wo 2013/032491 A1 [N 0F 00000 0 O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2013/032491 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
(73)

74

31

7 March 2013 (07.03.2013) WIPOIPCT
International Patent Classification:
C07C 5/333 (2006.01)
International Application Number:
PCT/US2011/050743

International Filing Date:
8 September 2011 (08.09.2011)

Filing Language: English
Publication Language: English
Priority Data:

13/220,806 30 August 2011 (30.08.2011) US

Applicant (for all designated States except US): FINA
TECHNOLOGY, INC. [US/US]; P.O. Box 674412, Hou-
ston, TX 77267-3312 (US).

Inventors; and

Inventors/Applicants (for US only): BUTLER, James
[US/US]; 422 Jessamine Way, League City, TX 77573
(US). WAGUESPACK, James [US/US]; 9906 Kershope
Forest Court, Spring, TX 77379 (US). CLARK, Jason
[US/US]; 1415 Ramada Drive, Houston, TX 77062 (US).

Agent: ALEXANDER, David, J.; Fina Technology, Inc.,
P.O. Box 674412, Houston, TX 77267-3312 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(84)

AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:

with international search report (Art. 21(3))

(54) Title: REMOVAL OF HYDROGEN FROM DEHYDROGENATION PROCESSES

/00

h 4

107

— 12}

h 4 { 122

H,

Y

104

|
108

Figure 1

121

l-124

(57) Abstract: A process and system for dehydrogenating certain hydrocarbons is disclosed. The process includes contacting a dehy -
diogenatable hydrocarbon with steam in the presence of a dehydrogenation catalyst to form hydrogen and a dehydrogenated hydro -
carbon. Some of the hydrogen is then removed and some of the remaining dehydrogenatabie hydrocarbon is dehydrogenated.



WO 2013/032491 PCT/US2011/050743

REMOVAL OF HYDROGEN FROM DEHYDROGENATION PROCESSES



WO 2013/032491 PCT/US2011/050743

REMOVAL OF HYDROGEN FROM DEHYDROGENATION PROCESSES

FIELD
[0001] Embodiments generally relate to dehydiogenation processes. In particular, this

disclosure relates to selective removal of hydrogen from dehydrogenation processes.

BACKGROUND

[0002] Dehydrogenation is a chemical reaction that involves the removal of hydrogen from a
compound. Dehydrogentation processes may be used to form various unsaturated organic
compounds. For instance, some common dehydrogenation processes are ethane to ethylene,
propane to propylene, butane to butylene or butadiene, as examples. Various vinyl compounds can
be prepared by the catalytic dehydrogenation of corresponding atkyl compounds. Such reactions
include the catalytic dehydrogenation of monoalkyl or polyalkyl aromatics, such as ethylene and
dicthylbenzene or the dehydrogenaﬁon of alkyl substituted polynuclear aromatic compounds, such
- as ethylnaphthalene. Perhaps the mostly widely used dehydrogenation process involves the
dehydrogenation of ethylbenzene for the production of styrene.

[0003] | Dehydrogenation is an equilibrium reaction, Commercial processes can be limited by
the presence of the products, such as hydrogen. A need exists to improve dehydrogenation process
efficiency.

SUMMARY _

[0004] Embodiments of the present disclosure include processes and systems for
dehydrogenation.

[0005] In one embodiment of the present disclosure, a dehydrogenation process is disclosed.
The dehydrogenation process includes providing a dehydrogenatable hydrocarbon and contacting
the dehydrogenatable hydrocarbon with steam in the presence of a dehydrogenation catalyst to
form a first product stream. The first product stream includes a first dehydrogenated hydrocarbon
and hydrogen. The dehydrogenation process further includes passing the first product stream
through a separation system adapted to remove hydrogen therefrom and form a second product
stream and contacting the second product stream with steam in the presence of a dehydrogenation
catalyst to form a third product stream.  The third product stream includes a second
dehydrogenated hydrocarbon and hydrogen, wherein the first and second dehydiogenated

hydrocarbons may be the same hydrocarbon.
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[0006] In another embodiment of the present disclosure, a dehydrogenation system is
disclosed. The dehydrogenation system includes a first dehydrogenation reactor and an
inorganic membrane. The membrane is adapted to separate hydrogen and is fluidically
coupled to the first dehydrogenation reactor. The dehydrogenation system further includes
a second dehydrogenation reactor fluidically coupled to the membrane.

[0007] In still another embodiment of the present disclosure a dehydrogenation process
for converting ethyl benzene to styrene is disclosed. The process includes a first siream
containing a first quantity of hydrogen and a second stream containing a second quantity of
hydrogen different from the first quantity of hydrogen, wherein both first and second

streams are separated by a membrane.

BRIEF DESCRIPTION OF DRAWINGS

[00068] Figure 1 illustrates an embodiment of a dehydrogenation process.

DETATLED DESCRIPTION

Introduction and Definitions

[0009] A detailed description will now be provided. Each of the appended claims defines a
separate invention, which for infringement purposes is recognized as including equivalents to the
various elements or limitations specified in the claims. The disclosure below is not limited to the
embodiments, versions or examples described, which are included to enable a person having
ordinary skill in the art to make and use the disclosed subject matter when the information in
this patent is combined with available information and technology.

[0010] Various terms as used herein are shown below, To the extent a term used in a claim
is not defined below, it should be given the broadest definition skilled persons in the pertinent art
have given that term as reflected in printed publications and issued 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.

{0011] Further, various ranges and/or numerical limitations may be expressly stated below.
It should be recognized that unless stated otherwise, it is intended that endpoints are to be
interchangeable. Further, any ranges include iterative ranges of like magnitude falling within the

expressly stated ranges or limitations. For example, if the detailed description recites a range of
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from 1 to 5, that range includes all iterative ranges within that range including, for instance, 1.3-
2.7 or 4.9 - 4.95.
[0012] Embodiments of the disclosure generally include dehydrogenation processes.
Dehydrogenation processes generally include contacting a reactant, such as a C2 to C4 alkane or
an alkyl aromatic hydrocarbon with a dehydrogenation catalyst to form a C2 to C4 alkene, or a
vinyl aromatic Hydrocarbon within a reaction vessel. The disclosure below is described with
respect to alkyl aromatic compounds. It is understood by one skilled in the art with the benefit of
this disclosure that the principles will apply likewise to other dehydrogenatable compounds,
including, but not limited to, alkanes and parrafins. An alkyl aromatic hydrocarbon may include
any alkyl aromatic hydrocarbon known to one skilled in the art, such as ethylbenzene,
isopropylbenzene or ethyltoluene, for example,
[0013] As one of skill in the art will recognize with the benefit of this disclosure, the
disclosure below is not limited with respect to the dehydrogenation catalyst. In certai
embodiments, the dehydrogenation catalyst may include a reducible oxide of iron or vanadium,
for example. As used herein, the term “reducible oxide” refers to an oxide which is reduced by
contact with hydrocarbons when operating under dehydrogenation conditions.
[0014] The dehydrogenation catalyst may optionally be bound to, supported on or extruded
with any suitable support material. The support material may include oxides of metals, such as
titanium, zirconium, zinc, magnesium, thorium, silica, calcium, barium and aluminum, clays and
zeolitic materials, such as metallo-silicates or metallo-alumino-phosphates (e.g., alumino-
silicates, borosilicates, silico-alumino-phosphates), for example. In one specific, non-limiting,
embodiment, the dehydrogenation catalyst includes a reducible vanadium oxide on a magnesium
oxide support. ' '
[0015] The dehydrogenation catalyst may further include one or more promoters, such as
alkali or alkaline-earth metals, for example.
[0016] In one or more embodiments, the dehydrogenation catalyst may include as non-
limiting examples metal oxides, such as CuO, ZnO--CuO, ZnO--CuO--Al0s3; CuCr0s;
ZnCry03, ZnO--Cu0--Cr;03, or metals, such as Ru, Rh, Ni, Co, Pd or Pt supported on a substrate
such as silica or titania, for example.
[0017] The dehydrogenation catalyst may be prepared by methods known to one skilled in
the art, such as absorption, precipitation, impregnation or combinations thereof, for example.
See, U.S. Pat. No. 5,510,553, which is fully incorporated by reference herein.

4
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[0018)] The vinyl aromatic hydrocarbon formed in an embodiment of the present disclosure is
generally dependent upon the alkyl aromatic hydrocarbon and may include styrene, a-methyl
styrene or vinyl toluene, for example. The vinyl aromatic hydrocarbon may further be used for
any suitable purpose and/or may undergo further processing, such as separation, for example,
[0019] In certain embodiments, the dehydrogenation processes are high temperature
processes. As used herein, the term “high temperature” refers to process operation temperatures,
such as reaction vessel and/or process line temperatures of from about 150°C to about 1000°C,
or from about 300°C to about 800°C, or from about 500°C to about 700°C or from about 550°C
to about 650°C, for example.

[0020] The alkyl aromatic hydrocarbon may contact the dehydrogenation catalyst in the
presence of an inert diluent, such as steam. Such contact may occur in any manner known to one
skilled in the art. For example, the diluent may be added to the alkyl aromatic hydrocarbon prior
to contact with the catalyst, for example. Although the amount of diluent contacting the alkyl
aromatic hydrocarbon is determined by individual process parameters, the diluent may contact
the alkyl aromatic hydrocarbon in a weight ratio of from about 0.01:1 to about 15:1, or from
about 0.3:1 to about 10:1, or from about 0.6:1 to about 3:'1, for example.

[0021] Embodiments of reactors that can be used with the present disclosure can include, by
non-limiting examples: fixed bed reactors; fluid bed reactors; falling bed reactors and entrained
bed reactors. Reactors capable of 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 reactor system may be determined based
on the particular design conditions and throughput, as by one of ordinary skill in the art, and are
not meant to be limiting on the scope of the present disclosure. The dehydrogenation reactor
may be of various configurations including a radial flow reactor such as disclosed in U.S. Pat.
No. 5,358,698 or a linear or tubular reactor such as disclosed in U.S. Pat. Nos. 4,287,375 and
4,549,032, all of which are incorporated by reference herein.

[0022] It is contemplated that the dehydrogenation process may include a single or a
plurality of stages. When utilizing a plurality of stages, such stages may be housed in a single
reaction vessel, or in multiple reaction vessels, for example. In one or more embodiments, the
multiple reaction vessels include series connected dehydrogenation reactions.

[0023] The product yields of dehydrogenation reactions is limited by equilibrium. The
presence of hydrogen (often at significant levels) in the reaction vessel often requires significant

5
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inert diluents/steam feed rates in order to overcome equilibrium constraints. For example, the
dehydrogenation processes may include a steam to alkyl aromatic hydrocarbon molar feed rate of
from 6 to 15, for example. However, selective hydrogen removal from the dehydrogenation
process may lower the level of steam required fo overcome equilibrium constraints.

[0024]  In one or more embodiments, series-connected dehydrogenation reactors generally
include a separation system disposed between such adapted to remove hydrogen therefrom.
[0025] In other embodiments, the dehydrogenation system includes at least one in-situ
separation system. As used herein, the term “in-situ” refers to disposal of the separation system
within at least one reaction vessel.

[0026] In one or more embodiments, the separation system generally includes a membrane.
The membrane is adapted to selectively remove hydrogen from the separation system without
removal of steam and other products and/or reactants, for example. For example, the membrane
may be adapted to remove at least 50% of the hydrogen introduced into the separation system.
In one or more embodiments, the membrane is adapted to remove less than 10% of the steam
introduced into the separation system. |

[0027] It is contemplated herein that the term “membrane” may include the use of a single
membrane or multiple membranes, depending on the required hydrogen migration or other
process conditions, for example. The membrane generally includes a hydrogen permeable
membrane, The hydrogen permeable membrane may be formed of any material which exhibits
substantial permeability to hydrogen while being substantially impermeable to the larger
molecules involved in the dehydrogenation reaction, such as the inert diluent, the alkyl aromatic
hydrocarbon and the vinyl aromatic hydrocarbon, for example.

[0028] In one or more embodiments, the membrane is an ihorganic membrane.

[0029] In one or more embodiments, the membrane is porous.

[0030] In one or more embodiments, the membrane is formed of a sintered metal, such as
palladium, copper, alloys thereof and combinations thereof, for example. In one or more specific
embodiments, the membrane is formed of palladium and from about 35 wt.% to about 45 wt.%
copper, for example,

[6031] In one or more embodiments, the membrane is formed of a ceramic material, for
example.

[0032] In one or more embodiments, the membrane may have a pore diameter of from about
0.5 nm to about 20,000 nm or less than 1 nm, for example.

6
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[0033] In one or more embodiments, the membrane may have a thickness of about 2um or
less, for example.

[0034]  One or more embodiments include in-situ hydrogen separation via disposal of the
membrane within the dehydrogenation reactor. For example, in one or more embodiments, the
membrane is employed in the wall structure of the reactor. In yet another embodiment, the
membrane is employed as a layer disposed within the reactor.

[0035] One or more embodiments include a separation unit disposed between various stages
of the dehydrogenation reactor. Such separation unit may be disposed within the reactor or
between multiple reactors, for example. When disposed between stages, the separation system
may operate at a pressure of from about 2 psia to about 20 psia, for example. When disposed
between stages, the separation system may operate at a temperature of from about 300°C to
about 700°C, for example,

[0036] The embodiments described herein result in the ability to overcome equilibrium
constraints in dehydrogenation processes at lower temperatures, lower steam feed rates or
combinations thereof without the requirement of condensation to remove the hydrogen formed
therein.

[0037] Figure 1 illustrates a schematic block diagram of a specific, non-limiting,
embodiment of a dehydrogenation process 100. Although not shown herein, the process stream
flow may be modified based on unit optimization by those of skill in the art with the benefit of
this disclosure. For example, additional process equipment, such as heat exchangers or
separators, may be employed throughout the processes described herein and such placement is
generally known to one skilled in the art. Further, while described below in terms of primary
components, the streams indicated below may include any additional components as known to
one skilled in the art.

[0038] The process 100 generally includes supplying an input stream 102 to a
dehydrogenation system 104. The dehydrogenation system 104 is generally adapted to contact
the input stream 102 with a dehydrogenation catalyst to form an output stream 108.

[0039] The input stream 102 generally includes the alkyl aromatic hydrocarbon and the
output stream 108 generally includes the Vinyl aromatic hydrocarbon. In addition, the input
stream 102 may further include the inert diluent, for example.

[0040] The dehydrogenation system 104 generally includes one or more reaction zones,
which are contained within one or more reaction vessels. In one embodiment, the reaction vessel

7
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generally includes a downflow reaction vessel. As used herein, downflow reaction vessels
generally include circulating catalyst therethrough in a downward direction (versus upflow
reactors) for contact with a feedstock and recovering the catalyst for regeneration and/or
disposal.

[0041] Although illustrated as a single reaction zone, it is known to one skilled in the art with
the benefit of this disclosure, that the reaction vessel may include one or a plurality or reaction
zones, each having catalyst passing therethrough. Further, each reaction zone may be contained
within a single reaction vessel or a plurality of reaction vessels, for example.

[0042] To aid in the flow of the applicable materials, such as steam, input and catalyst, the
dehydrogenation system 104 generally utilizes a pressure drop. The applicable materials
generally have a short residence time in the reaction zone, further aiding in maintaining the
oxidation state in the desired tolerances. For example, the input may have a residence time of
from about 0.5 milliseconds to about 30 seconds or from about 1 millisecond to about 15 seconds
and the catalyst may have a residence time of from about 0.5 milliseconds to about 5 minutes or
from about 1 millisecond to about 1 minute.

[0043] In the specific embodiment illustrated in Figure 1, the output stream 108 is passed
through a separation system 107 to selectively remove hydrogen therefrom forming a purified
output stream 120. In one or more embodiments, the purified output stream 120 is passed to an
additional dehydrogenation system 121 to form product stream 124,

[0044]  While the foregoing is directed to certain embodiments, other and further
embodiments may be devised without departing from the basic scope thereof and the scope

thereof is determined by the claims that follow.
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CLAIMS

What is claimed is:
1. A dehydrogenation process comprising:

providing a dehydrogenatable hydrocarbon;

contacting the dehydrogenatable hydrocarbon with stcam in the presence of a
dehydrogenation catalyst to form a first product stream comprising a first dehydrogenated
hydrocarbon and hydrogen;

passing the first product stream through a separation system adapted to remove hydrogen
therefrom and form a second product stream; and

contacting the second product sfream with steam in the presence of a dehydrogenation
catalyst to form a third product stream comprising a second dehydrogenated hydrocarbon and
hydrogen, wherein the first and second dehydrogenated hydrocarbons may be the same

hydrocarbon.

2, The dehydrogenation process of claim I, wherein the dehydrogenatable hydrocarbon is

an alkane, or alkyl aromatic compound.

3. The dehydrogenation process of claim 2, wherein the dehydrogenatable hydrocarbon is
an alkyl aromatic compound selected from the group consisting of ethylbenzene,

isopropylbenzene and ethyl toluene.

4, The dehydrogenation process of claim 3, wherein the first and second dehydrogenated
hydrocarbon is selected from the group consisting of styrene, a-methyl styrene, and vinyl

toluene.

5. The dehydrogenation process of claim !, wherein the separation system is a hydrogen-

permeable membrane,

6. The dehydrogenation process of claim 5, wherein the hydrogen-permeable membrane is

an inorganic membrane,
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7. The dehydrogenation process of claim 6, wherein the inorganic membrane comprises

sintered metal,

8. The dehydrogenation process of claim 7, wherein the sintered metal comprises palladium,

copper, alloys thereof, or combinations thereof,

9. The dehydrogenation process of claim 8, wherein the sintered metal is comprised of a

palladium/copper alloy, wherein the copper comprises about 35 wi% to about 45 wt% of the

alloy.

10.  The dehydrogenation process of claim 6, wherein the inorganic membrane comprises
ceramic,

11, The dehydrogenation process of claim 6, wherein the hydrogen-permeable membrane

includes pores having a diameter of less than | nanometer.

12, The dehydrogenation process of claim 6, wherein the hydrogen-permeable membrane has

a thickness of 2 um or less,

13, The dehydrogenation process of claim 6, wherein the hydrogen permeable membrane is

adapted to remove 50% of the hydrogen in the first product stream,

14.  The dehydrogenation process of claim 1, wherein the step of passing the first product

stream through a separation system occurs within a dehydrogenation reactor.

15.  The dehydrogenation process of claim 1, wherein the step of passing the first product

stream through a separation system occurs outside a dehydrogenation reactor.

10
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16, A dehydrogenation system comprising:

a first dehydrogenation reactor;

an inorganic membrane, the membrane adapted to separate hydrogen, the membrane
fluidically coupled to the first dehydrogenation reactor; and

a second dehydrogenation reactor, wherein the second dehydrogenation reactor is

fluidically coupled to the membrane.

17.  The dehydrogenation system of claim 16, wherein the inorganic membrane is within the

first dehydrogenation reactor.

18.  The dehydrogenation system of claim 16, wherein the inorganic membrane comprises

sintered metal or ceramic.

19.  The dehydrogenation system of claim 18, wherein the inorganic membrane comprises
sintered metal and the sintered metal comprises palladium, copper, alloys thereof, or

combinations thereof.
20.  The dehydrogenation system of claim 19, wherein the sintered metal is comprised of a
palladium/copper alloy, wherein the copper comprises about 35 wt% to about 45 wt% of the

alloy.

21.  The dehydrogenation system of claim 18, wherein the hydrogen-permeable membrane

includes pores having a diameter of less than 1 nanometer.

22.  The dehydrogenation system of claim 18, wherein the hydrogen-permeable membrane

has a thickness of 2 um or less.

11
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23. A dchydrogenation process for converting ethyl benzene to styrene comprising:
a first stream containing a first quantity of hydrogen and a second stream containing a
second quantity of hydrogen different from the first quantity of hydrogen, wherein both first and

second streams are separated by a membrane.

12
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