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(57) ABSTRACT

Embodiments of methods and apparatuses for producing sty-
rene are provided. The method comprises the steps of intro-
ducing ethylbenzene to a first dehydrogenation reactor con-
taining a first high activity dehydrogenation catalyst at a first
predetermined inlet temperature to form a first intermediate
effluent stream that comprises styrene, ethylbenzene, and
hydrogen. Oxygen is added to the first intermediate effluent
stream to form a first oxygenated intermediate effluent
stream. The first oxygenated intermediate effluent stream is
introduced to a first oxidation-reheat dehydrogenation reactor
at a second predetermined inlet temperature of about 530° C.
or less to form styrene. The first oxidation-reheat dehydroge-
nation reactor contains a first oxidation catalyst and a second
high activity dehydrogenation catalyst.
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METHODS AND APPARATUSES FOR
PRODUCING STYRENE FROM
ETHYLBENZENE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a Division of prior copending
application Ser. No. 13/109,584 which was filed on May 17,
2011, the contents of which are incorporated herein by refer-
ence thereto.

FIELD OF THE INVENTION

[0002] The present invention relates generally to methods
and apparatuses for producing less saturated aromatic hydro-
carbons from the dehydrogenation of alkylaromatic hydro-
carbons, and more particularly to methods and apparatuses
for producing styrene from the dehydrogenation of ethylben-
zene.

BACKGROUND OF THE INVENTION

[0003] Catalytic dehydrogenation processes are commonly
used for the production of less saturated aromatic hydrocar-
bons from the dehydrogenation of alkylaromatic hydrocar-
bons. One commercialized application of this process is for
the conversion of ethylbenzene to styrene. The catalytic dehy-
drogenation of ethylbenzene to produce styrene is an endot-
hermic equilibrium-controlled reaction that also produces
hydrogen.

[0004] One conventional catalytic dehydrogenation pro-
cess for the production of styrene employs a series of reactors
each containing a dehydrogenation catalyst. A heated feed
stream of ethylbenzene is introduced to a first reactor at a
desired reaction temperature and contacts the dehydrogena-
tion catalyst forming a product mixture of styrene and hydro-
gen. As the feed stream and the product mixture advance
through the reactor, the temperature drops because the reac-
tion is endothermic and the rate of conversion of ethylben-
zene to styrene rapidly deceases. A lower temperature inter-
mediate effluent stream comprising styrene, hydrogen, and
unreacted ethylbenzene is removed from the first reactor,
heated to a desired reaction temperature, and introduced to a
second reactor for additional conversion of ethylbenzene to
styrene and hydrogen. This process may be repeated using
one or more additional reactors to improve the product yield.
Unfortunately, the overall conversion of ethylbenzene to sty-
rene typically only reaches about 60 to 65% with the addi-
tional reactors because the reaction is equilibrium-controlled.
This results in an inefficient process with large volumes of
unreacted ethylbenzene that are costly to recover and recycle.
[0005] More recently, another catalytic dehydrogenation
process for the production of styrene has been employed for
improving the overall conversion of ethylbenzene to styrene.
The process uses a series of reactors where the first reactor of
the series contains a dehydrogenation catalyst as described
above, and at least one additional reactor that is a multi-
catalyst reactor contains both an oxidation catalyst and a
dehydrogenation catalyst. In this process, oxygen is added to
the intermediate effluent stream after the first reactor but
before the effluent stream is introduced to the multi-catalyst
reactor. Once introduced to the multi-catalyst reactor, the
intermediate effluent stream contacts the oxidation catalyst
burning at least a portion of the hydrogen with oxygen to heat
the intermediate effluent stream to a desired reaction tempera-
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ture. The heated intermediate effluent stream contacts the
dehydrogenation catalyst for additional conversion of ethyl-
benzene to styrene and hydrogen. Because at least a portion of
the hydrogen in the intermediate effluent stream has been
consumed to generate heat, ideally the equilibrium-con-
trolled reaction of ethylbenzene to styrene and hydrogen
favors the product side to improve the levels of ethylbenzene
conversion. Unfortunately, an improvement in the overall
ethylbenzene conversion is not realized because some of the
ethylbenzene and styrene burn from contact with the oxida-
tion catalyst in the presence of oxygen forming carbon mon-
oxide and carbon dioxide. This has a negative impact on the
performance of the dehydrogenation catalyst including
reducing catalyst activity and shortening catalyst life.
[0006] Accordingly, it is desirable to provide methods and
apparatuses for producing styrene with improved overall eth-
ylbenzene conversion to styrene. Moreover, it is desirable to
provide methods and apparatuses for producing styrene with-
out negatively impacting the performance of the dehydroge-
nation catalyst otherwise caused from forming carbon mon-
oxide and carbon dioxide. Furthermore, other desirable
features and characteristics of the present invention will
become apparent from the subsequent Detailed Description
of the Invention and the appended Claims, when taken in
conjunction with the accompanying drawings and this Back-
ground of the Invention.

SUMMARY OF THE INVENTION

[0007] Methods and apparatuses for producing styrene are
provided herein. In accordance with an exemplary embodi-
ment, a method for producing styrene comprises the steps of
introducing ethylbenzene to a first dehydrogenation reactor
containing a first high activity dehydrogenation catalyst at a
first predetermined inlet temperature to form a first interme-
diate effluent stream that comprises styrene, ethylbenzene,
and hydrogen. Oxygen is added to the first intermediate eftlu-
ent stream to form a first oxygenated intermediate effluent
stream. The first oxygenated intermediate effluent stream is
introduced to a first oxidation-reheat dehydrogenation reactor
at a second predetermined inlet temperature of about 530° C.
or less to form styrene. The first oxidation-reheat dehydroge-
nation reactor contains a first oxidation catalyst and a second
high activity dehydrogenation catalyst.

[0008] Inaccordance with another exemplary embodiment,
a method for producing styrene is provided. The method
comprises the steps of introducing ethylbenzene to a first
dehydrogenation reactor containing a first high activity dehy-
drogenation catalyst at a first predetermined inlet temperature
of about 620° C. or less to form a first intermediate effluent
stream that comprises styrene, ethylbenzene, and hydrogen.
The first high activity dehydrogenation catalyst has a first
relative activity of about 1.5 or greater for conversion of
ethylbenzene to styrene. An oxygen stream and a steam
stream are combined with the first intermediate effluent
stream to form a first oxygenated intermediate effluent
stream. The first oxygenated intermediate effluent stream is
introduced to a first oxidation-reheat dehydrogenation reactor
at a second predetermined inlet temperature of about 530° C.
or less to form styrene. The first oxidation-reheat dehydroge-
nation reactor contains an oxidation catalyst and a second
high activity dehydrogenation catalyst that has a second rela-
tive activity of about 1.5 or greater for conversion of ethyl-
benzene to styrene.
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[0009] Inaccordance with another exemplary embodiment,
and apparatus for producing styrene is provided. The appara-
tus comprises a first dehydrogenation reactor containing a
first high activity dehydrogenation catalyst and is configured
to receive ethylbenzene at a first predetermined inlet tempera-
ture and to form a first intermediate effluent stream that com-
prises styrene, ethylbenzene, and hydrogen. The first dehy-
drogenation reactor is configured to be in fluid
communication with a first oxygen source. A first oxidation-
reheat dehydrogenation reactor configured to be in fluid com-
munication with the first oxygen source and the first dehy-
drogenation reactor and containing a first oxidation catalyst
and a second high activity dehydrogenation catalyst. The first
oxidation-reheat dehydrogenation reactor is configured to
receive a first oxygenated intermediate effluent stream from
the first oxygen source and the first dehydrogenation reactor
at a second predetermined inlet temperature to form styrene.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Embodiments of the present invention will herein-
after be described in conjunction with the following drawing
figures, wherein like numerals denote like elements, and
wherein:

[0011] FIG. 1 schematically illustrates an apparatus for
producing styrene in accordance with an exemplary embodi-
ment; and

[0012] FIG. 2 schematically illustrates an apparatus for
producing styrene in accordance with another exemplary
embodiment.

DETAILED DESCRIPTION

[0013] Thefollowing Detailed Description is merely exem-
plary in nature and is not intended to limit the invention or the
application and uses of the invention. Furthermore, there is no
intention to be bound by any theory presented in the preced-
ing Background of the Invention or the following Detailed
Description.

[0014] Various embodiments contemplated herein relate to
methods and apparatuses for producing styrene. Unlike the
prior art, the exemplary embodiments taught herein produce
a low temperature intermediate effluent stream comprising
styrene, hydrogen, and unreacted ethylbenzene using a high
activity dehydrogenation catalyst that increases initial con-
version of ethylbenzene to styrene and substantially
decreases the temperature of the stream. The low temperature
or cooled intermediate effluent stream is then oxygenated to
form a cooled oxygenated intermediate effluent stream that is
introduced at an inlet temperature of preferably about 530° C.
or less to an oxidation-reheat dehydrogenation reactor. The
oxidation-reheat dehydrogenation reactor contains an oxida-
tion catalyst and a high activity dehydrogenation catalyst.
The cooled oxygenated intermediate effluent stream contacts
the oxidation catalyst to combust at least a portion of hydro-
gen contained in the stream to generate heat and produce a
heated hydrogen-lean intermediate effluent stream. The
inventors have found that the combustion selectivity of eth-
ylbenzene and styrene in contact with an oxidation catalyst in
the presence of oxygen is temperature sensitive and substan-
tially decreases with lower temperatures. Therefore, intro-
ducing the cooled oxygenated intermediate effluent stream to
the oxidation-reheat dehydrogenation reactor at lower inlet
temperatures will decrease the combustion selectivity of eth-
ylbenzene and styrene in favor of burning hydrogen. By intro-
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ducing the oxygenated intermediate effluent stream to the
oxidation-reheat dehydrogenation reactor at a temperature of
about 530° C. or less, the combustion selectivity of styrene
and ethylbenzene is low and the combustion selectivity of
hydrogen is high, thereby burning more hydrogen to form
water and much less ethylbenzene and styrene to substan-
tially reduce the formation of carbon monoxide and carbon
dioxide. The heated hydrogen-lean intermediate effluent
stream contacts the high activity dehydrogenation catalyst in
the oxidation-reheat dehydrogenation reactor to produce
additional styrene. Because at least a portion of hydrogen
from the cooled oxygenated intermediate effluent stream was
consumed to generate heat, there is less hydrogen present in
the heated hydrogen-lean intermediate effluent stream and the
equilibrium-controlled reaction shifts towards higher conver-
sions of ethylbenzene to styrene. Moreover, the high activity
dehydrogenation catalyst in the oxidation-reheat dehydroge-
nation reactor facilitates higher conversion of ethylbenzene to
styrene even at lower inlet temperatures. Furthermore,
because there is substantially less combustion of ethylben-
zene and styrene in the oxidation-reheat dehydrogenation
reactor, there is very little carbon monoxide and carbon diox-
ide present in the heated hydrogen-lean intermediate effluent
stream and therefore, the performance of the high activity
dehydrogenation catalyst is not negatively impacted. Accord-
ingly, relatively more ethylbenzene can be effectively con-
verted to styrene than in conventional processes.

[0015] Referring to FIG. 1, a schematic depiction of an
apparatus 10 for producing styrene from the catalytic dehy-
drogenation of ethylbenzene in accordance with an exem-
plary embodiment is provided. The apparatus 10 comprises a
first dehydrogenation reactor 12, an oxidation-reheat dehy-
drogenation reactor 14, and a second dehydrogenation reac-
tor 16. Although two dehydrogenation reactors are shown, it
is to be understood that one dehydrogenation reactor or more
than two dehydrogenation reactors may be used. Moreover,
although one oxidation-reheat dehydrogenation reactor is
shown, it is to be understood that more than one oxidation-
reheat dehydrogenation reactor may be used.

[0016] The first and second dehydrogenation reactors 12
and 16 and the oxidation-reheat dehydrogenation reactor 14
each comprise at least one dehydrogenation catalyst bed 18,
20, and 22, respectively, containing a high activity dehydro-
genation catalyst. Various dehydrogenation catalysts for con-
verting ethylbenzene to styrene are well known in the art and
typically include iron oxide and/or potassium oxide, such as,
for example, FeO,, K,O, and the like, and optionally one or
more promoters, such as, for example, chromium oxide,
cesium oxide, molybdenum oxide, magnesium oxide, alumi-
num oxide, vanadium oxide, calcium oxide, and the like.
However, the relative activity of these dehydrogenation cata-
lysts for converting ethylbenzene to styrene can vary signifi-
cantly. The relative activity as used herein refers to the relative
effectiveness of the catalyst to convert ethylbenzene to sty-
rene under dehydrogenation conditions. The relative activity
of'adehydrogenation catalyst is determined by introducing an
ethylbenzene feed stream to a reactor containing the dehy-
drogenation catalyst where the ethylbenzene feed stream is
introduced to the reactor at an inlet temperature of about 600°
C., aninlet pressure of about 0.8 atmospheres, a liquid hourly
space velocity (LHSV) of about 1.0 hr™!, a steam/oil ratio of
about 1.25 (wt/wt), and then the conversion of ethylbenzene
to styrene is determined from the resulting product effluent.
Under these conditions, a dehydrogenation catalyst providing
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about 34.3% ethylbenzene conversion has a relative activity
of about 1.0, a dehydrogenation catalyst providing about
39.1% ethylbenzene conversion has a relative activity of
about 1.5, and a dehydrogenation catalyst providing about
41.9% ethylbenzene conversion has a relative activity of
about 2.0. A relative activity of about 1.0 represents an aver-
age or typically effective dehydrogenation catalyst, and a
relative activity of greater than 1.0 represents a more highly
effective dehydrogenation catalyst. Dehydrogenation cata-
lysts that have a relative activity of about 1.5 or greater can be
achieved by varying catalyst composition or its geometric
shapes. In accordance with an exemplary embodiment, the
relative activity of the high activity dehydrogenation catalyst
contained in the reactors 12, 14, and 16 is about 1.5 or greater,
and more preferably is about 2.0 or greater. Accordingly, the
high activity dehydrogenation catalyst is highly effective at
converting ethylbenzene to styrene and preferably provides
more rapid or higher initial levels of ethylbenzene conversion
even at relatively lower inlet temperatures than other dehy-
drogenation catalyst having lower relative activity.

[0017] The oxidation-reheat dehydrogenation reactor 14
also contains an oxidation catalyst bed 24 that contains an
oxidation catalyst. Oxidation catalysts for combusting hydro-
gen in the presence of oxygen to form water are well known
in the art and are often based on tin and/or platinum, such as,
for example, tin and alkali-promoted platinum, tin/alkali-
doped alumina-supported platinum, and the like. Other oxi-
dation catalysts for combusting hydrogen in the presence of
oxygen known to those skilled in the art may also be used.

[0018] Asillustrated, a feed stream 26 of ethylbenzene with
steam is introduced to the first dehydrogenation reactor 12
and contacts the high activity dehydrogenation catalyst to
convert a portion of ethylbenzene to styrene and hydrogen,
and form a first intermediate effluent stream 28 that comprises
styrene, ethylbenzene, and hydrogen. Because the first dehy-
drogenation reactor 12 contains the high activity dehydroge-
nation catalyst, the feed stream 26 can be introduced to the
first dehydrogenation reactor 12 at a lower inlet temperature
compared with other conventional catalytic dehydrogenation
processes for styrene production and preferably still achieve
higher initial levels of ethylbenzene conversion. Moreover,
since the conversion of ethylbenzene to styrene is endother-
mic, achieving higher initial levels of ethylbenzene conver-
sion further reduces the overall temperature. In accordance
with an exemplary embodiment, the feed stream 26 is intro-
duced to the first dehydrogenation reactor 12 at a first prede-
termined inlet temperature of from about 550 to about 620°
C., and preferably from about 570 to 600° C. In accordance
with another exemplary embodiment, the first intermediate
effluent stream 28 is removed from the first dehydrogenation
reactor 12 at an outlet temperature of from about 480 to about
540° C.

[0019] An oxygen stream, e.g., stream of air or the like, and
steam stream 30 are passed along and combined with the first
intermediate effluent stream 28. The oxygen oxygenates the
first intermediate effluent stream 28 to form a first oxygenated
intermediate effluent stream 32. The added steam preferably
enhances the activity, selectivity, and/or stability of the high
activity dehydrogenation catalyst that will be subsequently
contacted by the intermediate effluent stream in the oxida-
tion-reheat dehydrogenation reactor 14 and the second dehy-
drogenation reactor 16. In an exemplary embodiment, the
oxygen and steam stream 30 are at conditions and tempera-
tures effective to further cool the first intermediate effluent
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stream 28 if needed to form the first oxygenated intermediate
effluent stream 32 having a second predetermined inlet tem-
perature of about 530° C. or less, preferably of from about 480
to about 530° C., more preferably of from about 480 to about
510° C., and most preferably of from about 485 to about 500°
C

[0020] Thefirst oxygenated intermediate effluent stream 32
is introduced to the oxidation-reheat dehydrogenation reactor
14 at the second predetermined inlet temperature. As illus-
trated, the oxidation catalyst bed 24 is configured as an elon-
gated inner ring surrounded concentrically by the dehydro-
genation catalyst bed 22 that is configured as an elongated
outer ring. A radial feed distribution screen 34 is disposed
within the oxidation catalyst bed 24. The first oxygenated
intermediate effluent stream 32 advances along the radial feed
distribution screen 34 and is radially introduced to the oxida-
tion catalyst bed 24. The first oxygenated intermediate efflu-
ent stream 32 contacts the oxidation catalyst to burn hydrogen
in the presence of oxygen to form water and generate heat,
thereby forming a first heated hydrogen-lean intermediate
effluent stream 36. By keeping the inlet temperature of the
first oxygenated intermediate effluent stream 32 at about 530°
C. or less, the resulting temperatures in the oxidation catalyst
bed 24 are relatively low such that the combustion selectivity
of the ethylbenzene and styrene is low. This facilitates limit-
ing the amount of carbon monoxide and carbon dioxide pro-
duced when ethylbenzene and styrene contact the oxidation
catalyst in the presence of oxygen. Accordingly, the amounts
of carbon monoxide and carbon dioxide present in the first
heated hydrogen-lean intermediate effluent stream 36 are low.

[0021] Inanexemplary embodiment, the first heated hydro-
gen-lean intermediate effluent stream 36 is introduced to the
dehydrogenation catalyst bed 22 at a third predetermined
temperature of from about 550 to about 620° C., and prefer-
ably from about 570 to about 600° C. The first heated hydro-
gen-lean intermediate effluent stream 36 contacts the high
activity dehydrogenation catalyst to convert a portion of eth-
ylbenzene to styrene and form a second intermediate effluent
stream 38 that comprises styrene, ethylbenzene, and hydro-
gen. Because at least a portion of hydrogen from the first
oxygenated intermediate effluent stream 32 was consumed to
generate heat in the oxidation catalyst bed 24, there is less
hydrogen present in the first heated hydrogen-lean effluent
intermediate stream 36 and the equilibrium-controlled reac-
tion shifts towards higher conversions of ethylbenzene to
styrene. Moreover, because there is a low amount of carbon
monoxide and carbon dioxide present in the first heated
hydrogen-lean effluent intermediate stream 36, the perfor-
mance of the high activity dehydrogenation catalyst in the
dehydrogenation catalyst bed 22 is not negatively impacted.
Furthermore, the high activity dehydrogenation catalyst is
highly effective at converting ethylbenzene to styrene even at
lower inlet temperatures and therefore, facilitates higher eth-
ylbenzene conversion. Accordingly, relatively more ethyl-
benzene can be converted to styrene than in conventional
processes.

[0022] The second intermediate effluent stream 38 passes
from the oxidation-reheat dehydrogenation reactor 14 to a
heat exchanger 40. In an exemplary embodiment, the second
intermediate effluent stream 38 leaves the oxidation-reheat
dehydrogenation reactor 14 at an outlet temperature of from
about 500 to about 560° C. The second intermediate effluent
stream 38 is heated by indirect heat exchange via the heat
exchanger 40 to a fourth predetermined inlet temperature of
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from about 550 to about 620° C., and preferably from about
570 to 600° C. The second intermediate effluent stream 38 is
then introduced to the second dehydrogenation reactor 16 at
the fourth predetermined inlet temperature. The second inter-
mediate effluent stream 38 contacts the high activity dehy-
drogenation catalyst to convert a portion of the ethylbenzene
to styrene forming a third effluent stream 42 that comprises
styrene, ethylbenzene, and hydrogen. In a preferred embodi-
ment, the apparatus 10 provides an overall conversion of
ethylbenzene in the feed stream 26 to styrene in the third
effluent stream 42 of about 73% or greater.

[0023] Referring to FIG. 2, a schematic depiction of an
apparatus 100 for producing styrene from the catalytic dehy-
drogenation of ethylbenzene in accordance with another
exemplary embodiment is provided. The apparatus 100 com-
prises the first dehydrogenation reactor 12, the oxygen and
steam stream 30, and the first oxidation-reheat dehydrogena-
tion reactor 14 as discussed in the foregoing paragraphs in
relation to FIG. 1. The apparatus 100 further comprises a
second oxygen and steam stream 50 and a second oxidation-
reheat dehydrogenation reactor 52. As discussed above, the
feed stream 26 of ethylbenzene contacts the high activity
dehydrogenation catalyst in the first dehydrogenation reactor
12, is oxygenated via the oxygen and steam stream 30, and
contacts the oxidation catalyst and the high activity dehydro-
genation catalyst in the first oxidation-reheat dehydrogena-
tion reactor 14 to form the second intermediate effluent
stream 38.

[0024] The second intermediate effluent stream 38 is
removed from the first oxidation-reheat dehydrogenation
reactor 14 at an outlet temperature of preferably from about
500 to about 560° C. The second oxygen and steam stream 50
combine with the second intermediate effluent stream 38 to
form a second oxygenated intermediate effluent stream 54. In
an exemplary embodiment, the second oxygen and steam
stream 50 are at conditions and temperatures effective to
further cool the second intermediate effluent stream 38 if
needed to form the second oxygenated intermediate effluent
stream 54 having a fourth predetermined inlet temperature of
about 530° C. or less, preferably of from about 480 to about
530° C., more preferably of from about 480 to about 510° C.,
and most preferably of from about 485 to about 500° C.

[0025] The second oxygenated intermediate effluent
stream 54 is introduced to the second oxidation-reheat dehy-
drogenation reactor 52 at the fourth predetermined inlet tem-
perature. As illustrated, the second oxidation-reheat dehydro-
genation reactor 52 is configured similar to the first oxidation-
reheat dehydrogenation reactor 14 and comprises an
oxidation catalyst bed 56 containing an oxidation catalyst, a
dehydrogenation catalyst bed 58 that concentrically sur-
rounds the oxidation catalyst bed 56 and contains a high
activity dehydrogenation catalyst, and a radial feed distribu-
tion screen 60 that is disposed within the oxidation catalyst
bed 56. The second oxygenated intermediate effluent stream
54 advances along the radial feed distribution screen 60 and is
radially introduced to the oxidation catalyst bed 56. The sec-
ond oxygenated intermediate effluent stream 54 contacts the
oxidation catalyst to burn hydrogen in the presence of oxygen
to form water and generate heat, thereby forming a second
heated hydrogen-lean intermediate effluent stream 62. By
keeping the inlet temperature of the second oxygenated inter-
mediate effluent stream 54 at about 530° C. or less, the result-
ing temperatures in the oxidation catalyst bed 56 are rela-
tively low such that the combustion selectivity of
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ethylbenzene and styrene is low. This facilitates limiting the
amount of carbon monoxide and carbon dioxide produced
when the ethylbenzene and styrene contact the oxidation
catalyst in the presence of oxygen. Accordingly, the amounts
of carbon monoxide and carbon dioxide present in the second
heated hydrogen-lean intermediate effluent stream 62 are low.

[0026] In an exemplary embodiment, the second heated
hydrogen-lean intermediate effluent stream 62 is introduced
to the dehydrogenation catalyst bed 58 at a fifth predeter-
mined temperature of from about 550 to about 620° C., and
preferably from about 570 to about 600° C. The second
heated hydrogen-lean intermediate effluent stream 62 con-
tacts the high activity dehydrogenation catalyst to convert a
portion of ethylbenzene to styrene and form a third effluent
stream 64 that comprises styrene, ethylbenzene, and hydro-
gen. Because at least a portion of hydrogen from the second
oxygenated intermediate effluent stream 54 was consumed to
generate heat in the oxidation catalyst bed 56, there is less
hydrogen present in the second heated hydrogen-lean inter-
mediate effluent stream 62 and the equilibrium-controlled
reaction shifts towards higher conversions of ethylbenzene to
styrene. Moreover, because there is a low amount of carbon
monoxide and carbon dioxide present in the second heated
hydrogen-lean intermediate effluent stream 62, the perfor-
mance of the high activity dehydrogenation catalyst in the
dehydrogenation catalyst bed 58 is not negatively impacted.
Furthermore, the high activity dehydrogenation catalyst is
highly effective at converting ethylbenzene to styrene even at
lower inlet temperatures and therefore, facilitates higher eth-
ylbenzene conversion. Accordingly, relatively more ethyl-
benzene can be converted to styrene. In a preferred embodi-
ment, the apparatus 100 provides an overall conversion of
ethylbenzene from the feed stream 26 to styrene in the third
effluent stream 64 of about 75% or greater.

[0027] Accordingly, methods and apparatuses for produc-
ing styrene have been described. Unlike the prior art, the
exemplary embodiments taught herein use a high activity
dehydrogenation catalyst to convert an ethylbenzene feed
stream to a cooled intermediate effluent stream comprising
styrene, hydrogen, and unreacted ethylbenzene. The cooled
intermediate effluent stream is oxygenated to form a cooled
oxygenated intermediate effluent stream that is introduced to
an oxidation-reheat dehydrogenation reactor containing an
oxidation catalyst and a high activity dehydrogenation cata-
lyst. The cooled oxygenated intermediate effluent stream
contacts the oxidation catalyst to combust at least a portion of
hydrogen contained in the stream to generate heat and pro-
duce a heated hydrogen-lean intermediate effluent stream.
The combustion selectivity of ethylbenzene and styrene is
temperature sensitive and substantially decreases with lower
temperatures. Accordingly, the cooled oxygenated interme-
diate effluent stream, which has a lower inlet temperature
when introduced to the oxidation-reheat dehydrogenation
reactor, has a decreased combustion selectivity of ethylben-
zene and styrene in favor of burning hydrogen, thereby burn-
ing more hydrogen to form water and much less ethylbenzene
and styrene to substantially reduce the formation of carbon
monoxide and carbon dioxide. The heated hydrogen-lean
intermediate effluent stream then contacts the high activity
dehydrogenation catalyst in the oxidation-reheat dehydroge-
nation reactor to produce additional styrene. Because at least
a portion of hydrogen from the cooled oxygenated interme-
diate effluent stream was consumed to generate heat, there is
less hydrogen present in the heated hydrogen-lean interme-
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diate effluent stream and the equilibrium-controlled reaction
shifts towards higher conversions of ethylbenzene to styrene.
Moreover, the high activity dehydrogenation catalyst in the
oxidation-reheat dehydrogenation reactor facilitates higher
conversion of ethylbenzene to styrene even at lower inlet
temperatures. Furthermore, because there is substantially less
combustion of ethylbenzene and styrene in the oxidation-
reheat dehydrogenation reactor, there is very little carbon
monoxide and carbon dioxide present in the heated hydrogen-
lean intermediate effluent stream and therefore, the perfor-
mance of the high activity dehydrogenation catalyst is not
negatively impacted. Accordingly, relatively more ethylben-
zene can be effectively converted to styrene than in conven-
tional processes.

[0028] While at least one exemplary embodiment has been
presented in the foregoing Detailed Description, it should be
appreciated that a vast number of variations exist. It should
also be appreciated that the exemplary embodiment or exem-
plary embodiments are only examples, and are not intended to
limit the scope, applicability, or configuration of the invention
in any way. Rather, the foregoing Detailed Description will
provide those skilled in the art with a convenient road map for
implementing an exemplary embodiment of the invention, it
being understood that various changes may be made in the
function and arrangement of elements described in an exem-
plary embodiment without departing from the scope of the
invention as set forth in the appended Claims and their legal
equivalents.

1. An apparatus for producing styrene, the apparatus com-
prising:

afirst dehydrogenation reactor containing a first high activ-
ity dehydrogenation catalyst and configured to receive
ethylbenzene at a first predetermined inlet temperature
and to form a first intermediate effluent stream that com-
prises styrene, ethylbenzene, and hydrogen, and config-
ured to be in fluid communication with a first oxygen
source; and

a first oxidation-reheat dehydrogenation reactor config-
ured to be in fluid communication with the first oxygen
source and the first dehydrogenation reactor and con-
taining a first oxidation catalyst and a second high activ-
ity dehydrogenation catalyst, the first oxidation-reheat
dehydrogenation reactor configured to receive a first
oxygenated intermediate effluent stream from the first
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oxygen source and the first dehydrogenation reactor at a
second predetermined inlet temperature to form styrene.

2. The apparatus according to claim 1, wherein the second
high activity dehydrogenation catalyst has a relative activity
of'about 1.5 or greater.

3. The apparatus according to claim 1, wherein the second
high activity dehydrogenation catalyst has a relative activity
of'about 2 or greater.

4. The apparatus according to claim 1, wherein the first
high activity dehydrogenation catalyst has a relative activity
of'about 1.5 or greater.

5. The apparatus according to claim 1, wherein the first
oxidation-reheat dehydrogenation reactor is configured to
form a second intermediate effluent stream comprising sty-
rene, ethylbenzene, and hydrogen, and the apparatus further
comprises:

a heat exchanger in fluid communication with the first
oxidation-reheat dehydrogenation reactor to receive the
second intermediate effluent stream and configured for
indirect heating to form a heated second intermediate
effluent stream; and

a second dehydrogenation reactor in fluid communication
with the heat exchanger to receive the heated second
intermediate effluent stream, the second dehydrogena-
tion reactor containing a third high activity dehydroge-
nation catalyst and configured to operate at conditions
effective to form styrene.

6. The apparatus according to claim 1, wherein the first
oxidation-reheat dehydrogenation reactor is configured to
form a second intermediate effluent stream comprising sty-
rene, ethylbenzene, and hydrogen, and to be in fluid commu-
nication with a second oxygen source, the apparatus further
comprising:

a second oxidation-reheat dehydrogenation reactor config-
ured to be in fluid communication with the second oxy-
gen source and the first oxidation-reheat dehydrogena-
tion reactor and containing a second oxidation catalyst
and a third high activity dehydrogenation catalyst, the
second oxidation-reheat dehydrogenation reactor con-
figured to receive a second oxygenated intermediate
effluent stream from the second oxygen source and the
first oxidation-reheat dehydrogenation reactor at condi-
tions effective to form styrene.
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