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METHODS FOR FORMING LIGHT OLEFINS THAT INCLUDE USE OF COOLED
PRODUCT AS A RECYCLED QUENCH STREAM

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority to U.S. Provisional Patent Application Serial
No. 62/868,340, filed on June 28, 2019, which is incorporated by reference in its entirety.

BACKGROUND

Field

[0002] The present disclosure generally relates to chemical processing systems and, more

specifically, to dehydrogenation chemical processing systems.
Technical Background

[0003] Light olefins may be utilized as base materials to produce many types of goods and
materials. For example, ethylene may be utilized to manufacture polyethylene, ethylene chloride,
or ethylene oxides. Such products may be utilized in product packaging, construction, textiles, etc.
Thus, there is an industry demand for light olefins, such as ethylene, propylene, and butene. Light
olefins may be produced by different reaction processes depending on the given chemical feed
stream, which may be a product stream from a crude oil refining operation. Many light olefins
may be produced through catalytic processes, such as catalytic dehydrogenation, in which the feed
stream is contacted with a fluidized catalyst that facilitates conversion of the feed stream into the
light olefins. In such systems, reaction selectivity for the light olefins may be important to overall

process efficiency.
BRIEF SUMMARY

[0004] There is a continued need for improved systems and methods for producing light
olefins. It has been observed that elevated temperatures of dehydrogenation product streams may
lead to undesired thermal cracking of the product stream, which may reduce the system selectivity
for the desired light olefins. For example, unreacted alkanes and/or desired product olefins in the
product stream may thermally crack in the catalyst separation portions and other downstream

portions of reactor systems prior to the product stream being cooled by, for example, a heat
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exchanger. To mitigate or wholly correct this phenomenon, systems disclosed herein recycle a
portion of the product stream once it has been cooled by, for example, a heat exchanger. The
recycle stream (i.e., quench stream) of cooled product reduces the temperature of the high
temperature product stream to an intermediate temperature which has a reduced rate of undesirable
thermal cracking. For example, in some reaction systems disclosed herein, a cooled product stream
is recycled to contact the high temperature product stream shortly after the product stream exits
the primary separation device that separates most of the solid catalyst from the product stream
gas. Examples of solid/gas separation devices suitable for use herein include, without limitation,
a cyclonic separation device (i.e., a cyclone), a filter, or any other device suitable for separating
gases from solids. Contact by such a quench stream cools the product stream to an intermediate
temperature that has a reduced thermal cracking rate as compared to the product stream prior to
contact with the quench stream. As such, thermal cracking is reduced at least from the point where
the recycle stream (i.e., quench stream) contacts the high temperature product stream to the point
where the product stream is cooled by, for example, a heat exchanger.

[0005]  According to the present disclosure, a method for forming light olefins may comprise
introducing a hydrocarbon feed stream into a reactor, reacting the hydrocarbon feed stream with
a dehydrogenation catalyst in the reactor to form a high temperature dehydrogenated product, the
dehydrogenated product comprising at least a portion of the hydrocarbon feed stream that was not
catalytically reacted, separating at least a portion of the dehydrogenation catalyst from the high
temperature dehydrogenated product in a primary separation device, wherein the temperature of
the dehydrogenated product and dehydrogenation catalyst in the primary separation device is at
least 550°C. The method may further comprise, following the exit of high temperature
dehydrogenation product from the primary separation device, combining the high temperature
dehydrogenation product with a quench stream to cool the high temperature dehydrogenation
product and form an intermediate temperature dehydrogenation product, wherein the quench
stream is a gas stream, and wherein temperature of the intermediate temperature dehydrogenation
product is at least 10°C less than the temperature of the high temperature dehydrogenation
product. The method may further comprise cooling the intermediate temperature dehydrogenation
product to form a cooled dehydrogenation product, wherein a portion of the cooled
dehydrogenation product is utilized as at least a portion of the quench stream.

[0005a] In an aspect, there is provided a method for forming light olefins, the method

comprising: introducing a hydrocarbon feed stream into a reactor; reacting the hydrocarbon feed
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stream with a dehydrogenation catalyst in the reactor to form a high temperature dehydrogenated
product, the dehydrogenated product comprising at least a portion of the hydrocarbon feed stream
that was not catalytically reacted; separating at least a portion of the dehydrogenation catalyst
from the high temperature dehydrogenated product in a primary separation device, wherein the
temperature of the dehydrogenated product and dehydrogenation catalyst in the primary
separation device is at least 550°C; following the exit of high temperature dehydrogenation
product from the primary separation device, combining the high temperature dehydrogenation
product with a quench stream to cool the high temperature dehydrogenation product and form an
intermediate temperature dehydrogenation product, wherein the quench stream is a gas stream,
and wherein temperature of the intermediate temperature dehydrogenation product is at least 10°C
less than the temperature of the high temperature dehydrogenation product, cooling the
intermediate temperature dehydrogenation product to form a cooled dehydrogenation product,
wherein a portion of the cooled dehydrogenation product is utilized as at least a portion of the

quench stream.

[0006]  According to the present disclosure, a method for forming light olefins may comprise

introducing a hydrocarbon feed stream into a reactor, reacting the hydrocarbon feed
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stream with a dehydrogenation catalyst in the reactor to form a high temperature dehydrogenated
product, the dehydrogenated product comprising at least a portion of the hydrocarbon feed stream
that was not catalytically reacted, and separating at least a portion of the dehydrogenation catalyst
from the high temperature dehydrogenated product in a primary separation device, wherein the
temperature of the dehydrogenated product and dehydrogenation catalyst in the primary
separation device is at least 550°C. The method may further comprise, following the exit of high
temperature dehydrogenation product from the primary separation device, combining the high
temperature dehydrogenation product with a quench stream to cool the high temperature
dehydrogenation product and form an intermediate temperature dehydrogenation product,
wherein the quench stream is a gas stream, and wherein temperature of the intermediate
temperature dehydrogenation product is at least 10°C less than the temperature of the high
temperature dehydrogenation product. The method may further comprise passing the intermediate
temperature product to a secondary separation device, where the remainder of the
dehydrogenation catalyst is removed from the intermediate temperature product, and cooling the
intermediate temperature dehydrogenation product to form a cooled dehydrogenation product,
wherein a portion of the cooled dehydrogenation product is utilized as at least a portion of the

quench stream.

[0006a] In another aspect, there is provided a method for forming light olefins, the method
comprising: introducing a hydrocarbon feed stream into a reactor; reacting the hydrocarbon feed
stream with a dehydrogenation catalyst in the reactor to form a high temperature dehydrogenated
product, the dehydrogenated product comprising at least a portion of the hydrocarbon feed stream
that was not catalytically reacted; separating at least a portion of the dehydrogenation catalyst
from the high temperature dehydrogenated product in a primary separation device, wherein the
temperature of the dehydrogenated product and dehydrogenation catalyst in the primary
separation device is at least 550°C; following the exit of high temperature dehydrogenation
product from the primary separation device, combining the high temperature dehydrogenation
product with a quench stream to cool the high temperature dehydrogenation product and form an
intermediate temperature dehydrogenation product, wherein the quench stream is a gas stream,
and wherein temperature of the intermediate temperature dehydrogenation product is at least
10°C less than the temperature of the high temperature dehydrogenation product; passing the
intermediate temperature product to a secondary separation device where the remainder of the
dehydrogenation catalyst is removed from the intermediate temperature product; cooling the

intermediate temperature dehydrogenation product to form a cooled dehydrogenation product,
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wherein a portion of the cooled dehydrogenation product is utilized as at least a portion of the

quench stream.

[0007] Itisto be understood that both the foregoing brief summary and the following detailed
description present embodiments of the technology, and are intended to provide an overview or
framework for understanding the nature and character of the technology as it is claimed. The
accompanying drawings are included to provide a further understanding of the technology, and
are incorporated into and constitute a part of this specification. The drawings illustrate various
embodiments and, together with the description, serve to explain the principles and operations of
the technology. Additionally, the drawings and descriptions are meant to be merely illustrative,

and are not intended to limit the scope of the claims in any manner.

[0008]  Additional features and advantages of the technology disclosed herein will be set forth
in the detailed description which follows, and in part will be readily apparent to those skilled in
the art from that description or recognized by practicing the technology as described herein,
including the detailed description which follows, the claims, as well as the appended drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The following detailed description of specific embodiments of the present disclosure
can be best understood when read in conjunction with the following drawings, where like structure

is indicated with like reference numerals and in which:

[0010] FIG. 1 depicts a generalized flow diagram of a reactor system having downstream

cooling and a recycled quench stream, according to one or more embodiments described herein;

[0011] FIG. 2 schematically depicts a portion of a reactor system, according to one or more

embodiments described herein;

[0012]  FIG. 3 schematically depicts a portion of a reaction system, according to one or more

embodiments described herein;

[0013]  FIG. 4 schematically depicts a portion of a reaction system, according to one or more

embodiments described herein;

[0014] FIGS. 5A and 5B graphically depict the ratio of the reaction rate after temperature
quench relative to the reaction rate before temperature quench (where the latter represents the rate

at the respective target temperature for each reactant), according to one or more embodiments;

[0015] FIG. 6 graphically depicts the calculated percentages of steam and crude propylene
relative to the product stream (vol/vol) needed in order to quench the product stream by various

amounts, according to one or more embodiments;

[0016] FIG. 7 graphically depicts the calculated cumulative propylene selectivity (%) as a
function of temperature drop after mixing with the quench stream, quenching medium (steam or
crude propylene), and residence time between the outlet of the primary separation devices and

inlet of the gas-gas heat exchanger, according to one or more embodiments; and

[0017]  FIG. 8 graphically depicts the calculated cumulative propane conversion (%) as a
function of temperature drop after mixing with the quench stream, quenching medium (steam or
crude propylene), and residence time between the outlet of the primary separation device and inlet

of the gas-gas heat exchanger, according to one or more embodiments.
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[0018] It should be understood that the drawings are schematic in nature, and do not include
some components of a reactor system commonly employed in the art, such as, without limitation,
temperature transmitters, pressure transmitters, flow meters, pumps, valves, and the like. It would
be known that these components are within the spirit and scope of the present embodiments
disclosed. However, operational components, such as those described in the present disclosure,

may be added to the embodiments described in this disclosure.

[0019] Reference will now be made in greater detail to various embodiments, some
embodiments of which are illustrated in the accompanying drawings. Whenever possible, the same

reference numerals will be used throughout the drawings to refer to the same or similar parts.

DETAILED DESCRIPTION

[0020] Embodiments of the presently disclosed technology are described with respect to the
several figures. FIG. 1 depicts an example flow diagram representing a reactor system according
to one or more embodiments presently disclosed. It is noted that many process and equipment
details of one or more embodiments of the system of FIG. 1 are described herein with reference
to FIGS. 2-4. It will be appreciated, in view of the other figures, that one or more components of
FIG. 1 may be integral or adjacent with one another and some streams may be only representations
depicting material movement and a physical pipe or other means of transport may not be
physically present (e.g., the stream passes directly from a reactor to a separator that are adjacent

one another).

[0021]  Still referring to FIG. 1, the reactor system 102 may include a reactor 202, a separation
device 220, and a catalyst processing portion 300. Generally, the main reaction, such as a
dehydrogenation reaction, takes place in the reactor 202, where reactant stream 280 (sometimes
referred to herein as a hydrocarbon feed stream) from outside of the depicted system is combined
with regenerated catalyst of stream 282 from the catalyst processing portion and passed into the
reactor 202. Following the reaction, the catalyst, unreacted chemicals, and product chemicals are
transferred via stream 284 to the separation device 220. It should be understood that a “product
stream” may include both reaction products and unreacted components from reactant stream 280.
Reactant stream 280 may comprise one or more of propane, n-butane, iso-butane, ethane, or

cthylbenzene.
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[0022]  Stream 284 is referred to sometimes herein as a high temperature dehydrogenated
product. Generally, stream 284 has a temperature near that of of equal to the temperature in the
reactor 202. The temperature may depend upon the reaction and utilized catalyst system. In one
or more embodiments, stream 284 has a temperature of at least 550°C (such as at least 575°C, at
least 600°C, at least 625°C, at least 650°C, at least 675°C, at least 700°C, or even at least 725°C).
For example, when propane is dehydrogenated, the temperature of stream 284 may be
approximately 620°C (such as from 600°C to 640°C). When ethylbenzene is dehydrogenated, the
temperature of stream 284 may be approximately 595°C (such as from 575°C to 615°C). When
ethane is dehydrogenated, the temperature of stream 284 may be approximately 750°C (such as
from 730°C to 770°C). When butane is dehydrogenated, the temperature of stream 284 may be
approximately 600°C (such as from 580°C to 620°C).

[0023] The separation device 220 may include a primary separation device 402 and a
secondary separation device 404. However, it should be understood that the secondary separation
device 404 is not present in some embodiments. In additional embodiments, the primary
separation device 402 and/or secondary separation device 404 may be, without limitation,
cyclones, filters, or other suitable devices for separating solids, such as catalyst, from gases.
Following the separation of at least a portion (usually the majority) of the catalyst of stream 284
from the gas phase reactant and product chemicals in the primary separation device 402, the
catalyst is passed via stream 299 to the catalyst processing portion 300 and the product and
reactant gases (still sometimes referred to as a high temperature dehydrogenated product) may be
passed out of the primary separation device 402 via stream 286. The temperature of stream 286

may be about equivalent to that of stream 284.

[0024]  In one or more embodiments, following the exit of high temperature dehydrogenation
product via stream 286 from the primary separation device, the high temperature dehydrogenation
product may be combined with a quench stream 296 to cool the high temperature dehydrogenation
product and form stream 287 (sometimes referred to as the intermediate temperature
dehydrogenation product). The quench stream may be a gas stream that is a downstream portion
of stream 286, which is explained in detail herein. The quench stream may include one or more of

ethylene, propylene, or a butene isomer (e.g., the reaction products).

[0025]  The quench stream 296 may have a temperature substantially below that of stream 286.

For example, the quench stream 296 may have a temperature of less than 150°C, such as less than
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125°C, less than 100°C, less than 75°C, or even less than 50°C. The quench stream 296 may be
approximately the same temperature as stream 290, the outlet of the heat exchanger 406. In one
or more embodiments, the temperature of the quench stream 296 may be at least 200°C less than
the temperature of stream 286 (such as at least 250°C less, at least 300°C less, at least 350°C less,
at least 400°C less, at least 450°C less, or even at least 500°C less than the temperature of stream

286).

[0026] The mixing of the quench stream 296 with stream 286 forms intermediate temperature
dehydrogenation product in stream 287. The temperature of stream 287 may be at least 10°C less
than stream 286. For example, the temperature of stream 287 may be at least 15°C, 20°C, 25°C,
30°C, 35°C, 40°C, 45°C, 50°C, 60°C, 70°C, 80°C, 90°C, 100°C, 110°C, 120°C, 130°C, 140°C,
or even 150°C less than stream 286. The rate of thermal cracking of one or more of propane, n-
butane, ethane, or ethylbenzene, and reaction products thereof, may be reduced in stream 287 as
compared with stream 286. For example, the rate of thermal cracking of these components in
stream 287, due at least in part to the reduction in temperature, may be less than 90%, less than
85%, less than 80%, less than 75%, less than 70%, less than 65%, less than 60%, less than 55%,
less than 50%, less than 45%, less than 40%, less than 35%, less than 30%, less than 25%, less
than 20%, less than 15%, less than 10%, or even less than 5% of that in stream 286.

[0027]  The secondary separation device 404 may further separate any remaining solids such
as catalyst in stream 287 and return them to the catalyst processing portion 300 via line 298.
Stream 288 may contain little or no solids. Stream 288 may be still referred to as an intermediate
temperature dehydrogenation product since it is about the same temperature as stream 287. Stream
288 is then processed to cool its contents via, for example, heat exchanger 406. In additional
embodiments, the cooling may be performed by a liquid quenching system or other known means
of cooling a stream. The product stream of the heat exchanger 406 is stream 290, which may be
referred to as a cooled dehydrogenation product. The temperature of stream 290 may be about the
same as that described with respect to the quench stream 296. It should be understood that stream
290 and or stream 296 may be subjected to compression such that they flow in the desired
direction. For example, stream 296 may generally have a greater pressure than that of stream 287

for transport purposes.

[0028] To form the quench stream 296, at least a portion of stream 290 is recycled back into

the system. It should be noted that the chemical contents of stream 296 may be similar or identical
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to those of stream 286 (i.e., no further reactions outside of some residual thermal cracking have
taken place since those in reactor 20). The quenching of stream 286 by contact with the quench
stream 296 may cool the contents of stream 286 to a temperature which substantially reduces the
reaction rate of thermal cracking. Stream 286 may be at a temperature where thermal cracking

occurs and such thermal cracking may reduce selectivity of the desired reaction products.

[0029] It should be understood that the quench stream does not include steam in any substantial
amount. For example, the quench stream comprises less than 3 wt.% steam (such as less than 2
wt.% steam, less than 1 wt.% steam, or substantially no steam in additional embodiments). As is
described in the examples which follow, the use of a dehydrogenation product stream as the

quench may have numerous benefits as compared to the use of steam.

[0030] Anexample reactor system and methods for processing the chemical streams according
to use of such a reactor system will now be discussed in detail in view of FIG. 2. While in some
cases like numbers are utilized in FIG. 2 with respect to FIG. 1, it should be understood that the
embodiments of FIG. 1 may utilize a wide variety of reactor types and that of FIG. 2 is only an
example of one such type. It should be understood that the quenching embodiments described
herein may be suitable for use with other reactor system configurations, including those that do

not include regeneration by cyclical catalyst movement as described herein.

[0031] Now referring to FIG. 2, an example reactor system 102 is schematically depicted. The
reactor system 102 generally comprises multiple system components, such as a reactor portion
200 and a catalyst processing portion 300. As used herein in the context of FIG. 2, the reactor
portion 200 generally refers to the portion of a reactor system 102 in which the major process
reaction takes place. For example, the reactor system 102 may be a dehydrogenation system in
which the feed stream is dehydrogenated in the presence of the dehydrogenation catalyst in the

reactor portion 200 of the reactor system 102.

[0032]  The reactor portion 200 comprises a reactor 202 which may include a downstream
reactor section 230 and an upstream reactor section 250. According to one or more embodiments,
as depicted in FIG. 2, the reactor portion 200 may additionally include a catalyst separation section
210 which serves to separate the catalyst from the chemical products formed in the reactor 202.
Also, as used herein, the catalyst processing portion 300 generally refers to the portion of a reactor

system 102 in which the catalyst is in some way processed, such as by combustion. The catalyst
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processing portion 300 may comprise a combustor 350 and a riser 330, and may optionally
comprise a catalyst separation section 310. In some embodiments, the catalyst may be regenerated
by burning off contaminants like coke in the catalyst processing portion 300. In additional
embodiments, the catalyst may be heated in the catalyst processing portion 300. A supplemental
fuel may be utilized to heat the catalyst in the catalyst processing portion 300 if coke or another
combustible material is not formed on the catalyst, or an amount of coke formed on the catalyst is
not sufficient to burn off to heat the catalyst to a desired temperature. In one or more
embodiments, the catalyst separation section 210 may be in fluid communication with the
combustor 350 (e.g., via standpipe 426) and the catalyst separation section 310 may be in fluid
communication with the upstream reactor section 250 (e.g., via standpipe 424 and transport riser

430).

[0033]  As described with respect to FIG. 2, the feed stream may enter the transport riser 430,
and the product stream may exit the reactor system 102 via pipe 420. According to one or more
embodiments, the reactor system 102 may be operated by feeding a chemical feed (e.g., in a feed
stream) and a fluidized catalyst into the upstream reactor section 250. The chemical feed contacts
the catalyst in the upstream reactor section 250, and each flow upwardly into and through the
downstream reactor section 230 to produce a chemical product. The chemical product and the
catalyst may be passed out of the downstream reactor section 230 to a separation device 220 in
the catalyst separation section 210. The catalyst is separated from the chemical product in the
separation device 220. The chemical product is transported out of the catalyst separation section
210. The separated catalyst is passed from the catalyst separation section 210 to the combustor
350. In the combustor 350, the catalyst may be processed by, for example, combustion. For
example, and without limitation, the catalyst may be de-coked and/or supplemental fuel may be
combusted to heat the catalyst. The catalyst is then passed out of the combustor 350 and through
the riser 330 to a riser termination separator 378, where the gas and solid components from the
riser 330 are at least partially separated. The vapor and remaining solids are transported to a
secondary separation device 320 in the catalyst separation section 310 where the remaining
catalyst is separated from the gases from the catalyst processing (e.g., gases emitted by combustion
of spent catalyst or supplemental fuel). The separated catalyst is then passed from the catalyst
separation section 310 to the upstream reactor section 250 via standpipe 424 and transport riser
430, where it is further utilized in a catalytic reaction. Thus, the catalyst, in operation, may cycle

between the reactor portion 200 and the catalyst processing portion 300. In general, the processed
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chemical streams, including the feed streams and product streams may be gaseous, and the catalyst

may be fluidized particulate solid.

[0034]  As depicted in FIG. 2, the upstream reactor section 250 may be positioned below the
downstream reactor section 230. Such a configuration may be referred to as an upflow
configuration in the reactor 202. The reactor 202 may also be a downflow reactor in which the
upstream reactor section 250 may be position above the downstream reactor section 230. Other

reactor configurations are also contemplated for the reactor portion 200 of the reactor system 102.

[0035]  As described herein, the upstream reactor section 250 may include a vessel, drum,
barrel, vat, or other container suitable for a given chemical reaction. In one or more embodiments,
the upstream reactor section 250 may be generally cylindrical in shape (i.e., having a substantially
circular cross-sectional shape), or may alternately be non-cylindrically shaped, such as prism
shaped with cross-sectional shapes of triangles, rectangles, pentagons, hexagons, octagons, ovals,
or other polygons or curved closed shapes, or combinations thereof. The upstream reactor section
250, as used throughout this disclosure, may generally include a metallic frame, and may
additionally include refractory linings or other materials utilized to protect the metallic frame
and/or control process conditions. As depicted in FIG. 2, the upstream reactor section 250 may
include a lower reactor portion catalyst inlet port 252 defining the connection of transport riser

430 to the upstream reactor section 250.

[0036] The upstream reactor section 250 may be connected to a transport riser 430 which, in
operation, may provide processed catalyst and/or reactant chemicals in a feed stream to the reactor
portion 200. The processed catalyst and/or reactant chemicals may be mixed with a distributor
260 housed in the upstream reactor section 250. The catalyst entering the upstream reactor section
250 via transport riser 430 may be passed through standpipe 424 to a transport riser 430, thus
arriving from the catalyst processing portion 300. In some embodiments, catalyst may come
directly from the catalyst separation section 210 via standpipe 422 and into a transport riser 430,
where it enters the upstream reactor section 250. The catalyst can also be fed via 422 directly to
the upstream reactor section 250. This catalyst may be slightly deactivated, but may still, in some
embodiments, be suitable for reaction in the upstream reactor section 250. As used herein,
“deactivated” may refer to a catalyst which is contaminated with a substance such as coke, or is
cooler in temperature than desired. Regeneration may remove the contaminant such as coke, raise

the temperature of the catalyst, or both.



WO 2020/263599 PCT/US2020/037420

11

[0037]  Still referring to FIG. 2, the reactor portion 200 may comprise a downstream reactor
section 230 which acts to transport reactants, products, and/or catalyst from the upstream reactor
section 250 to the catalyst separation section 210. In one or more embodiments, the downstream
reactor section 230 may be generally cylindrical in shape (i.e., having a substantially circular
cross-sectional shape), or may alternately be non-cylindrically shaped, such as prism shaped with
cross-sectional shape of triangles, rectangles, pentagons, hexagons, octagons, ovals, or other
polygons or curved closed shapes, or combinations thereof. The downstream reactor section 230,
as used throughout this disclosure, may generally include a metallic frame, and may additionally
include refractory linings or other materials utilized to protect the metallic frame and/or control

process conditions.

[0038] According to some embodiments, the downstream reactor section 230 may include an
external riser section 232 and an internal riser section 234. As used herein, an “external riser
section” refers to the portion of the riser that is outside of the catalyst separation section 210, and
an “internal riser section” refers to the portion of the riser that is within the catalyst separation
section 210. For example, in the embodiment depicted in FIG. 2, the internal riser section 234 of
the reactor portion 200 may be positioned within the catalyst separation section 210, while the

external riser section 232 is positioned outside of the catalyst separation section 210.

[0039] As depicted in FIG. 2, the upstream reactor section 250 may be connected to the
downstream reactor section 230 via the transition section 258. The upstream reactor section 250
may generally comprise a greater cross-sectional area than the downstream reactor section 230.
The transition section 258 may be tapered from the size of the cross-section of the upstream reactor
section 250 to the size of the cross-section of the downstream reactor section 230 such that the
transition section 258 projects inwardly from the upstream reactor section 250 to the downstream

reactor section 230.

[0040] In some embodiments, such as those in which the upstream reactor section 250 and the
downstream reactor section 230 have similar cross-sectional shapes, the transition section 258
may be shaped as a frustum. For example, for an embodiment of a reactor portion 200 comprising
a cylindrical upstream reactor section 250 and cylindrical downstream reactor section 230, the
transition section 258 may be shaped as a conical frustum. However, it should be understood that
a wide variety of upstream reactor section 250 shapes are contemplated herein which connect

various shapes and sizes of upstream reactor section 250 and downstream reactor section 230.
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[0041]  In one or more embodiments, based on the shape, size, and other processing conditions
such as temperature and pressure in the upstream reactor section 250 and the downstream reactor
section 230, the upstream reactor section 250 may operate in a manner that is or approaches
isothermal, such as in a fast fluidized, turbulent, or bubbling bed upflow reactor, while the
downstream reactor section 230 may operate in more of a plug flow manner, such as in a riser
reactor. For example, the reactor 202 of FIG. 2 may comprise an upstream reactor section 250
operating as a fast fluidized, turbulent, or bubbling bed reactor and a downstream reactor section
230 operating as a dilute phase riser reactor, with the result that the average catalyst and gas flow
moves concurrently upward. As the term is used herein, "average flow" refers to the net flow, i.e.,
the total upward flow minus the retrograde or reverse flow, as is typical of the behavior of fluidized
particles in general. As described herein, a “fast fluidized” reactor may refer to a reactor utilizing
a fluidization regime wherein the superficial velocity of the gas phase is greater than the choking
velocity and may be semi-dense in operation. As described herein, a “turbulent” reactor may refer
to a fluidization regime wherein the superficial velocity of less than the choking velocity and is
more dense than the fast fluidized regime. As described herein, a “bubbling bed” reactor may refer
to a fluidization regime wherein well defined bubbles in a highly dense bed are present in two
distinct phases. The “choking velocity™ refers to the minimum velocity required to maintain solids
in the dilute-phase mode in a vertical conveying line. As described herein, a “dilute phase riser”
may refer to a riser reactor operating at transport velocity, wherein the gas and catalyst have about

the same velocity in a dilute phase.

[0042]  In one or more embodiments, the pressure in the reactor 202 may range from 6.0 to 44.7
pounds per square inch absolute (psia, from about 41.4 kilopascals, kPa, to about 308.2 kPa), but
in some embodiments, a narrower selected range, such as from 15.0 psia to 35.0 psia, (from about
103.4 kPa to about 241.3 kPa), may be employed. For example, the pressure may be from 15.0
psia to 30.0 psia (from about 103.4 kPa to about 206.8 kPa), from 17.0 psia to 28.0 psia (from
about 117.2 kPa to about 193.1 kPa), or from 19.0 psia to 25.0 psia (from about 131.0 kPa to about
172.4 kPa). Unit conversions from standard (non-SI) to metric (SI) expressions herein include
"about" to indicate rounding that may be present in the metric (SI) expressions as a result of

conversions.

[0043]  In additional embodiments, the weight hourly space velocity (WHSV) for the disclosed
process may range from 0.1 pound (Ib) to 100 1b of chemical feed per hour (h) per Ib of catalyst

in the reactor (Ib feed/h/lb catalyst). For example, where the reactor 202 comprises an upstream
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reactor section 250 that operates as a fast fluidized, turbulent, or bubbling bed reactor and a
downstream reactor section 230 that operates as a dilute phase riser reactor, the superficial gas
velocity may range therein from 2 ft/s (about 0.61 m/s) to 10 ft/s (about 3.05 m/s) in the upstream
reactor section 250, and from 30 ft/s (about 9.14 m/s) to 70 ft/s (about 21.31 m/s) in the
downstream reactor section 230. In additional embodiments, a reactor configuration that is fully
of a riser-type may operate at a single high superficial gas velocity, for example, in some

embodiments at least 30 ft/s (approximately 9.15 m/s) throughout.

[0044] In additional embodiments, the ratio of catalyst to feed stream in the reactor 202 may
range from 5 to 100 on a weight to weight (w/w) basis. In some embodiments, the ratio may range

from 10 to 40, such as from 12 to 36, or from 12 to 24.

[0045] In additional embodiments, the catalyst flux may be from 1 pound per square foot-
second (Ib/ft*-s) (about 4.89 kg/m?-s) to 20 1b/ft>-s (to about 97.7 kg/m?-s) in the upstream reactor
section 250, and from 10 1b/ft>-s (about 48.9 kg/m?>-s) to 100 Ib/ft*>-s (about 489 kg/m>-s) in the

downstream reactor section 230.

[0046]  Still referring to FIG. 2, in operation, the catalyst may move upward through the
downstream reactor section 230 (from the upstream reactor section 250), and into the separation
device 220. The separated vapors may be removed from the reactor system 102 via a pipe 420 at
a gas outlet port 216 of the catalyst separation section 210. According to one or more
embodiments, the separation device 220 may comprise one or more separation units, referred to
herein as primary and secondary separation units, which may be two or more stages of cyclonic
separation. It should be appreciated that FIG. 2 schematically depicts a single cyclone as a generic
separation device 220. However, as depicted in FIG. 1, several separation devices, such as
cyclones or filters, in series, may be utilized. In embodiments where the separation device 220
comprises more than one separation device, the first separation device into which the fluidized
stream enters is referred to a primary separation device. The fluidized effluent from the primary
separation device may enter into a secondary separation device for further separation. Primary
separation devices may include, for example, primary cyclones, and systems commercially
available under the names VSS (commercially available from UOP), LD2 (commercially available
from Stone and Webster), and RS2 (commercially available from Stone and Webster). Primary
separation devices are described, for example, in U.S. Patent Nos. 4,579,716; 5,190,650; and

5,275,641, which are each incorporated by reference in their entirety herein. In some separation
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systems utilizing primary cyclones as the primary cyclonic separation device, one or more set of
additional separation devices (i.e., secondary separation devices and/or tertiary separation
devices), may be utilized for further separation of the catalyst from the product gas. It should be
understood that any primary separation device and/or secondary separation device, in any

combination, may be used in embodiments of the invention.

[0047]  Still referring to FIG. 2, quench stream 296 may contact the gas effluent of the primary
separation device and form the intermediate temperature dehydrogenation product. The contents

of the quench stream 296 are shown and described above with reference to FIG. 1.

[0048]  According to some embodiments, following separation from vapors in the separation
device 220, the catalyst may generally move through the stripper 224 to the reactor catalyst outlet
port 222 where the catalyst is transferred out of the reactor portion 200 via standpipe 426 and into
the catalyst processing portion 300. Optionally, the catalyst may also be transferred directly back
into the upstream reactor section 250 via standpipe 422. Alternatively, the catalyst may be

premixed with processed catalyst in the transport riser 430.

[0049]  As is described in detail in accordance with the embodiment of FIG. 2, according to
one or more embodiments, the catalyst may be processed by one or more of the steps of passing
the catalyst from the reactor 202 to the combustor 350, burning a supplemental fuel source or coke
from the deactivated catalyst in the combustor 350, and passing the heated catalyst from the

combustor 350 to the reactor 202.

[0050] Referring now to the catalyst processing portion 300, as depicted in FIG. 2, the
combustor 350 of the catalyst processing portion 300 may include one or more lower reactor
portion inlet ports 352 and may be in fluid communication with the riser 330. The combustor 350
may be in fluid communication with the catalyst separation section 210 via standpipe 426, which
may supply spent catalyst from the reactor portion 200 to the catalyst processing portion 300 for
regeneration. The combustor 350 may include an additional lower reactor section inlet port 352
where air inlet 428 connects to the combustor 350. The air inlet 428 may supply reactive gases
which may react with the spent catalyst or a supplemental fuel to at least partially regenerate the
catalyst. For example, the catalyst may be coked following the reactions in the upstream reactor
section 250, and the coke may be removed from the catalyst (i.e., regenerating the catalyst) by a

combustion reaction. For example, oxidizer (such as air) may be fed into the combustor 350 via
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the air inlet 428. Alternatively or additionally, such as when a substantial amount of coke is not
formed on the catalyst, a supplemental fuel may be injected into the combustor 350, which may
be burned to heat the catalyst. Following combustion, the processed catalyst may be separated in
the catalyst separation section 310 and delivered back into the reactor portion 200 via standpipe

424.

[0051] According to one or more embodiments, the reaction may be a dehydrogenation
reaction. According to such embodiments, the feed stream may comprise one or more of ethane,
propane, n-butane, i-butane, or ethylbenzene. For example, if the reaction is a dehydrogenation
reaction, then the feed stream may comprise one or more of ethane, propane, n-butane, i-butane,
or ethylbenzene. According to one or more embodiments, the feed stream may comprise at least
50 wt.%, at least 60 wt.%, at least 70 wt.%, at least 80 wt.%, at least 90 wt.%, at least 95 wt.% or
even at least 99 wt.% of ethane. In additional embodiments, the feed stream may comprise at least
50 wt.%, at least 60 wt.%, at least 70 wt.%, at least 80 wt.%, at least 90 wt.%, at least 95 wt.% or
even at least 99 wt.% of propane. In additional embodiments, the feed stream may comprise at
least 50 wt.%, at least 60 wt.%, at least 70 wt.%, at least 80 wt.%, at least 90 wt.%, at least 95
wt.% or even at least 99 wt.% of n-butane or i-butane. In additional embodiments, the feed stream
may comprise at least 50 wt.%, at least 60 wt.%, at least 70 wt.%, at least 80 wt.%, at least 90
wt.%, at least 95 wt.% or even at least 99 wt.% of i-butane. In additional embodiments, the feed
stream may comprise at least 50 wt.%, at least 60 wt.%, at least 70 wt.%, at least 80 wt.%, at least
90 wt.%, at least 95 wt.% or even at least 99 wt.% of the sum of ethylbenzene, ethane, propane,

n-butane, and i-butane.

[0052] In one or more embodiments, a dehydrogenation reaction may utilize gallium and/or
platinum catalyst as a catalyst. In such embodiments, the catalyst may comprise a gallium and/or
platinum catalyst. For example, if the reaction is a dehydrogenation reaction, then the catalyst may
comprise gallium and/or platinum catalyst. As described herein, a gallium and/or platinum catalyst
comprises gallium, platinum, or both. The gallium and/or platinum catalyst may be carried by an
alumina or alumina silica support, and may optionally comprise potassium. Such gallium and/or
platinum catalysts are disclosed in U.S. Pat. No. 8,669,406, which is incorporated herein by
reference in its entirety. However, it should be understood that other suitable catalysts may be

utilized to perform the dehydrogenation reaction.
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[0053]  FIG. 3 illustrates an embodiment of the upper portion of the reactor portion 200 of FIG.
2, referred to sometimes as the reactor vessel 510 wherein the separation device includes a primary
separation device 520. The primary separation device 520 is contained within a shell 530 and has
abody 521, an inlet 522, an outlet 524 and a solids discharge dipleg 526. A fluidized solid stream
enters the primary separation device 520 through inlet 522. In the primary separation device 520,
a major part of entrained solids, e.g. catalyst particles, are separated from the fluidized solid
stream. The separated solids exit the primary separation device through discharge
dipleg 526 leaving a primary separation device effluent which comprises solids not removed by
the primary separation device 520 and fluid, e.g. gaseous product. The primary separation device
effluent passes vertically upward and out of the primary separation device 520 through
outlet 524 and into the secondary separation device 540 through primary separation device outlet
tube 542 and then through crossover duct 570. The secondary separation device 540 further
comprises a body 541, an outlet 544 and a solids discharge dipleg 546. The secondary separation
device 540 further separates out solids from the primary separation device effluent. Solids

separated out in the secondary separation device 540 exit downward through dipleg 546.

[0054]  As depicted in FIG. 3, quench stream 296 may enter the upper portion of the primary
separation device outlet tube 542, which is positioned directly above the primary separation device
520. It is believed that such an arrangement may be desirable for proper mixing of the quench
stream with the effluent of the primary separation device 540 and to reduce residence time between

the exit of the primary separation device 540 and the mixing with the quench stream 296.

[0055] Now referring to FIG. 4, an overhead view of one embodiment of the connection of the
quench stream 296 to the primary separation device outlet tube 542 is depicted. The quench stream
296 may arrive via a pipe or other like conduit directly into the top of the primary separation
device outlet tube 542 at a substantially vertical angle. The intermediate temperature
dehydrogenation product may then pass through the crossover duct 570 to the secondary

separation device 540.

[0056] Secondary separation device outlet 544 is fluidly connected to a second plenum 550.
Second plenum 550 comprises a cylindrical skirt 552, a floor 554 and a second plenum
outlet 556 which allows the secondary separation device effluent to pass from the second plenum

and out of the vessel 510. As shown in FIG. 3, the second plenum is housed within a larger, higher
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volume first plenum 560. First plenum 560 comprises a skirt 562 and a floor 564. Primary

separation device 520 may be supported by the first plenum 560.

[0057]  Also shown in FIG. 3, the shell 530 further houses a riser 535. An unseparated stream
of fluidized solid particles enters the shell through riser 535 which terminates in a plate 536.
Riser 535 fluidly connects, i.e. allows passage of the fluidized solid particles, with the inlet 522 of
the primary separation device 520 such that the unseparated stream of fluidized solid particles
may pass from the riser 535 into primary separation device 520. If more than two separation stages
are used, it is the effluent from the final separation stage which enters the second plenum. It will
be understood that while FIG. 3 schematically illustrates only one primary separation device and
one secondary separation device, additional primary and secondary separation devices may be
placed around the periphery of the riser. For example, outlet tube 545 could be connected to
another secondary separation device (not shown) which in turn is fed either by primary separation

device 520 or by another primary separation device (not shown).

Examples

[0058] One or more examples are provided which may illustrate the various aspect of the

present technology being disclosed.

[0059] Example 1

[0060] Modeling was used to determine the reduction in reaction rate of thermal cracking in
various hydrocarbon feeds including propane, n-butane, ethane, and ethylbenzene. While it is
appreciated that thermal cracking may also occur to the products of the chemical reaction, the
thermal cracking of the unreacted portions of the stream provides a reasonable estimation for
cracking of the whole stream and serves to simplify the model. The model also did not account
for chemical equilibrium of thermally cracked products since the results would be negligible on
the reaction rate of thermal cracking. It should be appreciated that the reduction in temperature of
the product stream will reduce thermal cracking of both the product constituents and unreacted
constituents in the stream. Power-law rate expressions from the open literature were used to
estimate the rates of thermal cracking for the reactants. Specifically, reaction rate data for propane
came from the Laidler coefficients described by Froment in “Buekens, A.G.; Froment, G.F.
Thermal Cracking of Propane. I&EC Process Design and Development. Vol 7 No 3 (1968) 435-
447 Reaction rate data for n-butane came from “Sagert, N.H.; Laidler, K.J. Kinetics and
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Mechanisms of the Pyrolysis of n-Butane. Canadian Journal of Chemistry. Vol 41 (1963) 838-
847.” Reaction rate data for ethane came from “Bartlit, J.R.; Bliss, H. Kinetics of Ethane Pyrolysis.
AICHE Journal. Vol 11 No 3 (1965).” Reaction rate data for ethylbenzene came from “Domke,
S.B.; Pogue, R.F.; Van Neer, F.J.R.; Smith, C.M.; Wojciechowski, B.W. Investigation of the
Kinetics of Ethylbenzene Pyrolysis Using a Temperature-Scanning Reactor. Industrial &
Engineering Chemistry Research. Vol 40 (2001) 5878-5884.”

[0061]  All rate expressions take the form:
1 =k C" Equation 1

where i is the reactant, ri is the reaction rate in gmol ft™ s\, k; is the rate constant, n is the order of
reaction with respect to the reactant, and C; is the gas-phase concentration of the reactant in gmol
ft>. The units for ki depend on the order of reaction. All rate expressions assume an Arrhenius
form for the rate constant:
__E'i
k; = Ajexp®rT Equation 2

where A is the pre-exponential factor, E; is the activation energy in kcal gmol™!, T is the absolute
temperature in Kelvin, and R is the gas constant in kcal gmol™ K. The units for A; depend on the

order of reaction. Table 1 provides the literature values for the rate parameters described above

for each reactant.

Table 1. Kinetic parameters for thermal cracking of propane, n-butane, ethane, and ethylbenzene.

i = i =
Parameter | Units propane i =n-butane | i = ethane | ethylbenzene
nj - 1.0 1.5 1.0 1.0
E; keal gmol™! 67.1 59.9 64.1 62.3
Ai s, or (ft)2 gmol 2 s | 2.58E+14 | 1.93E+13 3.16E+13 | 4.74E+13

[0062] The rates for thermal cracking are then estimated using Equations 1-2 at the target
temperature and concentration of each reactant. (The reactant partial pressure is assumed to be 1.0

atmospheres (14.7 psi) in all cases.) Table 2 provides the results.
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Table 2. Reaction rate at the target temperature and 1.0 atmospheres for each reactant.

i
Description Units i =propane |i = n-butane |i = ethane | ethylbenzene
Target
temperatures °C 620 600 750 595
ri gmol ft7 s | 3.8E-03 4.9E-03 2.2E-01 3.9E-03
[0063] Finally, the rates for thermal cracking were estimated for cases where the temperature

is reduced by 10 °C to 150 °C with respect to the target temperatures listed in Table 2. The results
are shown in FIGS. 5A and 5B, which depict the same data but on different scales with respect to
the y-axis. The results are presented as the ratio of the thermal cracking rate after temperature

quench relative to the thermal cracking rate at the target temperature using the following equation:

—E;

i (at Tz) _

_l( 1 1 ) .
@ity exp R\T2 T1 Equation 3

where T> is the temperature after quenching (e.g., described herein as the “intermediate
temperature dehydrogenation product™) and T is the respective target temperature for the reactant
(e.g., the temperature in the dehydrogenation reactor). Equation 3 is derived from Equations 1-2
and only requires knowledge of the activation energy. After a 10 °C temperature quench, the
thermal cracking rate reduces by about 33-35 % for propane, n-butane, and ethylbenzene, and
about 27 % for ethane. After a 20 °C temperature quench, the thermal cracking rate reduces by
about 55-58 % for propane, n-butane, and ethylbenzene, and about 47 % for ethane. After a 30 °C
temperature quench, the thermal cracking rate reduces by about 71-73 % for propane, n-butane,

and ethylbenzene, and about 61% for ethane.

[0064] Example 2
[0065] The percentages of steam or crude propylene relative to the cracked gas product stream

that is required to quench the product temperature by various degrees in the effluent of the primary
separation device was calculated and is shown in FIG. 6, which shows the vol/vol percentage of
steam or crude propylene needed for quenching a stream to a particular reduction in temperature.

As can be seen in FIG. 6, the crude propylene for quenching is always approximately 32% of the
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steam required to quench for the same reduction in temperature. For example, to quench 10 °C,
5.5% (vol/vol) of steam relative to the product stream exiting the primary separation device is
required. As a comparison, only 1.77% (vol/vol) crude propylene relative to the product stream
exiting the primary separation device is required. Less volume flow required for quenching by the
crude propylene is an advantage when smaller equipment may be desired. In the calculations of
Example 2, steam is assumed to be 178°C and the recycled crude propylene is assumed to be 45°C
(the quench stream temperature). The temperature of the product stream before the quench
(sometimes referred to as the “high temperature dehydrogenated product™) is assumed to be 620

°C.

[0066] Example3

[0067] Modeling was utilized to illustrate the propylene selectivity and conversion achieved
with embodiments of the present application. For reaction of propane to propylene, the cumulative
selectivity toward propylene as a function of post-quench residence time, quenching medium, and
temperature drop was calculated and is shown in FIG. 7. It shows that without quenching the
process stream, and with a residence time between the outlet of the primary separation device and
the inlet of a gas-gas heat exchanger on the order of seconds or more, the thermal (non-catalytic)
reactions will lower the cumulative selectivity toward propylene. For example, if the process
stream exits the primary separation device without being quenched and has a residence time of 3
seconds before reaching the gas-gas heat exchanger, the cumulative selectivity toward propylene
decreases by about 1.7%, and the decrease in cumulative selectivity changes to about 1.1% after
quenching by 10 °C and to about 0.7% after quenching by 20 °C. It should be noted that for the
same temperature drop, the case where steam was used as the quenching medium has a selectivity
benefit compared with the case where crude propylene is used as the quenching medium because
steam will lower the partial pressure of hydrocarbons and therefore reduce the driving force for
further thermal cracking reactions. However, this additional benefit from steam dilution is minor

when compared with the benefit from the temperature change.

[0068] The following assumptions were made for the process stream at the outlet of the
primary separation device: the cumulative propylene selectivity is 96.5 %, the propane conversion
is 46.4 %, the temperature is 620 °C, and the pressure is 19 psia. The quench and product streams
are assumed to mix instantaneously, and the resulting stream is assumed to remain isothermal with

negligible pressure drop up to the gas-gas exchanger. Only thermal (non-catalytic) reactions are
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assumed to occur between the outlet of the primary separation device and the inlet of the gas-gas
exchanger, because the majority of catalyst is separated in the primary separation device. The
thermal reaction rate is taken on the unreacted propane that is available using the power-law
expression and coefficients corresponding to propane from Example 1 (with the same assumptions
regarding thermal cracking of the dehydrogenated product, propylene). FIG. 6 from Example 2

can be referenced to determine the amount of steam or crude propylene needed for quench.

[0069] Additionally, using similar methodology, FIG. 8 depicts propane conversion at the
entrance of the heat exchanger. As shown in FIG. 8, greater process stream temperatures following
quenching (i.e., “intermediate temperature dehydrogenation product™) corresponded to greater

conversion of propane due to thermal cracking.

[0070]  For the purposes of describing and defining the present invention it is noted that the
term “about” is utilized herein to represent the inherent degree of uncertainty that may be
attributed to any quantitative comparison, value, measurement, or other representation. The term
is also utilized herein to represent the degree by which a quantitative representation may vary from

a stated reference without resulting in a change in the basic function of the subject matter at issue.

[0071] It is noted that one or more of the following claims utilize the term "wherein" as a
transitional phrase. For the purposes of defining the present invention, it is noted that this term is
introduced in the claims as an open-ended transitional phrase that is used to introduce a recitation
of a series of characteristics of the structure and should be interpreted in like manner as the more

commonly used open-ended preamble term "comprising."

[0072]  Generally, “inlet ports™ and “outlet ports” of any system unit of the reactor system 102
described herein refer to openings, holes, channels, apertures, gaps, or other like mechanical
features in the system unit. For example, inlet ports allow for the entrance of materials to the
particular system unit and outlet ports allow for the exit of materials from the particular system
unit. Generally, an outlet port or inlet port will define the area of a system unit of the reactor
system 102 to which a pipe, conduit, tube, hose, material transport line, or like mechanical feature
is attached, or to a portion of the system unit to which another system unit is directly attached.
While inlet ports and outlet ports may sometimes be described herein functionally in operation,
they may have similar or identical physical characteristics, and their respective functions in an

operational system should not be construed as limiting on their physical structures.
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[0073] It will be apparent to those skilled in the art that various modifications and variations
can be made to the present invention without departing from the spirit and scope of the invention.
Since modifications combinations, sub-combinations and variations of the disclosed embodiments
incorporating the spirit and substance of the invention may occur to persons skilled in the art, the
invention should be construed to include everything within the scope of the appended claims and

their equivalents.

[0074] In a first aspect of the present disclosure, a method for forming light olefins may include
introducing a hydrocarbon feed stream into a reactor, reacting the hydrocarbon feed stream with
a dehydrogenation catalyst in the reactor to form a high temperature dehydrogenated product,
separating at least a portion of the dehydrogenation catalyst from the high temperature
dehydrogenated product in a primary separation device, combining the high temperature
dehydrogenation product with a quench stream to cool the high temperature dehydrogenation
product and form an intermediate temperature dehydrogenation product following the exit of high
temperature dehydrogenation product from the primary separation device, and cooling the
intermediate temperature dehydrogenation product to form a cooled dehydrogenation product.
The dehydrogenated product may include at least a portion of the hydrocarbon feed stream that
was not catalytically reacted. The temperature of the dehydrogenated product and
dehydrogenation catalyst in the primary separation device may be at least 550°C. The quench
stream may be a gas stream. The temperature of the intermediate temperature dehydrogenation
product may be at least 10°C less than the temperature of the high temperature dehydrogenation
product. A portion of the cooled dehydrogenation product may be utilized as at least a portion of

the quench stream.

[0075] A second aspect of the present disclosure may include the first aspect where the
hydrocarbon feed may include propane, n-butane, iso-butane, ecthane, ethylbenzene, or

combinations thereof.

[0076] A third aspect of the present disclosure may include either of the first or second aspects
where the quench stream may be at least 300°C less than the temperature of the high temperature

dehydrogenated product.

[0077] A fourth aspect of the present disclosure may include any of the first through third

aspects where the rate of thermal cracking in the intermediate temperature dehydrogenation
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product of the portion of the hydrocarbon feed stream that was not catalytically reacted may be

less than 90% of that in the high temperature dehydrogenated product.

[0078] A fifth aspect of the present disclosure may include any of the first through fourth
aspects further including passing the intermediate temperature product to a secondary separation
device where the remainder of the dehydrogenation catalyst may be removed from the

intermediate temperature product.

[0079] A sixth aspect of the present disclosure may include any of the first through fifth aspects

where the cooled dehydrogenation product may have a temperature of less than or equal to 150°C.

[0080] A seventh aspect of the present disclosure may include any of the first through sixth
aspects where a heat exchanger and/or liquid quenching system may cool the intermediate

temperature dehydrogenation product to the cooled dehydrogenation product.

[0081]  An eighth aspect of the present disclosure may include any of the first through seventh

aspects where the quench stream may comprise less than 3 wt.% steam.

[0082] A ninth aspect of the present disclosure may include any of the first through eighth
aspects where the dehydrogenation catalyst may be a solid and the high temperature

dehydrogenated product may be a gas.

[0083] A tenth aspect of the present disclosure may include any of the first through ninth
aspects where the quench stream may include one or more of ethylene, propylene, or a butene

isomer.

[0084]  An eleventh aspect of the present disclosure may include any of the first through tenth

aspects where the dehydrogenation catalyst may be a gallium and/or platinum catalyst.

[0085] In a twelfth aspect of the present disclosure, a method for forming light olefins may
include introducing a hydrocarbon feed stream into a reactor, reacting the hydrocarbon feed stream
with a dehydrogenation catalyst in the reactor to form a high temperature dehydrogenated product,
separating at least a portion of the dehydrogenation catalyst from the high temperature
dehydrogenated product in a primary separation device, combining the high temperature
dehydrogenation product with a quench stream to cool the high temperature dehydrogenation

product and form an intermediate temperature dehydrogenation product following the exit of high
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temperature dehydrogenation product from the primary separation device, passing the
intermediate temperature product to a secondary separation device where the remainder of the
dehydrogenation catalyst is removed from the intermediate temperature product, and cooling the
intermediate temperature dehydrogenation product to form a cooled dehydrogenation product.
The dehydrogenated product may include at least a portion of the hydrocarbon feed stream that
was not catalytically reacted. The temperature of the dehydrogenated product and
dehydrogenation catalyst in the primary separation device may be at least 550°C. The quench
stream may be a gas stream. The temperature of the intermediate temperature dehydrogenation
product may be at least 10°C less than the temperature of the high temperature dehydrogenation
product. A portion of the cooled dehydrogenation product may be utilized as at least a portion of

the quench stream.

[0086] A thirteenth aspect of the present disclosure may include the twelfth aspect where the
hydrocarbon feed may include propane, n-butane, iso-butane, ecthane, ethylbenzene, or

combinations thereof.

[0087] A fourteenth aspect of the present disclosure may include either of the twelfth or
thirteenth aspects where the rate of thermal cracking in the intermediate temperature
dehydrogenation product of the portion of the hydrocarbon feed stream that was not catalytically
reacted may be less than 70% of that in the high temperature dehydrogenated product.

[0088] A fifteenth aspect of the present disclosure may include any of the twelfth through
fourteenth aspects where the cooled dehydrogenation product may have a temperature of less than

or equal to 150°C.
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CLAIMS

1. A method for forming light olefins, the method comprising:

introducing a hydrocarbon feed stream into a reactor;

reacting the hydrocarbon feed stream with a dehydrogenation catalyst in the reactor to
form a high temperature dehydrogenated product, the dehydrogenated product comprising at least
a portion of the hydrocarbon feed stream that was not catalytically reacted;

separating at least a portion of the dehydrogenation catalyst from the high temperature
dehydrogenated product in a primary separation device, wherein the temperature of the
dehydrogenated product and dehydrogenation catalyst in the primary separation device is at least
550°C;

following the exit of high temperature dehydrogenation product from the primary
separation device, combining the high temperature dehydrogenation product with a quench stream
to cool the high temperature dehydrogenation product and form an intermediate temperature
dehydrogenation product, wherein the quench stream is a gas stream, and wherein temperature of
the intermediate temperature dehydrogenation product is at least 10°C less than the temperature
of the high temperature dehydrogenation product,

cooling the intermediate temperature dehydrogenation product to form a cooled
dehydrogenation product, wherein a portion of the cooled dehydrogenation product is utilized as

at least a portion of the quench stream.

2. The method of any of the preceding claims, wherein the hydrocarbon feed comprises propane,

n-butane, iso-butane, ethane, ethylbenzene, or combinations thereof.

3. The method of any of the preceding claims, wherein the quench stream is at least 300°C less
than the temperature of the high temperature dehydrogenated product.

4. The method of any of the preceding claims, wherein the rate of thermal cracking in the
intermediate temperature dehydrogenation product of the portion of the hydrocarbon feed stream
that was not catalytically reacted is less than 90% of that in the high temperature dehydrogenated

product.
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5. The method of any of the preceding claims, further comprising passing the intermediate
temperature product to a secondary separation device where the remainder of the dehydrogenation

catalyst is removed from the intermediate temperature product.

6. The method of any of the preceding claims, wherein the cooled dehydrogenation product has a
temperature of less than or equal to 150°C.

7. The method of any of the preceding claims, wherein a heat exchanger and/or liquid quenching
system cools the intermediate temperature dehydrogenation product to the cooled
dehydrogenation product.

8. The method of any of the preceding claims, wherein the quench stream comprises less than 3

wt.% steam.

9. The method of any of the preceding claims, wherein the dehydrogenation catalyst is a solid and

the high temperature dehydrogenated product is a gas.

10. The method of any of the preceding claims, wherein the quench stream comprises one or more

of ethylene, propylene, or a butene isomer.

11. The method of any of the preceding claims, wherein the dehydrogenation catalyst is a gallium
and/or platinum catalyst.

12. A method for forming light olefins, the method comprising:

introducing a hydrocarbon feed stream into a reactor;

reacting the hydrocarbon feed stream with a dehydrogenation catalyst in the reactor to
form a high temperature dehydrogenated product, the dehydrogenated product comprising at least
a portion of the hydrocarbon feed stream that was not catalytically reacted;

separating at least a portion of the dehydrogenation catalyst from the high temperature
dehydrogenated product in a primary separation device, wherein the temperature of the
dehydrogenated product and dehydrogenation catalyst in the primary separation device is at least
550°C;
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following the exit of high temperature dehydrogenation product from the primary
separation device, combining the high temperature dehydrogenation product with a quench stream
to cool the high temperature dehydrogenation product and form an intermediate temperature
dehydrogenation product, wherein the quench stream is a gas stream, and wherein temperature of
the intermediate temperature dehydrogenation product is at least 10°C less than the temperature
of the high temperature dehydrogenation product;

passing the intermediate temperature product to a secondary separation device where the
remainder of the dehydrogenation catalyst is removed from the intermediate temperature product;

cooling the intermediate temperature dehydrogenation product to form a cooled
dehydrogenation product, wherein a portion of the cooled dehydrogenation product is utilized as

at least a portion of the quench stream.

13. The method of claim 12, wherein the hydrocarbon feed comprises propane, n-butane, iso-
butane, ethane, ethylbenzene, or combinations thereof.

14. The method of claim 12 or 13, wherein the rate of thermal cracking in the intermediate
temperature dehydrogenation product of the portion of the hydrocarbon feed stream that was not
catalytically reacted is less than 70% of that in the high temperature dehydrogenated product.

15. The method of claim 12, 13, or 14, wherein the cooled dehydrogenation product has a
temperature of less than or equal to 150°C.

16. The method of any one of claims 1 to 11, wherein the reactor comprises an upstream reactor
section operating as a fast fluidized, turbulent, or bubbling bed upflow reactor and a downstream
reactor section operating as a dilute phase riser reactor.

17. The method of any one of claims 12 to 14, wherein the reactor comprises an upstream reactor
section operating as a fast fluidized, turbulent, or bubbling bed upflow reactor and a downstream

reactor section operating as a dilute phase riser reactor.



