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EB/SM SPLITTER HEAT RECOVERY

FIELD OF THE INVENTION

The present invention relates to a low temperature heat recovery technique in the
process of making styrene through dehydrogenation of ethylbenzene at elevated temperatures
in the presence of steam. Specifically, this invention teaches methods of recovering the heat
of condensation from the overhead vapor leaving the distillation column which is used for
separation of unreacted ethylbenzene from the styrene product (hereinafter referred to as the
EB/SM splitter) together with related apparatus. Typically, this heat is rejected to
atmosphere through the use of cooling water or air fins and is therefore wasted. The EB/SM
splitter typically has a heat removal requirement of between 400 and 700 kcal/kg of styrene
product, which represents a significant portion of the overall cost of styrene production.
Recovery of a substantial portion of this thermal energy dramatically improves operating

economics and process efficiencies.

BACKGROUND OF THE INVENTION

U.S. Patent No. 6,171,449 teaches methods of recovering at least a portion of the heat
contained in an EB/SM splitter overhead stream via use of a cascade reboiler scheme in
which the separation of ethylbenzene and styrene is carried out in two parallel distillation
columns operating at different pressures, with the overhead of the high pressure column
providing the heat required to reboil the low pressure co lumn.

In contrast, U.S. Patent No. 4,628,136 teaches a method of recovering the heat
contained in the overhead of the EB/SM splitter by using this stream to boil an azeotropic
mixture of ethylbenzene and water, which, once vaporized, 1s subsequently transferred to the

reaction system where dehydrogenation of ethylbenzene to styrene takes place. The method
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described in the 4,628,136 patent, however, requires that the EB/SM splitter operate at a
pressure that is sufficiently high as to enable the transfer of the azeotropic mixture of
ethylbenzene and water vapor into the reactor system without the use of a compressor. This
patent also specifies that the temperature difference between the condensing EB/SM splitter
overhead and the boiling azeotropic mixture of ethylbenzene and water should be in the range
of between and 2 and 10° C. Given this temperature constraint, one can derive a relationship
between the pressure at which the azeotropic vaporization is taking place and the required

overhead pressure of the EB/SM splitter. This relationship is presented graphically below:
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As can be seen in the above graph, the method taught by U.S. Patent No. 4,628,136
requires that the EB/SM splitter operate at an overhead pressure of at least 200 mmHg m
order for the azeotropic mixture to be transferred into the reactor system without the use ot
the compressor. This is because the practical lower limit for the pressure at the inlet of the
reactor system is of the order of 400 mmHg, and may range up to about 1100 mmHg, which
must be increased by another 100 to 200 mmHg in order to pass the azeotropic mixture of

ethylbenzene and water vapor through the heat exchange system (e.g., reactor feed-efiluent
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exchanger or a fired heater) which is needed to bring it to the required reaction temperature
and to pass this stream into and through the reactor system. As a consequence of this
limitation, the method taught by U.S. Patent No. 4,628,136 results in required operating
temperatures for the EB/SM splitter which are significantly higher than in a conventional
process where no effort is made to recover heat from the overhead. Operation at such higher
temperature and pressure, however, is more costly both in operational and capital costs.

The necessary increase in operating temperature and pressure which is required to
practice the method of the 4,628,136 patent also leads to an increase in the rate of styrene
polymerization which is a direct yield loss. For uninhibited styrene monomer, the
polymerization rates approximately double for every 7 to 8° C increase in temperature. In
commercial practice, the method taught by U.S. No. Patent 4,628,136 results lin operating the
EB/SM splitter at temperatures on the order of 20° C to 30° C higher than conventional
technology. The net result is either the need for increased dosage rates of costly
polymerization inhibitors or accepting an increased formation of undesired styrene polymer
(vield loss), or both, resulting in a substantial negative impact on the overall process
economics. Furthermore, the close-coupling of the EB/SM splitter and the dehydrogenation
reactor system operations required to practice the method of the 4,623, 136 patent means that
an increase in pressure drop anywhere in the reaction system (as for example that which may
be caused by fouling of heat exchange surfaces or by catalyst attrition leading to higher
pressure drop in the catalyst beds) will require that the EB/SM splitter be opefated under even
higher pressure and temperature conditions than usual, resulting in still further increases in
polymerization inhibitor consumption, styrene polymer byproduct, or both.

These and other deficiencies in or limitations of the prior art are overcome in whole or

in part by the improved method and related apparatus of the present invention.
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SUMMARY OF THE INVENTION

In a principal embodiment of the new invention described herein, it has been found
that the aforementioned limitations of the method taught by U.S. Patent No. 4,628,136 can be
ojvercome by use of a compressor. Using a compressor at one or more selected locations in
the process flow scheme realizes a number of important and unexpected benefits over the
prior art including: a) it allows the EB/SM splitter to operate at a substantially lower pressure
and temperature; b) it compensates for any reasonable pressure drop increases in the reaction
section; ¢) it allows the EB/SM splitter operating conditions to be set independently from the
reaction section of the overall process; d) it allows higher differential temperatures between
the condensing overhead and the vaporizing azeotrope, resulting in smaller heat transfer area
requirements; and ) it allows recovery of substantially all of the usable heat contained in the
overhead stream.

The general concept of using of a compressor for transferring an azeotropic mixture
of ethylbenzene and water vapor into the dehydrogenation reactor system was taught earlier
by U.S. Patent No. 4,695,664. However, in the method taught in the 4,695,664 patent, the
azeotropic mixture of ethylbenzene and water is boiled by heat exchange with the reactor
effluent rather than uSing the EB/SM splitter overhead, as taught by this invention, to provide
the necessary heat. As a consequence of this difference, in the practice of the 4,695,664
patent the pressure of the azeotropic mixture should be maintained at about 200 mmHg.
Pressures higher than this are undesirable because of the need to operate the dehydrogenation
reactors at a higher pressure (requiring more catalyst and more steam to mamtain catalyst
stability), while operating the system at pressures lower than 200 mmHg makes compression

costs prohibitively expensive. In contrast, the method of the present invention can be

practiced at a higher azeotropic mixture pressure, in the range of about 150 to 600 mmHg,
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preferably about 250 to 390 mmHg, limited only by the polymerization considerations in the
EB/SM splitter.

Thus, the unique features of the methods and apparatus of the present invention allow
the azeotropic vaporization of the EB/water mixture to take place in the pressure range of
about 150 to 600 mmHg, preferably a range of about 250 to 390 mmHg, which largely falls
outside the acceptable pressure ranges taught by prior art methods. In addition, other
unexpected efficiencies and economies are realized with the methods and apparatus of this

invention as described hereinatfter.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a process flow diagram of a first embodiment of the present invention
wherein a compressor unit is located in-line between the condenser downstream of the
fractionator and the dehydrogenation reactor.

Fig. 2 is a process flow diagram of an alternative embodiment of the present invention
wherein a compressor unit is located in-line between the fractionator and the condenser
downstream of the fractionator.

Fig. 3 is a process flow diagram of a third embodiment of the present invention which

utilizes two compressor units downstream of the fractionator.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The methods and apparatus of this invention pertain to catalyzed hydrocarbon
dehydrogenation processes, for example the process of manufacturing styrene via
dehydrogenation of ethylbenzene in the presence of steam at elevated temperatures in a

reactor system typically containing an iron oxide based dehydrogenation catalyst.
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A first embodiment of this invention, as applied to the manufacture of styrene by the
above process, is illustrated in Figure 1. In this embodiment, a gaseous mixture 2 of
ethylbenzene and steam is mixed with additional steam 1 which has been preheated to a
temperature of typically between aboult 700 and 900° C in a fired steam superheater 101. The
resulting mixture 3 is passed through a dehydrogenation system 102 comprising one or more
dehydrogenation reactors together with a means of supplying heat to compensate for heat lost
due to the endothermic nature of the dehydrogenation reaction. The reactors can be either
isothermal or adiabatic, and the heat can be added either directly (e.g., by passing the reaction
mixture through a fired heater or through flameless distributed combustion tubes, as
described for example in U.S. Patent Nos. 5,255,742 and 5 404,952, which patents are
incorporated herein by reference), or indirectly, by contacting the reaction mixture with a
heat carrying medium such as steam, molten salt or flue gas in a shell and tube heat
exchanger. The dehydrogenation reaction is carried out at a temperature of between about
500 and 700° C, preferably between about 550 and 650° C, and at a pressure of between
about 0.3 and 2 atmospheres, preferably between about 0.3 and 0.8 atmospheres, and
preferably in the presence of a iron oxide based dehydro genation catalyst, examples of which
include catalysts commonly referred to by their trade names of Styromax 3, Hypercat, and D-
0239E, as is well-known in this art. The overall molar ratio of steam to ethylbenzene in the
reactor feed 3 is typically between about 5 and 15. Lower ratios are preferred because of
reduced steam cost, reduced effluent condensation cost, and investment savings resulting
from smaller equipment. The minimum steam to ethylbenzene ratio at which the process can
be carried out depends on a variety of factors, including catalyst stability and on metal

structural temperature limits in the steam superheater 101 and the dehydrogenation system

102.
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The reactor effluent 4 is cooled in a feed/effluent heat exchanger 103 where it

exchanges heat with the relatively cold reactor feed 13. It is then co oled further in a steam

‘generator 104 and at least partially condensed in a condenser 105 using either air or cooling
water as a cooling medium (not shown). The partially condensed efiluent flows into a phase
separator 106 where the dehydrogenation vent gas 5 1s separated from the liquids. The
liquids coming from separator 106 are then decanted mto a hydrocarbon stream 7 and an
aqueous condensate stream 6. The hydrocarbon stream 7, ofien referred to as a crude styrene
stream, contains a mixture of styrene, unreacted ethylbenzene, and water/steam, as well as
reaction byproducts such as benzene, toluene and various high boiling compounds which may
include alpha-methylstyrene, divinylbenzene, and dicyclics (e.g., stilbene).

The crude styrene stream 7 is then typically processed in a series of distillation
columns for separating out various light and heavy fractions. The first step in this process
typically involves removing benzene and toluene from the balance of the mixture, followed
by a second step in which unreacted ethylbenzene is recovered. Alternatively, ethylbenzene
may be removed together with benzene and toluene in the first step, and then be separated
from these lighter components in the second step. In either scheme, the last distillation step
involves separation of styrene from the heavier components.

For the purposes of illustrating this invention in Figs. 1, 2 and 3, we have chosen to
present the scheme in which the first step in processing crude styrene stream 7 involves
removal of ethylbenzene together with the lighter components. It will be understood,
however, that the methods of the present invention are also applicable to the alternative
scheme discussed above. In the scheme illustrated in Fig. 1, the crude styrene stream 7 1s fed
to a fractionator 107, which is preferably operated under vacuum. Operating the fractionator
under vacuum is advantageous to the process in general in that it lowers the temperature of

bottoms stream 10 thereby decreasing the rate of styrene polymer formation, or reducing the
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amount of costly polymerization inhibitor 14 which must be added to stream 7, or both.
Typically, the fractionator 107 is designed to operate at an overhead pressure below 100
mmHg, which results in a bottoms stream 10 at a temperature of less than 100° C.

In prior art processes in this field, the overhead vapor stream 8 leaving the
fractionator 107 is typically condensed in a condenser similar to azeotropic vaporizer 108 but
utilizing either cooling water or air, which is then vented or disposed of without any heat
recovery. When condensed in this manner as a step in a conventional process, the latent heat
of vaporization carried by the overhead vapor stream 8 is typically rejected to the atmosphere
because the temperature of this stream is too low for use in generating steam or to vaporize
ethylbenzene. In accordance with the present invention, however, it has now been found that
overhead vapor stream 8 can be condensed, and the heat of condensation can be used to
vaporize an azeotropic mixture of ethylbenzene and water because such mixtures boil at
temperatures significantly below the respective boiling po ints of the pure individual
components.

In accordance with the methods of this invention, therefore, a fraction of about 0.30 —
1.0, preferably about 0.50 — 0.80, of overhead vapor stream 8 leaving the fractionator 107 is
condensed by using it to boil a mixture of ethylbenzene and water 17 in an azeotropic
condenser/ vaporizer 108, which may be similar to the vaporizer described in U.S. Patent No.
4,628,136. Other types of vaporizers, such as those described in U.S. Patent No. 4,695,664,
can also be used in carrying out the methods of this invention. U.S. Patent Nos. 4,628,136
and 4,695,664 are incorporated herein by reference. In prior art processes, such as that taught
by the 4,628,136 patent, the acceptable temperature differential in the condenser between the
condensing fractionator overhead vapor stream and the boiling azeotropic mixture is in the
range of about 2 — 10° C, preferably about 6° C. By contrast, the methods and apparatus of

the present invention can accommodate a larger temperature differential of about 10 —30° C,
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preferably about 15 —25° C, between the condensing vapor and the boiling azeotropic
mixture in vaporizer 108, leading to additional process flexibility and realizing further
efficiencies.

A portion 9 of the condensed overhead, preferably a predominant portion of the
condensed overhead, leaving the azeotropic vaporizer 108 is returned to the fractionator 107
as reflux stream 16, and the remainder 15 is directed to another downstream fractionator (not
shown) where unreacted ethylbenzene is recovered from lighter components. This recovered
ethylbenzene stream is then mixed with fresh ethylbenzene to form a combmed ethylbenzene
feed 11 which is returned to the system. As shown in Figs. 1, 2 and 3, in preferred
embodiments of this invention a portion of the aqueous reactor condensate 6 can be split off
from the main stream and added to the combined ethylbenzene feed 11, and the resulting
azeotropic ethylbenzene/water mixture 17 is then directed to the azeotropic vaporizer 108 to
be boiled with heat drawn from the fractionator overhead vapor stream 8. In a further
preferred embodiment of this invention, the molar ratio of water to ethylbenzene in the
ethylbenzene/water mixture is between about 4 — 12, preferably about 6 — 10.

The size of the vaporizer 108 will be inversely proportional to the temperature
difference between the condensing overhead vapor 9.coming from vaporizer 108 and the
boiled azeotropic mixture of ethylbenzene and water 12 also coming from vaporizer 108, as
determined by their respective pressures. In a prior art system, such as that described m U.S.
Patent No. 4,628,136, the pressure of the azeotropic mixture of ethylbenzene and water must
be substantially above the pressure existing at the inlet to the dehydrogenation reactor section
102, typically in the range of about 400 — 1100 mmHg, to allow this stream to pass through
the feed effluent exchanger 103 where it is preheated prior to being mixed with superheated
steam 1 from stream superheater 101. As a consequence, the fractionator 107 must be

operated at a pressure such that the condensing overhead temperature is at least 2° C, and
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preferably at least 6° C or more, higher than the temperature of the azeotropic mixture of
ethylbenzene and water going to heat exchanger 103. As a result, the temperature of bottoms
stream 10 coming from fractionator 107 will necessarily be significantly higher than the
optimal temperature. This higher temperature of bottoms stream 10 leads to increased
formation of undesirable styrene polymer and/or requires a higher dosing rate of the costly
polymerization inhibitor 14, or both.

In the practice of the present invention as illustrated in Fig. 1, however, this problem
is overcome by employing an in-line compressor unit 109 between vaporizer 108 and heat
exchanger 103 in order to compress the azeotropic mixture of ethylbenzene and water 12 to
the pressure required for it to pass to and through the dehydrogenation reaction system 102.
As a result of this innovation, the operating temperature used for fractionator 107 is
decoupled from downstream pressure considerations. Fractionator 107 can thus be operated
at lower, more optimal temperatures and pressures, for example at a pressure below about
200 mmHg, preferably in the range of about 70 —170 mmHg, leading to lower temperatures
of fractionator bottoms stream10, which in turn minimizes undesirable polymerization of
styrene in bottoms stream 10 and reduces the consumption of expensive polymerization
inhibitor 14. Even with the methods and apparatus of the present invention, however, at least
a small addition of a polymerization inhibitor 14 to stream 7 will generally be desirable to
still further reduce the loss of styrene product. Such state-of-the-art polymerization mhibitors
include those taught in U.S. Patent Nos. 6,300,533; 6,287,483; 6,222,080; and 5,659,095,
which patents are incorporated herein by reference.

In another embodiment as illustrated in Figure 2, the fractionator overhead vapor
stream 8 is compressed using compressor 110, but the azeotropic mixture of ethylbenzene
and water 12 is not separately compressed. This embodiment of the present invention also

facilitates decoupling the operating temperature of fractionator 107 from the pressure of the

10
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azeotropic ethylbenzene/water mixture. Because fractionator overhead vapor stream 8
coming out of compressor 110 is at a higher pressure, vaporizer 108 can correspondingly be
operated at a higher pressure resulting in a higher pressure boiled azeotropic
ethylbenzene/water mixture coming out of vaporizer 108.

In a yet another embodiment of this invention as illustrated in Figure 3, both the
fractionator overhead vapor stream 8 and the azeotropic mixture of ethylbenzene and water
12 are compressed, respectively, with compressor units 110 and 109. This embodiment of
the present invention also facilitates decoupling the operating temperature of fractionator 107
from the pressure of the azeotropic ethylbenzene/water mixture. In comparison with the
embodiments of Figs. 1 and 2, however, the embodiment of Fig. 3 also decouples the
temperature/pressure conditions in vaporizer 108 from the temperature/pressure conditions n
fractionator 107, thereby creating still additional operating flexibility. In this embodiment,
vaporizer 108 may be operated at any pressure (and corresponding temperature) between the
temperature/pressure of fractionator 107 and the temperature/pressure required to properly
feed the azeotropic ethylbenzene/water mixture to dehydrogenation reaction system 102.

All of the embodiments illustrated in Figs. 1, 2 and 3, however, share the same
advantages over the method described in U.S. Patent No. 4,628,136, wherein no compression
is used, in that they allow the fractionator 107 to be operated at a relatively low temperature
and pressure, substantially the same as that of conventional processes, thereby minimizing
styrene polymer byproduct, while also minimizing usage of expensive polymerization
inhibitors, and while still recovering substantially all of the useful heat from the fractionator
overhead vapor stream. Thus, the 4,628,136 patent teaches a preferred pressure of 15 psia for
the azeotropic mixture of ethylbenzene and water, and a minimum (and preferred) pressure of

280 mmHg for the fractionator overhead stream, leading to a fractionator bottoms

11
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temperature of 125° C, which results in a high polymer make despite the use of a
polymerization inhibitor.

By comparison, the methods and apparatus of the present invention utilize a preferred
pressure of about 250 — 390 mmHg (5 - 7.8 psia) for the azeotropic mixture of ethylbenzene
and water, and a preferred pressure of about 50 — 170 mmHg for the fractionator overhead
stream (before compression), leading to a fractionator bottoms temperature of about 105° C at
the preferred overhead stream pressure, which reduces the polymer make by a factor of 4
relative to the polymer make in the process taught by the 6,623, 136 patent. This illustrative
comparison at preferred operating parameters clearly demonstrates the unexpected superiority
of the present invention over the method taught by the 4,628,136 patent.

It will be apparent to those skilled in the art that other changes and modifications may
be made in the above-described apparatus and methods for low temperature heat recovery
from the overhead vapor from the EB/SM splitter in styrene manufacture without departing
from the scope of the invention herein, and it is intended that all matter contained in the

above description shall be interpreted in an illustrative and not a limiting sense.

What we claim 1s:

12
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Claims
1. In a method of manufacturing styrene by dehydrogenation of ethylbenzene in the

presence of steam at elevated temperatures in a reactor system containing a
dehydrogenation catalyst, the improvement comprising the steps of:

(a) separating the unreacted ethylbenzene from the crude styrene by fractionation i
an ethylbenzene-styrene fractionator carried out at an overhead pressure below about
200 mmHg in the presence of a polymerization inhibitor;

(b) condensing the ethylbenzeﬁe overhead vapor from the fractionator m an
azeotropic vaporizer to provide heat for boiling a reactor feed consisting essentially of
an azeotropic mixture of ethylbenzene and water; and,

(c) compressing the vaporized reactor feed, the overhead vapor from the fractionator,
or both to obtain an azeotropic mixture of ethylbenzene and water at a suitable

pressure for feeding to the reactor system.

2. A method according to claim 1, further wherein the ethylbenzene-styrene fractionator

is operated at an overhead pressure of between about 50 —170 mmHg.

3. A method according to claim 1, further wherein the azeotropic mixture is boiled at a

pressure of between about 250 — 390 mmHg.

4, A method according to claim 1, further wherein the temperature difference between
the condensing overhead vapor and the boiling azeotropic mixture of ethylbenzene

and water in the azeotropic vaporizer is between about 15 —25° C.

13
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S. A method according to claim 1, further wherein the fraction of overhead ethylbenzene

vapor condensed in the azeotropic vaporizer is between 0.30 and 1.0.

6. A method according to claim 1, further wherein the water in the azeotropic mixture is

derived from process condensate.

7. A method according to claim 1, further wherein the molar ratio of water to

ethylbenzene in the reactor feed is between about 4 and 12.

8. A method according to claim 1, further wherein the pressure at the inlet to the reactor

system is between about 400 — 1100 mmHg.

0. A method according to claim 1, further wherein said dehydrogenation catalyst

consists essentially of an iron oxide based dehydrogenation catalyst.

10. A method according to claim 1, further wherein said fractionation is carried out under

vaCuuinl.

11. A method accofding to claim 1 wherein step (¢) comprises compressing only the

vaporized reactor feed.

12. A method according to claim 1 wherein step (c) comprises compressing only the

overhead vapor from the fractionator.

14
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13. A method according to claim 1 wherein step (¢) comprises compressing both the

vaporized reactor feed and the overhead vapor from the fractionator.

14.  In a method of dehydrogenation of an alkylaromatic compound in the presence of
steam at elevated temperatures in a reactor system contaning a dehydrogenation
catalyst, the improvement comprising the steps of:

(a) separating unreacted alkylaromatic compound from the crude product by

fractionation in a fractionator carried out at an overhead pressure below 200 mmHg n

the presence of a polymerization inhibitor;

(b) condensing the overhead vapor from the fractionator to provide heat for boiling a

reactor feed consisting essentially of an azeotropic mixture of the alkylaromatic

compound and water; and,

(c) compressing the vaporized reactor feed, the overhead vapor from the fractionator,
or

both to obtain an azeotropic mixture of the alkylaromatic compound and water at a

suitable pressure for feeding to the reactor system.

15.  In an apparatus for manufacturing styrene by dehydrogenation of ethylbenzene m the
presence of steam at elevated temperatures comprising: (a) a reactor system having
an inlet and an outlet, and containing a dehydrogenation catalyst, to produce a reactor
effluent stream from the reactor system outlet; (b) a fractionation column downstream
from the reactor system outlet for processing a first portion of the reactor etfluent
stream to produce a fractionation overhead stream; (c) a condenser/vaporizer for
condensing at least a portion of the fractionation overhead stream by vaporizing

ethylbenzene reactor feed; and (d) a conduit for passing the vaporized ethylbenzene

15



CA 02487172 2004-11-24

WO 03/106389 PCT/US03/17944

reactor feed from the condenser/vaporizer to the reactor system inlet; the
improvement comprising: at least a compressor for compressing vapor passing
hetween the fractionation column and the condenser, for compressing vapor passing

between the condenser/vaporizer and the reaction system inlet, or both.

16.  An apparatus according to claim 15 wherein a compressor is located in-line between

the fractionation column and the condenser/vaporizer.

17.  An apparatus according to claim 15 wherem a compressor is located in-line between

the condenser/vaporizer and the reaction system mlet.

18.  An apparatus according to claim 15 wherein a first compressor is located in-line
between the fractionation column and the condenser/vaporizer and a second
compressor is located in-line between the condenser/vaporizer and the reaction system

inlet.

19.  An apparatus according to claim 15 wherein said fractionation overhead stream

consists essentially of ethylbenzene.
20.  An apparatus according to claim 15 further wherein the ethylbenzene reactor feed
used in condensing the fractionation overhead stream includes a second portion of the

reactor effluent stream.

21.  An apparatus according to claim 15 further wherein the ethylbenzene reactor feed

used in condensing the fractionation overhead stream includes a recycled portion of

16



CA 02487172 2004-11-24
WO 03/106389 PCT/US03/17944

the condensed fractionation overhead stream following additio nal downstream

processing.

22.  An apparatus according to claim 15 further wherein the ethylbenzene reactor feed
used in condensing the fractionation overhead stream includes a second portion of the

reactor effluent stream and a recycled portion of the condensed fractionation overhead

stream following additional downstream processmg.
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