipeﬂ carrier gas, such as nitrogen at an
initial starting temperature. The temperature may be slowly ramped up during the
pretreatment, with the initial starting temperature being from about 100 to about 200
°C, and which may be increased at a rate of from about 0.2 to about 10.0 °C/min to
the final pretreatment temperature. The final pretreatment temperature may be from
about 350 to about 600 °C, more particularly from about 400 to about 550 °C. The
pretreatment may be carried out from about 0.5 to 10 hours or more, more particularly
from 1 to 9 hours, and still more particularly from about 2 to 7 hours.

[0032] Based on temperature programmed reduction profile data on NiO or the NiZ*
containing zeolite catalyst, it is believed that the above described catalyst pretreatment
may cause reduction of Ni?* to Ni* and Ni’. The hydrogenating metal ions to an
oxidation state of less than 1 may be useful in retarding the coke formation during the
alkylation reactions, and thus facilitate increasing the catalyst stability.

[0033] After reducing, the hydrogenating metal containing zeolite catalyst may also
be steamed prior to use for the catalytic reactions. The catalyst may be steamed at a
temperature of 300 °C or lower before using the catalyst in any reaction. The
steaming can be carried out in-situ or ex-situ of the reactor. In some embodiments, the
catalyst is steamed at mild temperatures. Methods for steaming at mild temperatures
that are useful in the present invention are described in U.S. Patent No. 7,304,194,
which is herein incorporated by reference.

[0034] After reducing and any steaming, the catalyst may be contacted with an
appropriate feed under alkylation reaction conditions to carry out the aromatic
alkylation. Examples of alkylation reactions for which the invention has application
include toluene alkylation with an alkylating agent such as methanol. Other examples
may include gas phase toluene disproportionation in the presence of hydrogen
producing benzene and mixed-xylenes. While the invention has application to many
aromatic alkylation reactions, it is particularly well suited for toluene methylation to

produce para-xylene using ZSM-5 zeolite catalyst. Although much of the description
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herein may be directed to such toluene methylation, it will be readily understood by
those skilled in the art that it is not solely limited to such use.

[0035] The hydrogenating metal containing zeolite catalyst may be contacted with
an appropriate feed of an aromatic hydrocarbon and an alkylating agent under
alkylation reaction conditions to carry out aromatic alkylation. In aromatic alkylation
an “alkylation feed” feed may be used. A gas cofeed may also be used. The cofeed
gas may include hydrogen or an inert gas. As used herein, the expression “alklyation
feed” is meant to encompass the aromatic compound and the alkylating agent. As
used herein with respect to toluene methylation, the expression “methylation feed” is
meant to encompass the feed of toluene and methanol.

[0036] In addition to any cofeed gas, water that may be in the form of steam, may
also be introduced into the reactor as cofeed along with the alkylation feed. The water
or steam used for the alkylation or methylation reaction may be introduced, with or
without hydrogen or inert gas as cofeed, with the alkylation feed to the reactor during
the start up of the alkylation reaction, or it may be introduced subsequent to initial
start up. In either case, liquid water may be added and vaporized prior to its mixing
with cofeed gas (if any) and the alkylation feed. The use of water cofeed in aromatic
alkylation is described in U.S. Patent No. 7,060,864, which is hereby incorporated by
reference.

[0037] The reactor pressure for toluene methylation or other aromatic alkylation
may vary, but typically ranges from about 10 to about 1000 psig. Reactor
temperatures may vary, but typically range from about 400 to about 700 °C. Upon
introduction of feed into the reactor, the catalyst bed temperature may be adjusted to a
selected reaction temperature to effect a desired conversion. The temperature may be
increased gradually at a rate of from about 0.1 °C/min to about 10 °C/min to provide
the desired final reactor temperature. As used in the examples, reactor temperature
refers to the temperature as measured at the inlet of catalyst bed of the reactor.

[0038] The reaction may be carried out in a variety of different reactors that are
commonly used for carrying out aromatic alkylation reactions. Single or multiple
reactors in series and/or parallel may be suitable for carrying out the aromatic
alkylation or toluene methylation reactions.

[0039] As used herein, catalytic activity can be expressed as the % moles of the

hydrocarbon or reactant converted with respect to the moles of hydrocarbon or
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reactant fed. In toluene methylation where toluene is converted to xylenes, the
catalytic activity may be measured by the toluene converted with respect to the moles

of toluene fed and can be defined by the following formulas:

Mole% Toluene Conversion = [(T; — T,)/T;] x 100 2)

where, T; is the number of moles of toluene fed and T, is the number of moles toluene

unreacted. As used herein, selectivity for mixed xylenes may be expressed as:

Mole% Mixed Xylene Selectivity = [Xu/(T;-To)] x 100 3)

where, X is the number of moles of total or mixed (0-, m- or p-) xylenes in the
product.

As used herein, selectivity for p-xylene may be expressed as:

Mole% p-Xylene Selectivity = (X,/X«) x 100 6]
where, X, is the number of moles of p-xylene.
As used herein, methanol conversion may be expressed as:

Mole % Methanol Conversion = [(M; — My)/M;] x 100 %)

where, M; is the number of moles of methanol fed and M, is the number of moles
methanol unreacted.

As used herein, methanol selectivity for toluene methylation may be expressed as:

Mole% Methanol Selectivity = [X/(Mj-Mo)] x 100 (6)

where, Xy is the number of moles of mixed (o-, m- or p-) Xylenes, M; is the number of

moles of methanol fed and M, is the number of moles of unreacted methanol.

[0040] The following examples better serve to illustrate the invention.
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EXAMPLES
EXAMPLE 1

Comparative Catalyst A
[0041] A NH4-ZSM-5 zeolite powder having a SiO,/Al,03 mole ratio of between

250 and 300 was treated with H3;PO,4 and then was calcined at a temperature of about
530 °C. The phosphorus treated ZSM-5 zeolite was crushed into fine powder and was
then combined with about 20% by weight of alumina binder and extruded into 1/16-
inch diameter cylindrical shaped catalyst extrudates. The bound zeolite was then
calcined or heated to a temperature of 530 °C. The powdered phosphorus treated
ZSM-5 (P/ZSM-5) and the alumina bound P/ZSM-5 catalyst (Catalyst A) were
analyzed for Na,0O, P,0s, SiO, and Al,03 by X-ray fluorescence (XRF), and for BET

surface area and total pore volume by N, adsorption. The results are shown in Table

1 below.
Table 1
Elemental Analysis, wt% N, Adsorption
Na,O P,0s SiO, ALO; | SA,m“g NPV, cc/g
Powdered P/ZSM-5 <0.04 216 792 0.5 211 0.13
Catalyst A <0.04 172 634 204 243 0.17

[0042] Catalyst A, described above, was tested for toluene methylation reaction in a
fixed bed, continuous flow type reactor. A catalyst charge of 5.4 ml (catalyst size: 20-
40 mesh) was loaded in the reactor. The catalyst was dried by slowly raising the
catalyst bed temperature (about 5 °C/min) to 150 °C under hydrogen flow (200
cc/min) for about one hour. The catalyst was further heated at 480 °C for 3 hours
under H, flow (same flow rate). The catalyst was steamed by introducing water vapor
(2.2 mmole/min) with a carrier gas of Hy (459 cc/min) at 200 °C overnight. A
premixed toluene and methanol feed (molar ratio 4.5) was added to the reactor at 200
°C. The liquid hourly space velocity (LHSV) [based on methylation feed
(toluene+methanol)] was maintained at about 2 hr'! and a cofeed of H, gas was fed
and maintained to provide a Hp/methylation feed molar ratio of about 7-8. In
addition, water was added to the reactor as cofeed and was vaporized prior to

introduction to the reactor. The H,O/methylation feed molar ratio was about 0.8 and
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the reactor inlet pressure was about 20 psig. The catalyst bed inlet temperature was
increased to 450 °C and then adjusted to 485 °C, at which toluene conversion was
about 11.4 mole%. Reactor streams were analyzed to calculate conversion and
selectivity.

[0043] Figure 1 shows toluene conversion for Catalyst A at different times on
stream during a test period of about 365 hour. The reactor temperature was kept
unchanged at catalyst bed inlet temperature of about 485 °C and average bed
temperature of about 494 °C. Toluene conversion was found to decline with time on
stream at a constant catalyst bed inlet temperature. This decline in conversion per
unit time is the deactivation rate and it is estimated to be -0.065% per 24 hours. Table
2 shows toluene conversion, methanol conversion, toluene selectivity for mixed
xylenes, para-xylene selectivity and methanol selectivity to mixed xylenes for

Catalyst A.
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EXAMPLE 2

Catalyst B

[0044] Nickel was incorporated with the alumina bound P/ZSM-5 zeolite catalyst
(Catalyst A) from Example 1 to form Catalyst B. Weighted 0.737 g of nickel
hexahydrate was dissolved in 100 ml deionized water in a flask and 30.03 g
extrudates of Catalyst A was immersed in the nickel salt solution in the flask which
was then shaken for 5 minutes and was aged at 60 °C overnight. Catalyst A was then
separated by decanting the liquid. The nickel-treated zeolite was then calcined at a
maximum temperature of about 530 °C for 10 hours. The nickel content of the
catalyst was 0.07 wt% by total weight as measured by XRF analysis. Catalyst
preparation and analysis for Catalyst B are summarized in Table 3.

[0045] Catalyst B, described above, was tested for toluene methylation reaction in a
fixed bed, continuous flow type reactor. A catalyst charge of 5.4 ml (catalyst size: 20-
40 mesh) was loaded in the reactor. The catalyst was dried by slowly raising the
catalyst bed temperature (about 5 °C/min) to 150 °C under hydrogen flow (200
cc/min) for at least one hour. The catalyst was further heated (reduced) at 430 °C for
3 hours under H, flow (same flow rate). The catalyst was steamed by introducing
water vapor (2.2 mmole/min) with a carrier gas of Hy (459 cc/min) at 200 °C
overnight. A premixed toluene and methanol feed (molar ratio 4.5) was added to the
reactor at 200 °C. The liquid hourly space velocity (LHSV) [based on methylation
feed (toluene +methanol)] was maintained at about 2 hr! and a cofeed of H, gas was
fed and maintained to provide a Hy/methylation feed molar ratio of about 7-8. In
addition, water was added to the reactor as cofeed and was vaporized prior to
introduction to the reactor. The HO/methylation feed molar ratio was about 0.8 and
the reactor pressure was about 20 psig and the catalyst bed inlet temperature was
increased to 450 °C and then adjusted to 495 °C at which toluene conversion was
about 15.4 mole%. Reactor streams were analyzed to calculate conversion and

selectivity.
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Table 3
Catalyst (Extruded) Base | Ni Salt, § Water, Aging Liquid Removal, Wt% Ni by

Catalyst, g g ml Temp Calcination XRF

Catalyst A Base Catalyst N/A N/A N/A N/A N/A

Catalyst B 30.025 0.737 100 60 °C Decanted & 0.07
Calcined at 530 °C

Catalyst C 30.107 0.247 100 60 °C Decanted & 0.03
, Calcined at 530 °C

Catalyst D 30.154 0.247 100 60 °C Decanted & 0.04
Calcined at 530 °C

Catalyst E 30.049 1.106 100 60 °C Decanted & 0.09
Calcined at 530 °C

Catalyst F 30.070 1.477 100 60 °C Decanted & 0.15
Calcined at 530 °C

Catalyst G 30.367 0.153 100 90 °C Evaporated, 0.10
Calcined at 530 °C

Base Catalyst = Alumina Bound P/ZSM-5 Extruded Catalyst

[0046] Figure 1 shows toluene conversion for Catalyst B, which was prereduced at
430 °C, at different times on stream during a test period of about 893 hours. The
reactor temperature was kept unchanged at a catalyst bed inlet temperature of about
487 °C and average bed temperature of about 496 °C. The toluene conversion
remained unchanged or somewhat increased during the test period at constant
temperature showing catalyst stability. In other words, catalyst deactivation was not
observed for Catalyst B during the 893 hour test run. The carbon (C) content on the
spent catalyst was 2.3 wt%. Table 2 shows toluene conversion, methanol conversion,
toluene selectivity for mixed xylenes, para-xylene selectivity and methanol selectivity

to mixed xylenes for Catalyst B.

EXAMPLE 3

[0047] As in Example 2, Catalyst B was employed in toluene methylation. The
reactor, catalyst loading, drying and steaming conditions were the same as in Example
2, except the catalyst was heated at a pre-reduction temperature of about 480 °C
instead of 430 °C under H; flow prior to steaming.

[0048] Figure 1 shows toluene conversion at different times on stream during test
period of 414 hours. The reactor temperature was kept unchanged at a catalyst bed

inlet temperature of about 485 °C and the average bed temperature was about 493 °C
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at which toluene conversion was about 15.4 mole%. The toluene conversion
remained unchanged or somewhat increased during the test period at constant
temperature showing catalyst stability. That is, the catalyst deactivation was not
observed for Catalyst B during the 414 hour test period. The carbon (C) content on
the spent catalyst was 3.4 wt%. Table 2 shows toluene conversion, methanol
conversion, toluene selectivity for mixed xylenes, para-xylene selectivity and

methanol selectivity to mixed xylenes for Catalyst B that was prereduced at 480 °C.

EXAMPLE 4-7

Catalysts C-F
[0049] In addition to Catalyst B, several nickel-loaded catalysts with different nickel

contents were tested in toluene methylation reactions to examine the effects of Ni
content on catalyst activity, selectivity and stability. Ni loaded catalysts C, D, E and
F were made using base Catalyst A and the same procedure as described for Catalyst
B above. Table 3 shows the amounts of base catalyst, nickel salt, amount of water
used, aging temperature and nickel content (measured by XRF) on the final catalysts.

The Ni contents in the catalysts varied from 0.03 wt% to about 0.15 wt%.

[0050] Catalysts C, D, E and F were tested in toluene methylation reactions. Catalyst
loading, predrying, steaming and testing conditions were the same as described for
Example 3. Figure 2 shows toluene conversions at different times on stream over
Catalysts C, D, E and F. Table 2 summarizes toluene conversion, methanol
conversion, toluene selectivity for mixed xylenes, para-xylene selectivity and
methanol selectivity to mixed xylenes for Catalysts C, D, E and F.

[0051] Catalysts B, C, D, E and F showed an increased catalyst activity showing

higher toluene conversion compared to Catalyst A (Table 2, Examples 1-7).

EXAMPLE 8

Catalyst G

[0052] In this example, an impregnation technique was used to form a Ni loaded
catalyst (Catalyst G). In this technique, nickel was incorporated with the alumina
bound P/ZSM-5 zeolite catalyst from Example 1 (Catalyst A). Nickel hexahydrate in

an amount of 0.153 g was dissolved in 100 ml deionized water. The nickel salt
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solution was added to 30.4 g of the extruded Catalyst A in a ceramic bowl and aged at
90 °C overnight. Most of the liquid was evaporated and further evaporation continued
during calcination at 530 °C.

[0053] Catalyst G was then used in toluene methylation, as in the previous examples.
A catalyst charge of 5.4 ml (catalyst size: 20-40 mesh) was loaded in the reactor. The
catalyst was dried by slowly raising the catalyst bed temperature (about 5 °C/min) to
150 °C under hydrogen flow (200 cc/min) for at least one hour. The catalyst was
further heated (reduced) at 480 °C for 3 hours under H; flow (same flow rate). The
catalyst was steamed by introducing water vapor (2.2 mmole/min) with a carrier gas
of Hy (459 cc/min) at 200 °C overnight. A premixed toluene and methanol feed
(molar ratio 4.5) was added to the reactor at 200 °C. The liquid hourly space velocity
(LHSV) [based on methylation feed (toluene+methanol)] was maintained at about 2
hr'! and a cofeed of H, gas was fed and maintained to provide a Hy/methylation feed
molar ratio of about 7-8. In addition, water was added to the reactor as cofeed and
was vaporized prior to introduction to the reactor. The H,O/methylation feed molar
ratio was about 0.8 and the reactor pressure was about 20 psig and the catalyst bed
inlet temperature was increased to 450 °C and then adjusted to about 485 °C (average
catalyst bed temperature 498 °C). Reactor streams were analyzed to calculate
conversion and selectivity.

[0054] Figure 3 shows catalyst activity as measured by toluene conversion at
different time on stream over Catalyst G. For comparison toluene conversions
obtained on Catalyst A are shown in Figure 3. Also Table 2 shows toluene
conversion, methanol conversion, toluene selectivity for mixed xylenes, para-xylene
selectivity and methanol selectivity to mixed-xylenes for Catalyst 'G. Catalyst G
showed higher activity than Catalyst A (without metal) but showed lower activity than
Catalyst E (Example 5) which had roughly the same nickel content, but the procedure

for Ni loading used non-evaporative separation of liquids and solids.

EXAMPLE 9-11

Comparative Catalysts H-J

[0055] A “self-bound” P/ZSM-5 extruded catalyst was made by treating a NHy-
ZSM-5 zeolite powder having a SiO,/Al,03 mole ratio of between 250 and 300 with

H;3;PO4 and made into an extrudable mixture, which was then extruded into 1/16-inch
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diameter cylindrical shaped extrudates. The extruded catalyst was then calcined or
heated to a maximum temperature of 530 °C. This formed Catalyst H. XRF analysis
showed Catalyst H had the following composition: SiO; 77.65 wt%, Al,0; 0.53 wt%,
P,05 19.53 wt%, Na,O <0.04 wt%. BET (N, adsorption) surface area and total pore
volume of Catalyst H were 168 m*/g and 0.12 cc/g, respectively.

[0056] Several nickel loaded catalysts (I and J) were made using Catalyst H by
treating it with different amounts of nickel using the same procedure as used for
Catalysts B-F (see Table 4). The nickel contents of the Catalysts I and J were 0.08
wt% and 0.25 wt%, respectively, by total weight of catalyst.

Table 4
Catalyst (Extruded) Base ] Ni Salt, | Water, Aging Liquid Removal, Wt% Ni by
Catalyst, g g ml Temp Calcination XRF
Catalyst H Base Catalyst N/A N/A N/A N/A N/A
Catalyst I 32.093 0.323 100 60 °C Decanted & 0.08
Calcined at 530 °C
Catalyst J 32 0.739 100 60 °C Decanted & 0.25
Calcined at 530 °C

Base Catalyst = Self Bound P/ZSM-5 Extruded Catalyst

[0057] Catalysts H, I and J were tested for toluene methylation reaction. Catalyst
loading, predrying under H; flow and steaming conditions were the same as described
for Example 3. After the catalyst drying at 480 °C and steaming at 200 °C overnight,
a premixed toluene and methanol feed (molar ratio 3.0) was added to the reactor at
200 °C. The liquid hourly space velocity (LHSV) [based on methylation feed
(toluene+methanol)] was maintained at about 2 hr' and a cofeed of H, gas was fed
and maintained to provide a Hj/methylation feed molar ratio of about 7-8. In
addition, water was added to the reactor as cofeed and was vaporized prior to
introduction to the reactor. The H,O/methylation feed molar ratio was about 0.8 and
the reactor pressure was about 20 psig and the catalyst bed inlet temperature was
increased to 450 °C and then adjusted to about 485 °C. Reactor streams were
analyzed to calculate conversion and selectivity.

[0058] Figure 4 shows toluene conversions at different time on stream for Catalysts

H, I and J. Table 2 shows toluene conversion, methanol conversion, toluene
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selectivity for mixed xylenes, para-xylene selectivity and methanol selectivity to
mixed xylenes for Catalysts H, I and J. Catalyst H, which was a self-bound P/ZSM-5
catalyst, showed toluene conversion of nearly 18 mole%, and toluene conversion
declined slowly with time at a rate of -0.014% per 24 hours. Catalyst I, which
contained about 0.08 wt% Ni, showed about 12.7 % toluene conversion, which
declined at a rate of about -0.170% per 24 hour. Catalyst J, which contained about
0.25 wt% Ni, showed significantly lower toluene conversion initially and reached
about 9% toluene conversion. The run was discontinued because of the low activity,
and the deactivation rate was not estimated.

[0059] In summary, the addition of Ni on self-bound P/ZSM-5 did not show
increased catalyst activity or improved catalyst stability. This is in contrast to those

with the addition of Ni on alumina bound P/ZSM-5 catalysts.

EXAMPLE 12-14
Catalysts K-M
[0060] Pt-loaded P/ZSM-5 catalysts were made by adding various amounts of Pt on

alumina bound P/ZSM-5 catalyst (Catalyst A) using the same procedure as used for
Catalysts C, D, E and F. Catalyst A, described previously, was loaded with different
loadings of platinum at 0.05, 0.11 and 0.18 wt% to form Catalysts K, L and M,
respectively (see Table 5). The platinum was incorporated with the alumina bound
P/ZSM-5 zeolite catalyst (Catalyst A) by dissolving different amounts of
tetraamineplatinum (II) nitrate in about 100 ml of deionized water. Catalyst A
(extrudates) was immersed in the platinum salt solution in a flask which was then
shaken for 5 minutes and was aged at 60 °C overnight. Catalyst extrudate was
separated from the aqueous liquid by decanting the liquid. The platinum-treated

zeolites were then calcined at a maximum temperature of about 530 °C for 10 hours.
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Table §
Catalyst (Extruded) Base Metal Water, Aging Liquid Removal, Wit% Metal
Catalyst, g Salt, g ml Temp Calcination by XRF

Catalyst A Base Catalyst N/A N/A N/A N/A N/A

Catalyst K 30.582 0.095 100 60 °C Decanted & 0.05% Pt
Calcined at 530 °C

Catalyst L 30.403 0.155 100 60 °C Decanted & 0.11% Pt
Calcined at 530 °C

Catalyst M 30.088 0.305 100 60 °C Decanted & 0.18% Pt
Calcined at 530 °C

Catalyst N 30.407 1.622 100 60 °C Decanted & 0.05% Pd
Calcined at 530 °C

Catalyst O 30.105 3.245 100 60 °C Decanted & 0.09% Pd
Calcined at 530 °C

Base Catalyst = Alumina Bound P/ZSM-5 Extruded Catalyst

[0061] Each of Catalysts K, L and M were tested in toluene methylation reactions.
Catalyst loading, heating under H, flow and steaming conditions were the same as
described for Catalyst B in Example 3. After the catalyst drying at 480 °C and
steaming at 200 °C overnight, a premixed toluene and methanol feed (molar ratio 4.5)
was added to the reactor at 200 °C. The liquid hourly space velocity (LHSV) [based
on methylation feed (toluene+methanol)] was maintained at about 2 hr'! and a cofeed
H, gas was fed and maintained to provide a Hy/methylation feed molar ratio of about
7-8. In addition, water was added to the reactor as cofeed and was vaporized prior to
introduction to the reactor. The H,O/methylation feed molar ratio was about 0.8 and
the reactor pressure was about 20 psig and the catalyst bed inlet temperature was
increased to 450 °C and then adjusted to about 485 °C. Reactor streams were
analyzed to calculate conversion and selectivity.

[0062] Figure 5 shows the comparison of toluene conversion using Catalysts K-M
containing different amounts of platinum and Catalyst A containing no metal. Table
6 shows toluene conversion, methanol conversion, toluene selectivity for mixed
xylenes, para-xylene selectivity and methanol selectivity to mixed xylenes for
Catalysts A and K-M. Compared to Catalyst A, all three platinum-containing
Catalysts K, L and M showed increased catalyst activity showing higher toluene
conversions and showed no apparent decline in toluene conversion during the test

period.
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EXAMPLE 15-16
Catalysts N-O
[0063] Pd-loaded P/ZSM-5 catalysts were made by adding various amounts of Pd

on alumina bound P/ZSM-5 catalyst (Catalyst A) using the same procedure as used
for Catalysts C, D, E and F. Catalyst A, described previously, was loaded with
different loadings of palladium at 0.05 and 0.09 wt% to form Catalysts N and O,
respectively (see Table 5). The palladium was incorporated with the alumina bound
P/ZSM-5 zeolite catalyst (Catalyst A) by dissolving different amounts of palladium
nitrate in about 100 ml of deionized water. Catalyst A (extrudates) was immersed in
the palladium salt solution in a flask, which was then shaken for 5 minutes and was
aged at 60 °C overnight. Catalyst extrudate was separated from the aqueous liquid by
decanting the liquid. The palladium loaded catalysts were then calcined at a
maximum temperature of about 530 °C for 10 hours.

[0064] Each of Catalysts N and O were tested in toluene methylation reactions.
Catalyst loading, heating under H, flow and steaming conditions were the same as
described for Catalyst B in Example 3. After treating the catalyst under H, flow at
480 °C for 3 hours and steaming at 200 °C overnight, a premixed toluene and
methanol feed (molar ratio 4.5) was added to the reactor at 200 °C. The liquid hourly
space velocity (LHSV) [based on methylation feed (toluene+methanol)] was
maintained at about 2 hr’' and a cofeed H, gas was fed and maintained to provide a
Hy/methylation feed molar ratio of about 7-8. In addition, water was added to the
reactor as cofeed and was vaporized prior to introduction to the reactor. The
H,O/methylation feed molar ratio was about 0.8 and the reactor pressure was about 20
psig and the catalyst bed inlet temperature was increased to 450 °C and then adjusted
to about 485 °C. Reactor streams were analyzed to calculate conversion and
selectivity.

[0065] Table 6 shows toluene conversion, methanol conversion, toluene selectivity
for mixed xylenes, para-xylene selectivity and methanol selectivity to mixed xylenes
for Catalysts A and N-O. Figure 6 shows the comparison of toluene conversion using
Catalysts N and O containing palladium and Catalyst A containing no metal.

Compared to Catalyst A, both the palladium-containing Catalysts N and O showed
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increased catalyst activity with higher toluene conversions and showed no apparent
decline in toluene conversion during the test period.

[0066] Table 7 shows the comparison of toluene conversion and catalyst
deactivation rate (toluene conversion decline rate per 24 hours at constant catalyst bed
inlet temperature) between Catalyst A (no metal), Catalyst G (0.10 wt% Ni), Catalyst
E (0.09 wt% Ni), Catalyst L (0.11 wt% Pt), Catalyst O (0.09 wt% Pd) having almost
the same amount of metal on base Catalyst A. Catalyst G was made using the
commonly used impregnation technique (evaporated the solution) and showed an
increased toluene conversion compared to base Catalyst A (13.5% for Catalyst G
versus 11.5% for Catalyst A, which is about a 17% relative increase in activity).
Catalyst G also showed improved deactivation rate (-0.012% for Catalyst G versus -
0.065% for Catalyst A). Whereas Catalyst E, which was made by decanting Ni salt
solution, showed a further increased toluene conversion (14.9% for Catalyst E versus
11.5% for Catalyst A and 13.5% for Catalyst G) and toluene conversion did not
decline during the testing period. Catalyst L (0.11 wt% Pt) and Catalyst O (0.09 wt%
Pd) made by using the same method as used for Catalyst E (0.09% Ni) showed
increased activity compared to base Catalyst A but not as much as for Catalyst E.

Like Catalyst E, Catalysts L and O showed no decline in toluene conversion during

the testing period.
Table 7
Catalyst Description Performance Test
Catalyst Base Metal Method Xt | Relative Activity ] Deactivation
Increase' Rate’
Catalyst | AlL,O; —P/ZSM-5 0 “As-is” 11.5 Base Case -0.065
A (Catalyst A)
Catalyst | AlLO;-P/ZSM-5 | 0.10% ]| Impregnated | 13.5 17% -0.012
G (Catalyst A) Ni
Catalyst | AlL,O; -P/ZSM-5 } 0.09% Aged & 14.9 34% Not
E (Catalyst A) Ni Decanted observed
Catalyst | AlLO;-P/ZSM-5 | 0.11% Aged & 13.5 17% Not
L (Catalyst A) Pt Decanted observed
Catalyst | ALO; -P/ZSM-5 | 0.09% Aged & 13.6 18% Not
0 (Catalyst A) Pd Decanted observed
Catalyst P/ZSM-5 0 “As-is” 17.7 Base Case -0.014
H (Catalyst H)
Catalyst P/ZSM-5 0.08% Aged & 12.7 -28% -0.170
I (Catalyst H) Ni Decanted
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X0 = Toluene conversion, mole%.

'Relative activity increase of a catalyst is estimated by comparing toluene conversion
obtained on the catalyst compared to that on base catalyst.

’Deactivation rate: Toluene conversion decline, mole% per 24 hour.

[0067] Table 7 also shows the comparison of toluene conversion and catalyst
deactivation rate between Catalyst H (no metal) and Catalyst I (0.08 wt% Ni).
Catalyst H is a self-bound P/ZSM-5 catalyst. Catalyst I was made by using Catalyst
H and by using the same method as used for Catalyst E. Unexpectedly, Catalyst I did
not show any increase in activity, but rather it showed a dramatic decrease in activity,

and toluene conversion declined faster than for the base Catalyst H.

[0068] While the invention has been shown in only some of its forms, it should be
apparent to those skilled in the art that it is not so limited, but is susceptible to various
changes and modifications without departing from the scope of the invention.
Accordingly, it is appropriate that the appended claims be construed broadly and in a

manner consistent with the scope of the invention.
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CLAIMS
We claim:
1. A method of forming a catalyst for use in aromatic alkylation, the method
comprising:

treating a zeolite with a phosphorus-containing compound,;

combining the phosphorus-treated zeolite with a binder material;

treating the bound phosphorus-treated zeolite with an aqueous solution of a

hydrogenating metal compound by contacting the bound phosphorus-treated zeolite

with the aqueous solution and separating the aqueous solution from the bound

phosphorus-treated zeolite to form a hydrogenating-metal-containing zeolite catalyst.

2. The method of claim 1, wherein:

the zeolite is a ZSM-5 zeolite.

3. The method of claim 1, wherein:

the hydrogenating metal is Group VIIIA transition metal.

4, The method of claim 1, wherein:

the hydrogenating metal is selected from at least one of nickel, palladium and

platinum.
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5. The method of claim 1, wherein:

the hydrogenating-metal-containing zeolite is calcined at a temperature of

from about 400 °C or higher.

6. The method of claim 1, wherein:

the hydrogenating metal is present in the catalyst an amount of from about

0.03% to about 5% by total weight of catalyst.

7. The method of claim 1, wherein:

the catalyst contains from about is 0.01% to about 15% phosphorus by total
weight of catalyst.

- 8. The method of claim 1, wherein:

the binder is an alumina binder.

0. The method of claim 1, wherein:

the binder is present in the catalyst in an amount of from about 1% to about

99% by total weight of the catalyst.

10. A hydrogenating-metal-containing zeolite catalyst for use in aromatic

alkylation, the catalyst comprising in the following order:

a) zeolite;
b) phosphorus;
¢) binder; and

d) a hydrogenating metal.
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11.  The catalyst of claim 10, wherein:

the catalyst is formed by treating a bound phosphorus-containing zeolite with
an aqueous solution of a hydrogenating metal compound by contacting the bound
phosphorus-containing zeolite with the aqueous solution and separating the aqueous
solution from the bound phosphorus-containing zeolite to form the hydrogenating-
metal-containing zeolite catalyst.
12.  The catalyst of claim 10, wherein:

the zeolite is a ZSM-5 zeolite.
13.  The catalyst of claim 10, wherein:

the hydrogenating metal is Group VIIIA transition metal.

14. The catalyst of claim 10, wherein:

the hydrogenating metal is selected from at least one of nickel, palladium and

platinum.

15.  The catalyst of claim 11, wherein:

the hydrogenating-metal-containing zeolite is calcined at a temperature of

from about 400 °C or higher.

16.  The catalyst of claim 10, wherein:

the hydrogenating metal is present in the catalyst an amount of from about

0.03% to about 5% by total weight of catalyst.



WO 2010/051007 PCT/US2009/005613
29

17. The catalyst of claim 10, wherein:

the catalyst contains from about is 0.01% to about 15% phosphorus by total
weight of catalyst.

18.  The catalyst of claim 10, wherein:

the binder is an alumina binder.

19.  The catalyst of claim 10, wherein:

the binder is present in the catalyst in an amount of from about 1% to about

99% by total weight of the catalyst.

20. A method of preparing an alkyl aromatic product comprising:

contacting a hydrogenating-metal-containing zeolite catalyst with an
aromatic alkylation feed of an aromatic compound and an alkylating agent
under reaction conditions suitable for aromatic alkylation, the hydrogenating-
metal-containing zeolite catalyst comprised of a bound phosphorus-containing
zeolite having in the following order: zeolite, phosphorus, a binder and a

hydrogenating metal compound.

21. The method of claim 20, wherein:

a bound phosphorus-containing zeolite is treated with an aqueous
solution of a hydrogenating metal compound by contacting the bound
phosphorus-containing zeolite with the aqueous solution and separating the
aqueous solution from the bound phosphorus-containing zeolite to form the

hydrogenating-metal-containing zeolite catalyst.

22. The method of claim 20, wherein:
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the hydrogenating-metal-containing zeolite is calcined at a temperature of

from about 400 °C or higher prior to use in aromatic alkylation.
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