WO 2009/152424PCT/1152009/047195 STYRENE MONOMER PROCESS BASED ON OXIDATIVE

DEHYDRC%%?%{&H&%PF ETH.YLBENZENE USING CO2 AS A SOFT O)Eg%%f@ﬁ#l %fathe
Invention [ e present invention relates to processes for the dehydrogenatiori ot a tunctionally

substituted aliphatic compound to form a functionally substituted aliphatic compound comprised of
carbon-carbon double or triple bonds using recycled carbon dioxide as an oxidant. In one embodiment,

the process is used for producing styrene m idatiy ' enzene
using cArbPR X IO ROMESK %ﬁ%%&%ﬁtwﬁﬁﬁ %ﬁ&%@%ﬁ&ﬁ%ost
important monomers ingeIVREEMARTBCSINIGat hdysty JOETUSEH RN Taw material in the
production of many plastics, in particular polystyrene, as well as rubbers and resins. In 2006, United

States consumption of styrene was abog}e}i.élfrg(igi&rlvg%uglnds. [3] The most common method of

production of styrene monomer (SM) is of ethylbenzene (EB). One process for
production of styrene monomer from EB is by direct dehydrogenation. In this process, excess

superjated steamyear 8006 is,combined. i ES inadowsarassuigadiahaicengios conining a

potassium-promoted iron oxide catalyst. The reaction'temperature is typically about 600 to 650C and

the reaclion DifsSWIB:F-RICALARAUL 09 80.kR8- ThsSteamRHsA8 R duentiedowssiiie partial
pressiLéJLllr?(lacgl]p @ﬁyﬁ%@%ﬁ%—pr%ﬁduct prcoduscgz%d by the dehydrogenation ?eaction, aIIowian the reaction

to pro&&xﬁ%ﬁgﬁ I%éﬁ?éﬁ%e%&? £06-S1a3R Akl V&V@f{a%t%da@%{sﬁﬁgdfi%%&% defndragenation

reaction, y endothermic, and decreases the amount of coke formation on the WO
2009/&1? gﬁi%i%ﬁtc-fﬂ%ﬁgg%%/@cﬂya%é the process is used for producing styrene monomer by oxidative

dehydrogenation of ethylbenzene using carbon dioxide as an oxidant.

Background of the Invention

[062] Styrene is one of the most important monomers in the modern petrochemical
industry. It is used as a raw material in the production of many plastics, in particular
polystyrene, as well as rubbers and resins. In 2006, United States consumption lof styrene was

about 14.4 billior pounds.

[663] The most common method of production of styrene monomer (SM) is by
dehydrogenation of ethylbenzene (EB). One process for production of styrene monomer from
EB is by direct dehydrogenation. In this process, excess superheated steam near 800°C is
combined with EB in a low-pressure adiabatic reactor containing a potassium-promoted iron
oxide catalyst. The reaction temperature is typically about 600 to 650°C and the reaction
pressure is typically about 40 to 80 kpa. The steam acts as a diluent to lower the partial pressure
of the hydrogen by-product produced by the dehydrogenation reaction, allowing the reaction to
proceed to a greater extent. The steam also provides the heat to drive the dehydrogenation

reaction, which is highly endothermic, and decreases the amount of coke formation on the



reactor catalyst by steam gasification. This process consumes high amounts of energy through the use
of excess steam, and the energy required to vaporize and superheat the steam. It also has the
disadvanta‘ﬁ@szg‘*g@a%’l%t deactivation and limited theimodynamie convergfgﬁfllfém“é”fﬁmmus/UOP
Smart Process is another process for conversion of EB to styrene that addresses some of the
problems of direct dehydrogenation by using selective oxidation of a portion of the hydrogen
by-product formed in the dehydrogenation reaction. The exothermic oxidation reaction of the hydrogen
with B58g§en stalitlcbyastRea RREfLNTe NEHE BESRECRISLDIS dugh A oBOtR AT GRSEBh BBHE he
removal of hydrogen from the process shifts the reaction equilibrium in the dehydrogenation unit to
substhatEmOheressE SR b s BB EREHIEAI AR T4 AR IR Prgh R F AR mERGIA dRS electivity.
Drawbacks of this process include the need for two catalysts in the reactor, one to catalyze the
dehythe disadteriasercbrripirisesbriicaagdirsicth b enediBATde #RIKSIBYen by oxygen. Reactor

design and catalyst loading is more complicated in this system. Formation of aromatic oxidants in the
reactor and CO2 production ca ersely affect the potassium-promaqted iron oxide drogenation
oot hiso, therd B oL S R G . R BEAF U i o

10051 More recently, the use of CQ2 as a mild oxidani.has heen proposed. In a process described in
U.S. BAIERT Iﬁ@%?géé?ﬁ?, SRS en@ﬁ@é@ﬁm‘?ﬁg‘éﬁeﬁegﬂ%’g%ggﬁﬁﬁ%n&)cym Sﬁﬂ%tﬁgeﬁr%fseence of
carbon djoxide as a soft oxidant over a catalyst comprising.vanadiym and irgn, with the CQ2 being
et PR GLETE BIECRATGE S SABRET ICTERRE A Hr et et e
conventignal process, .the presence, of carbon dioxide allows operation agt.a lower temperature and
provi%%tog?mﬁc‘é’ﬂ Weé%ﬁ%h&s'%%%@%%ﬂe%@ s(gi\ﬁ%%%.gf%‘él lﬁ’ée‘a{j}CJI‘1 COFE gg%lﬁ}aeﬁ% avoids
the explosiop risks . of oxyge shows high selectivity an nversion at lower temperatures than
direct T gL P E S W SRR I S0 A0 TBETPes oot R BBnoa 108
heating medium and.;gﬁlace.sogrge r.all of thetstealrpniﬁgdsiu%&%weﬂtficgggrlecajsehgg{c}g?nagi

proc e’i?.a“[%ﬁ'ﬁglﬁ [BHs %cﬁ?ggr\%ﬁ??ﬁ%ﬂprocess SRl KRow and deseribed in U.S.
Patent No. 6,958,427, the entire cqntents of which are incarporated herein by reference, EqQr.example,
B R BIGTRG S e e e e ol ey s s
externally supplied source of C uch as the off-gas from an ethylene.oxjde plant; 2 . continued
need %ﬁlé%pg%élae%d% e%”rﬁ 5%%%%85}156%%58&8?0&9)988n{(%ocra%]ﬁﬁﬁn%ﬁ g?: %?}6?%%?%%{%56 a?(l: ‘o CO2,
and a Wsé%urce of %t IegPtSP?Or} (f'p: etk(l)%a%% reg re%f&[ éheex}%%d&it;h [miGe ?&o@e 11‘ EB19 &M@ the need

for a é‘r/ggegg% ﬁ’?tregctor; and e need Tor separation o élr'ogen rom thé water/gas shift

oo The s Soatiaarala senaie e Aol S g oRAgnAle RA g 0R

requiring a oraté scrubbing/strippirig opération; an e need rogenation reactor

(reve_ts&v;%%%géfﬁ shift rea(:;[r%][g.e il' h%jg!%ec?dt{l%r g &Q&%{%ﬁé%%ﬂé@ Jncgﬁcﬁls%:lljx lt%ﬁaegﬁsible

locations nplgﬁ?, &hce mus ocated near supply of Important to

recognrsaLerais e RIIsRlan L A hucllie progertdosie slalt aLihis s a “green”
process. 2'is'simply an oxygen carrier, which rs converted to CO in"the oxydehydrogenation
reactor. The CO must be converted back to CO2 by the water/gas shift reactor, or used to form some

Other@ﬁxgyenated CRIRAURdS v Thd e Qrirene RQIMPIRRess RIPUHES HraPhRS A BraRiRdba!
n

begin with the oxidation of ethylbenzene to form ethylbenzene hydroperoxide intermediate, and

subseguant epgxidation o prepyiang with the ethylbenzeneiivaropeiRuids o isidesitmeplr
amounts of propylene oxide and styrene monomer. This process is extremely capital intensive and its
ECONQMICSRLE LN YR PN G DERRY IRNE BN AR J0AKEber a catalyst comprising vanadium and iron,

with the CO, being externally supplied from the discharge of another petrochemical process.

Compared with the conventional process, the presence of carbon dioxide allows operation at a

Jower temperature and provides enhanced conversion and significant energy savings. The use of

CO, as an oxidant avoids the explosion risks of oxygen and shows high selectivity and

conversion at lower temperatures than direct dehydrogenation. The CO, may also function as a

2



WO 009/152424PCT/13S2009/047195 [8] In addition to the processes described above, the oxidative

dehydrogenation of E8 using oxygen as the oxidant, the Snamprogetti/Dow SNOWTM process
(concurrent§eiYdrogéifation of ethane and ethylbenzene), the Exelus Ex8§M ¥ {8fied&S(based on

toluene and methanol feedstocks), a liquid-phase ethylbenzene dehydrogena on process (Pincer
catalyst technology),and processes using membranes have been considered. These processes have
not been demonstrated commercially. [9] It would be desirable to have a process for production of
styrehestipadateivoy endtisplat EBmmcaide dhe siearoresed the WrpERRA slpidIgeRddBgenation
processes. Summary [0010] In one aspect, the present disclosure is directed generally to a process for
the dpiggdesRFenation of a functionally substituted aliphatic compound to form a functionally substituted
aliphatic compound comprised of carbon-carbon double or triple bonds using recycled carbon dioxide.
A recycle carbon dioxide feed stream and a stream containing a functionally, substituted aliphatic

com ﬁ)é%]d are fed 9 SR ASERIFSGE %FME@H%WH&Q?Y%@%ﬁlgsc?%qées‘tr’tyggnvert
‘functionally substituted aliphatic compound into a.functionally substjtyted.aliphatic compound
compriderdt Nt aPbor:¢arbshedRiBie GPHRER ‘?r)]“oﬂ'géc.%l'ﬁ@ éﬁ‘fﬁ@ﬁrﬁtgéiﬁﬁel@x Herﬁéﬂ%ﬁ%na#%rn reactor

is separated into a gas recycle stream containing at least carbon dioxide, carban monoxide, and
hydrSeemPA TS RS dRS TSR IMEERETh B0 APSTRELAM AR ‘ée\fﬂ?a%?- cﬁ? nﬁ T%ﬁé%égz recycle

stream and an oxygen-containing str are hed tg at least gne oxidizer. to oxidize carbon monoxide
and ﬁfﬁ‘?tﬁ’é‘ﬁ&éllr%é% B 2 ?o‘*"f%@ﬂc%“f &%g&@ﬁg%ﬁ?gﬁ%ﬁ? Yigess Cge %&%)aﬁ‘he recycle
carbon dioxide str a%m The gehygro%%aticl)ﬂ9 XQ/O 2009/1 424PCg/U§iﬁéOi£9/Q,47tlg5_§ro(9uu?t mixture
streaf1E 4455 {5 SHRETASIRE TR PE LR B A Hifp Ra & EEh SBLINERE L ps ed 8 €aibon-carbon
| doubl&)o {)ztiglglg) %08 dsalfzﬁjgn sg&?cg%?%g Egzgs% B%t}:oor} H{g gg%r@ciﬁ%erg for the endothermic reaction of

EB to SM; 3) the need for a water/gas shift reactor; and 4) the need for separation of hydrogen

from the water/gas shift reactor effluent; and/or 5) the need for separation of CO; from the
dehydrogenation reactor off-gas, requiring an elaborate scrubbing/stripping operation; and 6) the

need for a hydrogenation reactor (reverse water/gas shift reactor). The need for a continuous

supply of CO, also limits the possible locations of the SM plant, since it must be located nearby

a dedicated supply of CO,. It is important to recognize that there is no net elimination of CO; by

this process, despite claims that this is a “green” process. CO, is simply an oxygen carrier,

which is converted to CO in the oxydehydrogenation reactor. The CO must be converted back to

CO; by the water/gas shift reactor, or used to form some other oxygenated compounds.

[067} The Oxirane POSM process produces SM as a co-product beginning with the
oxidation of ethyibenzene to form ethylbenzene hydroperoxide intermediate, and subsequent
epoxidation of propylene with the ethylbenzene hydroperoxide to yield equi-molar amounts of
propylene oxide and styrene monomer. This process is extremely capital intensive and its

economics are driven by the propylene oxide market.



[0011] In a preferred example, the present disclosure is directed to processes for the production of
styrene m r(sS y oxidative dehydrogenation (oxydehydrogenation) of ethylbenzene EB using
carbon dio%(ﬁ}(g)? E?&géi ééb a soft oxidant. The process of the present inventi ﬁ?ﬂ&?%g@%yﬁsed, for
example, in processes wherein (1) the functionally substituted aliphatic compound in the feed is
propane and the functionally substituted aliphatic product is propylene; (2) the functionally substituted
aliphatic compound in the feed is butane and the functionally substituted aliphatic product is butene-1;
(3) thé¥ifictionally Buasiitine dodisrutiecesmpoiHacH 8he feedsobideine datvdrodgenmtionalifB
substituted aliphatic product is 1,3- butadiene; and (4) the functionally substituted aliphatic compound
in thelfEag iBYkahe 21 afg thexfdpetionbdly Shbsrraeitiptat SHONITY isrregdsttadierar{enl2]in the
process for producing styrene from EB in the dehydrogenation reactors, two parallel overall reactions
for stydndiagsnanesr 36 reHmsnabe ik diramrenseolbsiyExeiudirest BB Y atpdrey Erratidrtotstyrane
monomer over a catalyst using heat provided by the carbon dioxide, and (2) oxidative dehydrogenation
of EBapftmeErssh BisdHsks ferimBigrabrs heano RfezaithaRaTereasaatiatb b paen Gliekebyaaiseiucts.
10013] The process as disclosed herein for producing styrene from EB is summarized below. One
skilledicritaeoayt Ml reragiysap prociatecthaiaany ifh & tgn ctioradsrstibstiete daliskraiciesdredmpounds
described above may be substituted for EB in the feed to obtain the desired dehydrogenation product.
[00136§Thaemsieaegestunhsialiy. provided a process for dehydrogenation of ethylbenzene to form
styrene monomer using carbon dioxide comprising the steps of: (a) providing a carbon dioxide stream
wherein the carbon dioxide stream comprises carbon dioxide recycled from at least one
dehydfgenation rdactit®) Reafiftabiealt oFYof thePEarBth dibxiBre&tréam hd TREEE iPYa heat
exchanger; (c) feeding the carbon dioxide stream and an oxygen stream to a first oxidizer having a
selecHFBYSkEATBROEabAly SR S EREINHE SRt o BicdehyBroETatick Ly prodvic & BsHagssativnthe
recycled carbon dioxide; (d) feeding the effluent stream from the first oxidizer to a recycle gas heat
exchadigertsheat the effluent from a first dehydrogenation reactor and cool the effluent stream from
the first oxidizer; (e) feeding the cooled effluent streamer from the first oxidizer and an oxygen stream
to a second oxidizer having a selectivg oxidation catalyst to catalyze oxidation of dehydrogenation
by-products contained in the recycled -dioxide; (f) feeding the effluent from the second oxidizer
and ethylbenzene to a first dehydrogenation reactor containing a catalyst to catalyze dehydrogenation
of ethylbenzene to styrene; (g) feeding the effluent from the first dehydr ation reactor to the
ooy e R e o T ISA ST L 1 Tt O S VRERRt: Ty feecling the
heated first dehydrogenation reactor effluent from the recycle gas heat exchanger.tq a second
dehyé:o%gﬁgﬁ%%%'eagée%?%%ﬁ(t{ai%Il%% aatlmca%tilgﬁé? %r%a%%ly@é%% e%ﬁ%lé)nai nsg%%%ﬁi}tﬁ@%enazﬁg rgént% styrene;
(i) separatin gwe effluent from the second.dehydrogenation reactor into the,recycle carbon djoxide
Shear e R A L SRS 2 rodcr
mixture strea

M 10 a distillation column to separate styrene monamer from, the dehydrogenation product
e i S e e

compound are fed to a first oxydehvdrogenation reactor containing at least one catalyst to

convert functionally substituted aliphatic compound into & functionally substituted aliphatic
compound comprised of carbon-carbon double or triple bonds. The effluent from the
oxydehvdrogenation reactor is separated into a gas recycle stream contaiming at least carbon
dioxide, carbon monoxide, and hydrogen, a lquid dehydrogenation product mixture stream, and
a water-rich stream. The gas recycle stream and an oxygen-containing stream are fed to at least
one oxidizer to oxidize carbon monoxide and H; in the gas recycle stream to produce the recycle

carbon dioxide stream and to heat the recycle carbor dioxide stream. The dehydrogenation



[0014]To produce styrene monomer, EB and recycled CO2 are fed to a first dehydrogenation reactor
containing a catalyst. Recycle gas is preheated in one or more heat exchangers and regenerated in
one or moteoXItiZerdtn the oxidizers, recycle gas is combined with oxyg%#é%og%}éé@’st to
selectively oxidize carbon monoxide and hydrogen to produce carbon dioxide, steam and heat. The
carbon monoxide and hydrogen are by-products of the oxidative dehydrogenation process. The EB is
fed to the dehydrogenation reactors in vapor form. [00151The effluent from the first

oxydBIG gBISIEH FESeter iR PepEAtRd Bn@ Tk BSHEBR oy BRIV Hb GERafBH FOFREF R ere
further conversion of EB to styrene monomer occurs. 100161 The effluent from the second
oxydePRRFESE e REaRIBI M A e SRk st e R rvdgRec BRI L P TRGEABIATBIF: The reactor
effluent is further cooled and partially condensed in a series of heat exchangers. The various
condensed liquid streams are collected and separated into an organic phase (dehydrogenation

prod b8 Hixf ey eided sratakotis HRSEES OO ITFEhE GRS aGSAEEORT e duct mixture is fed to a series

of distillation columns to separate the sfyrene monomer prqduct from aromatic by-products of the

dehyBrogERoR réREHHh @ﬁ&%%é%{gg @BP’F‘I’%W&E&? O@%‘l@?@d%ﬂﬁﬁﬁ%b 85%%88 aqffogenation

reactors. [0018]The aqueous phase.is sent to a stripper for removal_and recovery.of dissolved
’é&ﬁ%?%gétﬁaw&%mmb%@%% a8t Se?‘}l[b R @k yéhidtion.

hydrGEaY
invention may also be used, for example, in processes wherein (1) the functionally substituied
aliphatic compound in the feed is propane and the functionally substituted aliphatic product 1s
propylene; (2) the functionally substituted aliphatic compound in the feed is butane and the
functionally substituted aliphatic product is butene-1; (3) the functionally substituted aliphatic
compound in the feed is butane and the functionally substituted aliphatic product s 1,3-
butadiene; and (4) the functionally substituted aliphatic compound in the feed is butene-1 and the

functionally substituted aliphatic product is 1,3-butadiene.

16012] In the process for producing styrene from EB, in thé dehydrogenation reactors,
two paraliel overall reactions for styrene monomer formation oceur simultanecusty: (1) direct EB
dehydrogenation to styrene monomer over a catalyst using heat provided by the carbon dioxide,
and (2) oxidative dehydrogenation of EB with carbon dioxide to form styrene monomer with

water and carbon monoxide by-products.

[0013] The process as disclosed herein for producing styrene from EB is

summarized below. One skilled in the art will readily appreciate that any of the functionally
substituted aliphatic feed compounds deseribed above may be substituted for EB in the feed to

obtain the desired dehydrogenation product.
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[0019]The non-condensibles include CO, CO2, Hz, H20 and N2 (if air is used instead of oxygen in the
oxidizers), and are saturated with aromatics. These constitute the reactor offgas. The reactor offgas is
compressed and scrubbed with a polyethylbenzene stream to recover WO

20091152435 S2000AL SR desiiRl OMAUIGE. LRI UEIN-B SR EUAARAR Small Purge

@s taken to remove the net |n low of reaction inerts (- N2) from the recycle gas system. The recycle gas
is then reggnesatest imihsxidizerseAs.desekiaedahave.d002Ql-pmengdheradyantagrs.es the present

disclosure are that CO, has a high heat capacity and is safer to use in the process than oxygen. The
use of caghaiddimdde asatoxidantiprovidesia dighecexpactedconydisidde natgdéEBoto styrene and
high selectivity for styrene. Based on thermodynamic equilibrium, lower reaction temperatures are
required.1Gatlvon Gioxitedsaégs reagien sidiehidire st frepheated StespbandahdcEron dididige is not
vaporlzed or condensed, which save the latent heat, saving energ %ﬂi}é costs. Furthermore, the process is

a green"%‘ré%és%%ﬁ‘ ﬁ’é‘th@géénﬁﬁaﬁ??ﬂl?@ 81?1@?%?86@%?@.5 f5¢ o ﬁ’i‘g%&f’@n%mﬁ“ﬁé% 1e28%0f an

adverse i |m ?a the enwﬁtonment ther adva tqges of thed%gcess Tggs(?d her ill be
e

apparent 0 2Ec)’rse Likfed it the A A nuﬁ%tra]1¥ﬁ a[éﬁ descrltp1 jon of & mﬁf:es oofn the disclosure

set forth B%SX&sBcrdﬁ{aBgé‘%ﬁ'%&?&9&&9%5&&%%@; (d) feeding the effluent stream from the first

oxidizer to a recycle gas heat exchanger to heat the effluent from a first dehydrogenation reactor
and cool the effluent stream from the first oxidizer; (e) feeding the cooled effluent streamer from
the first oxidizer and an oxygen stream to a second oxidizer having a seiective oxidation catalyst
to catalyze oxidation of dehydrogenation by-products contained in the recycled carbon dioxide;
(f) feeding the effluent from the second oxidizer and ethylbenzene to a first dehydrogenation
reactor containing a catalyst to catalyze dehydrogenation of ethylbenzene to styrene; (g) feeding
the effluent from the first dehydrogenation reactor to the recycled gas heat exchanger to heat the
effiuent from the first dehydrogenation reactor; (k) feeding the heated first dehydrogenation
reactor effluent from the recycle gas heat exchanger to a second dehydrogenation reactor
containing a catalyst to catalyze dehydrogenation of ethylbenzene to styrene; (i} separating the
effluent from the second dehydrogenation reactor into the recycle carbon dioxide stream and a
dehydrogenation product mixture stream; and (j) feeding the dehydrogenation product mixture
stream to a distiﬂation column to separate styrene monomer from the dehydrogenation product

mixture.

5a



[0021]Fig. | shows a schematic of a plant for performing an embodiment of the process of the present
invention for conversion of ethylbenzene to styrene monomer by oxidative dehydrogenation and the

regeneratidfPPedyétdyas by oxidation of carbon monoxide and hydrogeft FOOZIR 39hows a

schematic of a plant for separating the reactor effluent into dehydrogenation product mixture, an
aqueous stream, and reactor offeas. WO 2009/152424PCT/US2009/047195 [00231Fig. 3 shows a
schematic of a plant for compressing and scrubbir;g the reactor offgas to recover aromatics and

proddB8ldluseful rdsycraqgiise SbEAREd DeBemSHorrsf RRtbJERHERE Siheatvdifiott160uiThe

present invention is directed to an improved process for the dehydrogenation
dehydrogenation reactor containing a catalyst. Recycle gas is preheated in one or more heat

exchangers and regenerated in one or more oxidizers. In the oxidizers, recycle gas is combined
with oxygen over a catalyst to selectively oxidize carbon monoxide and hydrogen to produce
carbon dioxide, steam and heat. The carbon monoxide and hydrogen are by-products of the
oxidative dehvdrogenation process. The EB is fed to the dehydrogenation reactors in vapor

form.

[0015] The effluent from the first oxydehydrogenation reactor is reheated and fed to a

second oxydehydrogenation reactor where further conversion of EB to styrene monomer occurs.

[6016] The effluent from the second oxydehydrogenation reactor may be used to preheat
the recycle gas prior to regeneration. The reactor effluent is further cooled and partially
condensed in a series of heat exchangers. The various condensed liquid streams are collected

and separated into an organic phase (dehydrogenation product mixture) and an aqueous phase.

[0017] The dehydrogenation product mixture is fed to a series of distillation columns to
separate the styrene monomer product from aromatic by-products of the dehydrogenation

reaction and unreacted EB. The unreacted EB is fed back to the oxydehydrogenation reactors.

[0018] The aqueous phase is sent to a stripper for removal and recovery of dissolved

hydrocarbons. The stripped condensate may be used as boiler feed water for steam generation.

10019] The non-condensibles include CO, CO,, Hy, H0 and N (if air is used instead of
oxygen in the oxidizers), and are saturated with aromatics. These constitute the reactor offgas.

The reactor offgas is compressed and scrubbed with a polyethylbenzene stream to recover



of a functionally substituted aliphatic compound to foul' a functionally substituted aliphatic compound
comprised _pf carbon-carbon double or triple bonds using recycled carbon}g'g}?%%%oéjggg%gle carbon
dioxide fe8 stTadM4Ad a stream containing a functionally substituted aliphati compouna are fed to a
first oxydehydrogenation reactor containing at least one catalyst to convert functionally substituted
aliphatic compound into a functionally substituted aliphatic compound comprised of carbon-carbon
double or triple bonds. The effluent from the oxydehydrogenation reactor is separated into a gas

recy SRS SiaR A UBAIA A 484t SN R ardor FONBYER | 2RI Ay dFOEERe ¥ Iiaiact
dehydrogenation product mixture stream, and a water-rich stream. The_gas recycle stream and an
oxygBHIEBh RAnTARF S dRiTaTe 3k toat ISR hfe BXIiFeERS SXRITFe calBBnRTSHXRRE ahd 92 in the
gas recycle stream to produce the recycle carbon dioxide stream and to heat the recycle carbon
dioxiBRESHEAIRT ThE YRR RgeHABR BIEHRRE Fixture stream is separated to obtain functionally
substituted aliphatic compounds comprised of carbon-carbon double or triple bonds from the
dehydrogenation product mixture. gOOZS]In one embodiment of the process of the present invention,
styrern@ A nomer i) 14 prbaticad By axyeahylifegeRaten SrethiibdrzehdigBl ¢ arbon dioxide
(COZ}%@ used as a sqft oxidant, as a diluen%%and to rov{ﬁ% heat %ort e canversion of ethylbenzene to
styre ?r%tﬁogiﬂgﬂs ﬁ&%r@d‘ﬂf& @aabeo?f?ﬁ?ﬁ?o %%’@@%ﬁh ey &Y Sﬁs%%ﬁf%ﬁ%ﬁglﬁgﬁﬁtnerated
by the oxidation, to carbon dioxide, which is reu 'ntthe, o%deﬁxh?/d ogenafors, Th oxi(tjizerps also WO
20097185453 B DR 0887047 T8 EERVE AT - Brétidt mieh e ﬁ—é‘r b LA Which 18 &iBsequently
condag%gieﬁ an rem%ved from the reactign system. Regeneration increases glecen%halg. of.the recycle
gas AR TR 25 TR BHo A FOF DISHIERY FrSYERaion dis Lehliste nedPREG8H & ated
recycle gas also serves as reaction diluent. [0026]Vaporized ethylbenzene is catalyticall

dehy S iARdio &t %uﬁ??[tﬁe@tﬁfle%?r@e %}80@%38 ‘? ,lgl%(ljs PGPS egu(ﬁt%)flasdfyéﬁ%i in one or

more adiabatic fixed bed radial reactors connected.in series with reheating. By:product hydrogen is
cimuAHED G B P 33 B DR AT SOV B0 e GRGLSE0 1y e Prodes
oxydehydrogenators, notably dealkylation prod cin%benzene nd foluer%e. Th<f dehydrogenation
reactigFFIs eI RIRBR L aHASHE SETt BRI BT PR R R Bt BRI T et et A RBACIS provided
by hot regenerated recycle gas, directly in the first oxydehydrogenator and indirectly in the second
oxyd&ty P GEnEoT: f@)’g?r?ﬁéé&?@% gaLeaBntath fier Larh dR pHbIBRRsereaiBb i digsiddiiigdPogen, and
other reaction by-products, is regenerated by the selective oxidation of carbon monoxide and
hydrd§earirsaeé wonbralosisizérsirdariesc pholoxidabiofisiearben iohbgirre to carbon dioxide
produces the soft oxidant required by the oxydehydrogenation reactors. The oxidation of hydrogen to
steam removes hydrogen, which limits EB conversion, from the oxydehydrogenation reaction system.
The heats of combustion provide sensible heat to the recycle gas. The effluent from the first oxidizer is

used to indirectly reheat the effluerglt]r%gg% ig%g&%%hygrﬁggnator (second oxydehydrogenator

feed) in the recycle gas interchang nd oxidizer is used to heat the feed to
the first oxydehydrogenator by direct contact mixing at the oxydehydrogenator inlet.

[0621] Fig. 1 shows a schematic of a plant for performing an embodiment of the process
of the present invention for conversion of ethylbenzene to styrene monomer by oxidative
dehydrogenation and the regeneration of recycle gas by oxidation of carbon monoxide and

hydrogen.

[0622] Fig. 2 shows a schematic of a plant for separating the reactor effluent into

dehydrogenation product mixture, an aqueous stream, and reactor offgas.



WO 2009/152424PCT/US2009/047195 [0028]Regenerated recycle gas, consisting mainly of carbon
dioxide, is also used as a diluent in the oxydehydrogenation reactors to reduce the partial pressure of
by-productfydf9gdi 4 to moderate the temperature drop in each of thefF&&ybieH{afégétrators.
[0029]Ethylbenzene is catalytically dehydrogenated to styrene in the presence of carbon dioxide, and
a lesser amount of steam, in one or more adiabatic fixed bed radial reactors connected in series with
reheating. By-product hydrogen is simultaneously oxidized by CO2 (soft oxidation). [0030]EB is
convé¥Edlo styredd@nordniss i et ophibRlakdekPErpgeTat oA teeiRIEY Wvorprtialel
reactions: (1) conventional EB dehydrogenation to styrene monomer by thefollowingreaction:

EB --of{giyteiecriRr el anaivedyen psdiTaabeloRER to styrene monomer with carbon dioxide
by the following reaction:

Detailed Description of Embodiments of the Invention

[6624] The present invention is directed to an improved process for the dehydrogenation
of a functionally substituted aliphatic compound to form a functionally substituted aliphatic
compound comprised of carbon-carbon double or triple bonds using recycled carbon dioxide. A
recycle carbon dioxide feed stream and z stream containing a functionally substituted aliphatic
compound are fed to a first oxydehydrogenation reactor containing at least one catalyst to
convert functionally substituted aliphatic compound into a functionally substituted aliphatic
compound comprised of carbon-carbon double or triple bonds. The effluent from the
oxydehydrogenation reactor is separated into a gas recycle stream containing at least carbon
dioxide, carbon monoxide, and hydrogen, a liquid dehydrogenation product mixture stream, and
a water-rich stream. The gas recycle stream and an oxygen-containing stream are fed to at least
one oxidizer to oxidize carbon monoxide and H; in the gas recycle stream to produce the recycle
carbon dioxide stream and to heat the recycle carbon dioxide stream. The dehydrogenation
product mixture stream is separated to obtain functionally substituted aliphatic compounds

comprised of carbon-carbon double or triple bonds from the dehydrogenation product mixture.

[8025] In one embodiment of the process of the present invention, styrene monomer
(SM) is produced by oxydehydrogenation of ethylbenzene (EB). Carbon dioxide (CO-) is used
as a soft oxidant, as a diluent, and to provide heat for the conversion of ethylbenzene to styrene
monomer. By-product carbon monoxide (CO) in the recycle gas is continuously regenerated by

the oxidation to carbon dioxide, which is reused in the oxydehydrogenators. The oxidizers also



EB CO2 Styrene + CO + H20, [0031]The second reaction can be thought of as the combination of the
following two reactions: [0032](1)EB 3 SM + H2Conventional EB dehydro%enation(%0033](3)H2 CO23
CO + H20™b#8XidatfIn of H2 [0034]The dehydrogenation reaction (1) is-ertdbiR&HI7Ad the soft
oxidation reaction (3) is exothermic. The soft oxidation reaction (3) serves to remove by-product
hydrogen from the reaction gas mixture, which favorably changes the equilibrium conversion of the

main EB WO 2009/152424PCT/US 2009/047195
convert by-product hydrogen (Ha,) to steam, which is subsequently condensed and removed from

the reaction system. Regeneration increases the enthalpy of the recycle gas and provides the net
heat of reaction for oxydehydrogenation via sensible heat. Regenerated recycle gas also serves

as reaction diluent.

[0626] Vaporized ethylbenzene is catalytically dehydrogenated to styrene in the presence
of carbon dioxide, and a lesser amount of steam, in one or more adiabatic fixed bed radial
reactors connected in series with reheating. By-product hydrogen is simultaneously oxidized by
CO, (soft oxidation). Some side reactions occur in the oxydehydrogenators, notably dealkylation
producing benzene and toluene. The dehydrogenation reaction is endothermic and the soft
oxidation reaction is exothermic. The net reaction heat is provided by hot regenerated recycle

gas, directly in the first oxydehydrogenator and indirectly in the second oxydehydrogenator.

0027} Recycle gas, containing carbon monoxide, carbon dioxide, hydrogen, and other
reaction by-products, is regenerated by the selective oxidation of carbon monoxide and hydrogen
in one or more oxidizers in series. The oxidation of carbon monoxide to carbon dioxide
produces the soft oxidant required by the oxydehydrogenation reactors. The oxidation of
bydrogen to steam removes hydrogen, which limits EB conversion, from the
oxydehydrogenation reaction system. The heats of combustion provide sensible heat to the
recycle gas. The effluent from the first oxidizer is used to indirectly reheat the effluent from the
first oxydehydrogenator (second oxydehydrogenator feed) in the recycle gas interchanger. The
effluent from the second oxidizer is used to heat the feed to the first oxydehydrogenator by direct

contact mixing at the oxydehydrogenator inlet.



dehydrogenation reaction (I). Exothermic reaction (3) also provides a portion of the heat required by
endothermic reaction (1). [0035]Some side reactions occur in the oxydehrogenation reactors, notably
dealkylatio O£3'biddticing benzene and toluene.These reactions can b&WHHEHERLTNSvs: (4)EB +
2 H2Benzene + 2 Methane [0036](5)ES + H2 - Toluene + Methane [0037]Small amounts of other
aromatic and aliphatic by-products can also be formed. [0038]Recycle gas, containing carbon

monoxide, carbon dioxide, hydrogen, and other reaction by-products, is regenerated by the selective

oxidd#9R% carbon%mmmmwemmmﬁ zerbinsdiedaniollelss: ugey #4202 + CO 4
CO2CO2Regeneration
diluent in the oxydehydrogenation reactors to reduce the partial pressure of by-product hydrogen

and to moderate the temperature drop in each of the oxydehydrogenators.

[0029] Ethylbenzene is catalytically dehydrogenated to styrene in the presence of carbon
dioxide, and a lesser amount of steam, in one or more adiabatic fixed bed radial reactors
connected in series with reheating. By-product hydrogen is simultaneously oxidized by CGOy

(soft oxidation).

[06030] EB is converted to styrene monomer in the one or more oxydehydrogenation
reactors by two parallel reactions: (1) conventional EB dehydrogenation to styrene monomer by
the foliowing reaction:

EB - Styrene + Ha;
and (2) oxidative dehydrogenation of EB to styrene monomer with carbon dioxide by the

following reaction:

EB + C(Oy = Styrene + CO + HpO.

[0@31] The second reaction can be thought of as the combination of the following two
reactions:

[0032] (H) EB > SM+H, Conventional EB dehydrogenation
[0633] (3) H;+C0, = CO+H0. Soft oxidation of H,

[0634} The dehydrogenation reaction (1) is endothermic and the soft oxidation reaction

(3) is exothermic. The soft oxidation reaction (3) serves to remove by-product hydrogen from

the reaction gas mixture, which favorably changes the equilibrium conversion of the main EB

10



(7) 1/2 02 H2 4 1420H2by-productremoval Both oxidation reactions (6) and (7) are exothermic and
provide the net heat for the oxidative dehydrogenation reactions (1) and (2). The first oxidation
reaction (68t 34 move the balance of by-product hydrogen from th&$E&I8 44 s ture, and
further enhances the equilibrium conversion of the main ES dehydrogenation reaction (1). The net
effects are operation at a lower temperature and/or higher per pass ES conversion. The second
oxidation reaction serves to "regenerate” CO2 (from CO), which is the oxidizing agent or "soft" oxidant
useddehtiteagepdt by drognation. re EowshsrBstrendidenidn redgtiane agesh iy Myrasetrerihc 2888 provide a
large part of the heat required for the endothermic dehydrogenation reactions in the Rum of sensible
heat :8ypeddyctadedmrmonseitomd bxydehydrogenation reactions (e.g. methane) are also
combusted in the oxidizers providing additional heat. WO 2009/152424PCT/US2009/047195
[0039]High or low purity oxygen, enriched air, or atmospheric air can be used as the oxygen feed to
the olll38rs. InertyARe SIEBREATICAVART ThE JRG Gers dbiipesBHiO P RGE oM L e/ to prevent
their build-up to undesirable concentration. [0040]Supplemental fuel (e.g., methane) is fed to the
oxidi®&rEFEn PESHEGE e BCREFRE v RIK tHENGRE in yIEACPERY rfidkelp PEHFerAE i GH2.
Supplemental fuel (e.g., methane or hydrogen) may also be fed to control the heat balance around the
reactdts, if require .E[GO%ﬂMEﬁti%%‘%ﬁ&?dE% ation reactors may be employed. The effluent from
the first oxydehydrogenation reactor is reheated and fed to a second oxydehydrogenation reactor

WherF fygger comision EERID SUENE anpfasheeeUrs
[6037] Small amounts of other aromatic and aliphatic by-products can also be formed.

j0038] Recycle gas, containing carbon monoxide, carbon dioxide, hydrogen, and other

reaction by-products, is regenerated by the selective oxidation of carbon monoxide and hydrogen

in one or more oxidizers in series as follows:
(6) Y0, +CO > COy COy Regeneration
(7 Yo Oy -+ Hy = HyO B & by-product removal

Both oxidation reactions (6) and (7) are exothermic and provide the net heat for the oxidative
dehydrogenation reactions (1) and (2). The first oxidation reaction (6) serves to remove the
balance of by-product hydrogen from the recycle gas mixture, and further enhances the
equilibrium conversion of the main EB dehydrogenation reaction (1}. The net effects are
operation at a lower temperature and/or higher per pass EB conversion. The second oxidation
reaction serves to “regenerate” CO, (from CO), which is the oxidizing agent or “soft” oxidant
used in the oxydehydrogenation reactors. Both oxidation reactions are highly exothermic and
provide a large part of the heat required for the endothermic dehydrogenation reactions in the
form of sensible heat. By-products from non-selective oxydehydrogenation reactions (e.g.

methane) are also combusted in the oxidizers providing additional heat.

11



[0042]The effluent from the last oxydehydrogenation reactor may be used to preheat the recycle gas
prior to regeneration. The reactor effluent is further cooled and partially condensed in a series of heat
exchange%’.grﬂ@%g?“’r%‘% condensed liquid streams are collected and sepgﬁwasﬁq{’é”gﬁ@@anic phase
(dehydrogenation product mixture) and an agueous phase. [0043]The dehydrogenation product
mixture is fed to a series of distillation columns to separate the styrene monomer product from
aromatic by-products of the dehydrogenation reaction and unreacted LB. The unconverted LB is
comBfE8vith fredMeiB FederarbrecyErasto SHESRY Ry GUBARSRINH IFRE?. f0BaTTR: BEueous
phase may be sent to a stripper for removal and recovery of dissolved hydrocarbons. The stripped
condexzae fed hahsserdacHoilbrTe cawararBIEte MAT JBR SFRlfSH, SRSe are purged from the
2009/152424PCT/US2009/047195 100451 The uncondensed reactor offgas, containing CO, CO2, H2,
H20, TR ¢l s doRisyamistasi R IskyB én tHdsEr e A1 ER#a - amounts of EB and SM, and small

amounts of aliphatic and aromatic reaction by-product impurities, is compressed and scrubbed with a
polye{téagglenzene %ﬁg&@&gﬁf%@{ r(%.sglfj’u%le%(gnnél tllgsfed to the oxidizers and combusted to
provide the initial inventory and any make-up requirements of CO;. Supplemental fuel (e.g.,
methane or hydrogen) may also be fed to control the heat balance around the reactors, if

required.

10041] Multiple oxydehydrogenation reactors may be employed. The effiuent from the
first oxydehydrogenation reactor is reheated and fed to a second oxydehydrogenation reactor

where further conversion of EB to styrene monomer occurs.

[6042] The effluent from the last oxydehydrogenation reactor may be used to preheat the
recycle gas prior to regeneration. The reactor effluent is further cooled and partially condensed
in a series of heat exchangers. The various condensed liquid streams are collected and separated

into an organic phase (dehydrogenation product mixture) and an aqueous phase.

[6043] The dehydrogenation product mixture is fed to a series of distillation columns to
separate the styrene monomer product from aromatic by-products of the dehydrogenation
reaction and unreacted EB. The unconverted EB is combined with fresh EB feed and recycled to

the oxydehydrogenation reactors.

[6044] The agueous phase may be sent to a stripper for removal and recovery of
dissolved hydrocarbons. The stripped condensate may be used as boiler feed water for steam

generation.
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[0046]A small recycle gas purge may be taken to remove the net inflow of reaction inerts (e.g., N2)
from the reaction sgéstem and to control the concentration to which they build up. If required, the purge

may also BEQ&¥E 5% 5htrol the heat balance around the reactors by remduirl 3288?%?11?5? the

combustible components (CO and H2). The purge is taken after compression and scrubbing to
minimize the loss of aromatics. The purge may be sent to flare or used as fuel gas. [0047]The resulting

recycle gas is then regenerated by oxidation of carbon monoxide and hydr , as described above.
[004@]”92@followin@@éﬂéﬂ%d%%?gi’ﬁﬂ?ﬁ%?gﬂﬁﬁom%ﬁﬁe G brﬁ%ﬁ@n@galfdsp% de

exemplary embodiments and is not intended to limit the full scope of the jnvention in.any. way.
[00491}&@?@%@}(&%@}@?Ib?r%ﬁiézé%%&%%ﬁ@f@%ﬁﬁéﬁﬁr@%‘éé@%ﬂ%%ﬁﬁ%@?%ﬁ dtoa
recycle gas heater (10). The recycle gas stream (12) typically consists primarily of carbon dioxide and
carb8RdnGHERHE Witiie RYIFOYER adBRIEFand SRS s B%r geé%d‘?% -afomatic
hydrocarbons. Preferably, the recycle gas stream (12) is fed at a pressure of between about 90 Oa

and Do FEmAbsAECEE AP RGeS BRERR N UBEIR*30C and 50C. WO
2009/152424PCT/US2009/047195

[0046] A small recycle gas purge may be taken to remove the net inflow of reaction
inerts (e.g., Nz) from the reaction system and to control the concentration to which they build up.
If required, the purge may also be used to control the heat balance around the reactors by
removing a portion of the combustible components (CO and Hz). ' The purge is taken after
compression and scrubbing to minimize the Joss of aromatics. The purge may be sent to flare or

used as fuel gas.

16047} The resulting recycle gas is then regenerated by oxidation of carbon monoxide

and hydrogen, as described above.

[0048] The following detailed description of embodiments of the invention is intended to

provide exemplary embodiments and is not intended to limit the full scope of the invention in

any way.

[0049] Referring to Fig. 1, in one embodiment of the invention, a recycle gas stream (12)
is fed to a recycle gas heater (10). The recycle gas stream {12) typically consists primarily of
carbon dioxide and carbon monoxide, with some hydrogen and water and small amounts of
aromatic and non-aromatic hydrocarbons. Preferably, the recycle gas stream (12) is fed at a
pressure of between about 90 kPa and 110 kPa and at a temperature of between about 30°C and

50°C.
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[0050]Optionally, low pressure steam may be added to the recycle gas stream through line (11) or
hydrogen or methane may be added through line (13). Supplemental methane or hydrogen is added
upstream &Y th&1&d§ti&4gas heater to provide additional control of the heaf GhTPR8 4T Yalance in the
recycle gas loop. Addition of methane or hydrogen can eliminate the need for make-up carbon dioxide.
Low pressure steam may be used if desired to provide added heat to shift the dehydrogenation
reactions in a favorable direction. [0051]The recycle ga;%égé Is heated in the recycle gas heater (10)
by hd@¢&change WithonB! Rotlors JEESFER| SR 185088 farthereraicht £ph STRRY)C exits the
recycle gas heater (10) through line (16) and is fed to the first stage oxidizer (20). In the embodiment
showin (g, ar, Tvetessycrs gaeiisrsierallpesidindiaepidigad hoate POy aFH L MpSrRtufE of
between about 400C and 500C. 100521In the first stage oxidizer (20), the recycle gas.is further heated
by sdiétgenidadisd shatpseric diarecashanchonid By e Cari oME:GaRh P h i atic
hydrocarbons using oxygen or air as the oxidizing agent. Any appropriate catalyst may be used in the
oxidizeg. ma@r@ﬁébg?,aﬁ@é mébf‘sfa@\écmﬁz@oase%d%lﬁﬁhﬁf RO BRSSP S 8. uop
OC-5 catalyst. Oxygen is supplied through line (18) and may be mixed with the recy(;éteF rior to
beingted fortAiSsFaEROB ANzt AR IR StHEBR BN bintFFady deSh5E IAayBY e%ggg%arately to
the first stage oxidizer. In the embodiment shown in Fig. 1, the oxygen is supplied through line (24)
and Sisat ietehifichadshisogenatips srlinsBRAN? FFeFEP8) and is combined with the recycle

gas tq be feq to the firs’g stgge oxidizer, while the second stream flqws through Iing (26) and is
may DStbplicd 2 FOEAE G ) QL Dok ek NE Bl o i of
o rod§ o BELL ARG G HEPHSC e DDBIIE Saely HEARSR st D Dab e i o
005 PO A & DA G SO BRI OB RS 8 I DIAoB 6f 16 St S ment shown

in Fig. 1, the recycle gas preferably exits the recycle gas heater (10) at a temperature of between

about 400°C and 500°C.,

{0052] In the first stage oxidizer (20), the recycle gas is further heated by selective
oxidation of a portion of the contained hydrogen, carbon monoxide and non-aromatic
hydrocarbons using oxygen or air as the oxidizing agent. Any appropriate catalyst may be used
in the oxidizer. Preferably, the first stage oxidizer uses a highly selective oxidation catalyst, such
as UOP OC-5 catalyst. Oxygen is supplied through line (18) and may be mixed with the recycle
gas prior to being fed to the first stage oxidizer. Alternatively, the oxygen and recycie gas may
be fed separately to the first stage oxidizer. In the embodiment shown in Fig. 1, the oxygen 18
supplied through line (24) and split into two streams. The first stream flows through line (18)
and is combined with the recycle gas to be fed to the first stage oxidizer, while the second stream
flows through line (26) and is combined with the gas in line (32) to be fed to the second stage
oxidizer as described below. Oxygen may be supplied as pure gas or in air. If desired, the

oxygen may be preheated to a temperature of between about ambient and 30°C. The volume
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oxidizer. However, this generally results in non-selective oxidation of all hydrocarbon components and
resulting loss iné%elpl. L0054]The heated recycle gas is fed from the first stage oxidizer %20% through
line (28) RS Wé éas interchanger (30). The heated recycle gas prei% %‘I&?@)‘Jﬁ@ﬁf Eirst stage
oxidizer at a temperature of between about 700C and 800C. The heated recycle gas is used to reheat
the effluent from the first stage oxydehydrogenation reactor (50) which is fed to the recycle gas heat
exchanger (30) through line (38). In alternative embodiments, it s possible to add any of the following
betwBEiR MR iy EEDsiadry apgad o HhrcBroiRBD PR e R Sy P oS e iltion
reactor (60) via an inlet line which intersect line (38) (not shown): CO2, fuel, 02/air, feed inlet stream
and/8P4{&8AY- As described below, the first stage oxydehydrogenation reactor effluent is reheated in
the recycle gas interchanger (30) to reaction temperature before being fed to the second stage
oxydehydrogenation reactor (40). [00551The recycle gas is fed from the recycle gas.interchanger
thro f’rﬂe (32) to Wé%@ﬁggna g't &% ﬂ’l‘fe??ﬁ%? er?g%pgréltgﬁrﬁg of ﬂ%c"r%%k;c ee;%rg exiting the
recycle.gas heaf exchanger has been reduced hy heat exchange, typically to a,te ra of
betw8& out W %%&gege){%%%%%&%e& ?ﬁ?%%a gﬁf%e%%%%%% r%ay Ee@rﬁcﬁ%%v%?tﬁ the
recycle gas grior to,being.fed to the szgond stage oxidizer. The oxygen may be supplied as air and
may B%“%F% ég§ea&1%§ea%%18§bgas ABalre’ Optionally, the oxygen and recycle gas may be fed separately
to the second stage oxidizer (40). Most of the remaining hydrogen, carbon monoxide and WO
2009452424 CTSLR0RALSE St acaibnsin. e eaick aas e soleehuEl adaspn e

st a eferably heated

seco ge oxidizer, providin itional heat for the process. The recycle gas’is pr

in thﬁh%e&%g/ghifgl%%exgé@iﬁ%fg&?6&”‘?&&%&@@{&%@@5& DO ANCANLA00G ARy sRRippriate

catalyst m In the oxidizer. Preferably, the second stage ‘oxidizer uses a highly selective

0“‘]'8&1%%%@}%‘%/&&%%&%9 BrR% R¥eeGaREE TRESBEYLE :Q@?c@(gﬁég§ﬁ§e§QGQQHeMﬂézer is

substantially free of hydrogen, carbon monoxide and non-aromatics produced in the dehydrogenation

proc%?’ﬁ&%@ff@ﬁx”ﬁx@%@?s’iﬁ@@%&?ﬁéﬂyﬁlﬁé%@&ﬂqj@ﬁér (0056 RRqEiIZas L Bris deddaranghdline (42) to

the first stage oxydehydrogenation reactor (50) and mixed with the hot regenerated recycle gas (36)

from é'ﬁ%@ﬁégpﬁz%t)aﬁﬁo%ﬁﬁiﬁﬁé (49) WhicheaniaiasayNaRLRW A BN S Rf VsHages Jrdrearbon

monoxi eactor (50) may be any hydrogenation reactor known in the art, including but not limited to

a CO%%UHHQF' dehvdipoenatinnieacler. JNARMAREHSACKRAREURDUSAEAGRLAR] gagabinations

of the same. The EB feed is vaporized in the EB vaporizer (70) at elevated pressure using high

PresSUeRIRRIT 8RR JLRSLDRAT) SOUIeR iRt AMd SRR HAARS¥BPAHE §s hraueRitenid 1 and
condensate’is removed through line (43). The EB vaporizer (70) is fed with recycled EB (46) from the

distillatian cglumn farsePaYiRtingiweNgHAePoRsLHiscasserduither belpw anghéresitsE Bstdd) as

required. As required, EB may be purged from the process through line (45) to remove heavy

impU6§§§&9§t@'§@féﬁ%ﬁh@éﬁeygﬁlE&t ekBanthragenesriedsecrdipBagmigoradséastimnthe first

stage oxydehydrogenation reactor at a temperature of between about 500C and 600C.

temperature before being fed to the second stage oxydehydrogenation reactor (40).

[0055] The recycle gas is fed from the recycle gas interchanger through line (32) to the
second stage oxidizer (40). The temperature of the recycle gas exiting the recycle gas heat
exchanger has been reduced by heat exchange, typically to a temperature of between about
550°C and 650°C. Oxygen is provided through line (26) and may be mixed with the recycle gas
prior to being fed to the second stage oxidizer. The oxygen may be supplied as air and may be
preheated as described above. Optionally, the oxygen and recycle gas may be fed separately to

the second stage oxidizer (40). Most of the remaining hydrogen, carbon monoxide and
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[0057]The first stage oxydehydrogenation reactor may be any type of reactor typically used in
dehydrogenation processes. The reactor may include one or more fixed beds, one or more fluidized
beds, or a¥OMBIMALBHbf these types of beds. The catalyst used in the reREHVEEIINRE7195
2009/152424PCT/US2009/047195 may be any catalyst appropriate for the oxydehydrogenation of EB
in the presence of carbon dioxide, such as a potassium-promoted iron oxide catalyst, vanadium and

iron catalyst, or other catalyst.. [0058]A portion of the EB is converted to styrene monomery, in the first

stag

(50) is fed through line (38) to the recycle gas interchanger (30) where it is heated to reaction

tempedatieaal el aBrsesS 0D e 580 €y HEs e A gted ith iresreeyd

dpaRIErRATIO SR TS YOACRaY foD PeieRE el RHEHE MRS ensy a8t ISR GENARIS reactor
ERECEIFviously

described. After being heated to reaction temperature in the recycle gas interchanger, the effluent is

fed téHc SBBERIERfEO6RERh phrYGEAGifos e 2UBI (60} Y HEREE
reactor is also any type of reactor typically used in dehydrogenation processes, and may jnclu
ohe Axitizseds Shadimane fieranskd e?tﬁ%&ﬁ%iﬁamghlﬁsfsms%f@f@ﬁégdafﬁ%aeésﬁ
used in the reactor maﬁ/ be any catalyst appropriate for the oxydehydrpgenation of EB inti%if
I

of cafieh #dXide, Qe

orm

598 RS nMSrEREtESRs FEkine BsaRrand Sttt TER

other catalg/%c{roosg]The effluent from the second stage oxaldegygr&%e&%tﬁljgn reactor is a

free o ogen, carbon monoxide and non-aromatics produced’y rogenation process

as a result of the reactions in the two oxidizers.

[6056] Vaporized EB is fed through line (42) to the first stage oxydehydrogenation
reactor (50) and mixed with the hot regenerated recycle gas (36) from the second stage oxidizer
(40} which contains only very low amounts of hydrogen and carbon monoxide. Reactor (30)
may be any hydrogenation reactor known in the art, including but not limited to a conventional
dehydrogenation reactor, a UOP SMART reactor, a Lummus reactor and combinations of the
same. The EB feed is vaporized in the EB vaporizer (70) at elevated pressure using high
pressure steam as an indirect heat source. Steam is fed to the vaporizer through line (41) and
condensate is removed through line (43). The EB vaporizer (70) is fed with recycled EB (46)
from the distillation column for separating styrene monomer discussed further below and fresh
EB (44) as required. As required, EB may be purged from the process through line (45) to
remove heavy impurities contained in the recycle EB. The EB and regenerated recycle gas
mixture is fed to the first stage oxydehydrogenation reactor at a temperature of between about

500°C and 600°C.

{6057] The first stage oxydehydrogenation reactor may be any type of reactor typically
used in dehydrogenation processes. The reactor may include one or more fixed beds, one or

more fluidized beds, or a combination of these types of beds. The catalyst used in the reactor
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dehydrogenation mixture comprising styrene monomer, unreacted EB, carbon dioxide, and byproducts
such as hydrogen, carbon monoxide and aromatic and aliphatic hydrocarbons. The dehydrogenation
mixture is 1&g g‘f%ﬂaﬁlﬁ‘ﬁe (14) to the recycle gas heater (10) where it is CSSIE’&IW‘F?é%7é%hange with
the recycle gas as previously described. Additional cooling of the dehydrogenation mixture from the
second stage oxydehydrogenation reactor takes place in the low pressure waste heat exchanger (80)
and the low pressure waste heat exchanger (90) using cooling water (47, 48) in a similar manner as in
a coratin AP E B3 HeERAIRSIBIe L. W RAITFAYIRLTE Ry bEh BltePRS P4t Of tRBoling
equipment, The dehydrogenation mixture is WQ 2009/152424PCT/US2009/047195 typically cooled to
a tenfieFMir bR RS BRI IOBE S A 68 I tREW S PR EERh GBS 8o PRI ED Oled
dehydrogenation mixture is fed through line (51) for further processing to separate the styrene

mon g1'Yf“°rtom the other components of the dehydrogenation mixture. This separation can be
performed using conventional techniques for separation of styrene monomer from dehydrogenation

mixtu one embaodiment o t%e ess shown in Fig. 2, the dehydrogenation mixture is further
Conlel T e conteRSEy () brE T cond St Re (b ARG A 6 e il Sdcaromatics

are copdenseflin.ihe condenserso\Vatar and aromatics condenseddn.the main condenser e
remove f'?w%ugfgi' me?%éfprlor ol)éedlng & TixtUre to the trim %onégnseyr, and water and aromatics

cond ed in the trim,cond are removed through,line 5@ Th congSen e ter and aromatics
g 15 Pe ﬁl(éﬂlgbflfle gg(ggégbl e I‘GC%C%{S #%%I)I(I#gc}e/vma] ér;‘ eO W ﬁi’eé SS gﬁ&geyé 0 1r2aciio

are f rough Tin o) rogenatio ure arator ( ondensed water and

it SRS o E SUMEAS) (5eh BRI (57 e B TS Gy Ehbgnated
e i st G S BTG D e SR T
ey e e BB Teure.
63 R o ol T undl e e et Ry e
remo%%&@&’eé?&&é’ %Xy include one or more fixed beds, one or more fluidized beds, or a combination

of these types of beds. The catalyst used in the reactor may be any catalyst appropriate for the

oxydehydrogenation of EB in the presence of carbon dioxide, such as a potassium-promoted iron

oxide catalyst, vanadium and iron catalyst, or other catalyst.

10059] The effluent from the second stage oxydehydrogenation reactor is a
dehydrogenation mixture comprising styrene monomer, unreacted EB, carbon dioxide, and
byproducts such as hydrogen, carbon monoxide and aromatic and aliphatic hydrocarbons. The
dehydrogenation mixture is fed through line (14) to the recycle gas heater (10} where it is cooled
by heat exchange with the recycle gas as previously described. Additional cooling of the
dehydrogenation mixture from the second stage oxydehydrogenation reactor takes place in the
low pressure waste heat exchanger (80) and the low pressure waste heat exchanger (90) using
cooling water (47, 48) in a similar manner as in a conventional EB conversion process. A steam

drum (95) may be included as part of the cooling equipment. The dehydrogenation mixture is
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WO 2009/152424PCT/US2009/047195 of hydrocarbons. The condensate stripper portion of the
process operates in the same manner as a conventional process for EB deg%({iroz%enation_to styrene
monomer.%fr recycle gas exits in line (56). Because the proceé)s SFtHE ﬁgggﬁﬁ invention
results in a lower water concentration in the effluent than in a conventional EB conversion process, the

gas is not desuperheated with process water. The recycle gas is processed as shown in Fig. 3. The

recycle gas flows through line (56) to recycle gas compre ucti 100). A line (74) allows
ey D0 HSlFL ) EREATe  ir AT LCER) PP GodLCaty. e |ebyeid bABOHE 5dbi
compressor inlet line (76) to compressor (110), where the gas is compressed to the pressure required
for protdeS#gsand plant operation. The compressed recycle gas flows through outlet line (78) to the
recycle gas cooler (115) and trim cooler (120), where most of the remaining water and aromatics are
cond . The condensed water and aromatic h-xgggcar throughdine 483)40.a separator
(125)‘@;1 he congg}?se%fg\%}é\éré%ﬁ%%r ?r%ﬁ((?é are rerﬁo&gt?%érgﬂéj%iggﬁesf%z? arr‘ujd (84).. No water is
injected into. the gas coolers, The c % e le.gas s, ddfégr,g gﬁﬁgﬂﬁrator
(1}125)p Oﬁgl?agﬁiﬁesfﬁjgf %%'lf ui?%%@%u?@g?qﬁ% b&ﬁ?eﬁ ére‘%%%%igg%% eécru%ljf)e _ir_l afluxoll §crubber
where caoied leai s Qll(90) 5, 1Be L IRRRR08 1#%5 lalv:allplamnemaining gamajics from the
recycﬁ%l}é]ﬁal'rseThzﬁrlescﬁs/e & Sé% Ig\%ls ?hrgugig%ﬁle (11% .L’Tttﬁai})recycleagagcrl%ﬁp%%gged to remove any gases

such g5, 00RO TAGR 1A A G FHIREAINe sle e, XYRD fRedThs parge is taken

after Scru ing to minimize aromatic losses with the purge. If air is used to supply oxygen to the

Systepn, sIsaerRYs Iauianeded sndamakean sybandlosde Ay oediohe supalid: The

scrubbé&drecycle gas, essentially free of aromatics, is fed through line (12) to the recycle gas heater

(10) e E@r%?&ﬁﬁ%}é% RN P PR3 288 GHiHRROQROA RO I e hRERLES fram,ihe flux ol
moved t

scrubber are rough line (88) using pump

and aromatics condensed in the main condenser are removed through line (56) prior to feeding
the mixture to the trim condenser, and water and aromatics condensed in the trim condenser are
removed through line (58). The condensed water and aromatics are fed through line (59) to a
dehydrogenation mixture/water separator (65). Condensed water and hydrocarbons are separated

in the dehydrogenation/water separator

[6061] The dehydrogenation mixture is pumped from the separator (65) through line (64)
using pump (67). The dehydrogenated mixture may be fed through line (71} to a distillation
section to separate styrene monomer from residual EB and other byproducts. The distillation
section operates in the same manner as in a conventional EB conversion process. EB recovered
in the distillation section is recycled and fed to the dehydrogenation reactors as discussed above.

If desired, some or all of the dehydrogenation mixture may be fed through line (72) for storage.

[06062] Water from the separator (65) is pumped through line (63) and is processed

through a stripper (105) along with other process condensate streams for removal and recovery
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(140) arid fed through line (92) to flux oil stripper (135). The flux oil stripper is used to recover
hydrocarbons from the rich flux oil. The overhead from the flux oil stripper (112) is fed to a condenser
to recover WHHUEAHFGAS. The bottoms (98) from the flux oil stripper contalAE&F IR T i3t is fed
using pump (145) to the flux oil scrubber (130). Low pressure steam is provided to the flux oil stripper
through line (106). [0066]Heat exchangers may be used to control the temperature of the flux oil and
the feed to the flux oil stripper. For example, heat exchanger (126) may be provided to preheat the
bottofhdygs)FEenthe Fipcondaiiain siipReT BOTEHAb ISP IREES WRFFFErRTHE 188G BAMFTEX oil
stripper may be further heated using steam in heat exchanger (124). The flux oil feed to the flux oil

scruBtmyE PRt rerest BY 6B dshiTograr PR AP RREIARIGEPTRS2). 100671Make up flux oil may be
provided through line (104) while blowdowm may be removed through line (102). [0068]Process

condensate is sent to the process condensate stripper for removal and recovery of hydrocarbons. The
strip;fgﬁﬁ%éndensa@%&‘?% g&%&?ﬁgﬂg}%ﬁgﬁﬁ@i&ﬁ%ﬂfﬁ@%pg?gﬁ%??éﬁa@tgs i %pg\;}?m glro Manner as
in prior EB c_onvirsion %c%cesses. ]@5(%?9 Sonig of ﬁt e carbon monogiggeaggnc?rggn %ig%(égsem%ontained
in thé?’ﬂ%%l’é‘gaa O@ifsrte Fﬁa@?ﬁ%ﬁ 18 Sy% eugaéls purgél.l GafBon-gioXide malge-up can be
supplied externally or produced in situ, by. the oxidation of methane or other light hydrocarbon.
007 GRFE S VLGS B e S EHBRLTS T TG ok TR ol aeLs TR A i o

in Fig. 3. The recycle gas flows through line (56) to recycle gas compressor suction drum (100).

A Hne (74) allows recycle gas to flow to recycle pas relief drum (105) if necessary. The recycle

gas flows through compressor inlet line (76) to compressor (110), where the gas is compressed to

the pressure required for processing and plant operation. The compressed recycle gas flows

through outlet line (78) to the recycle gas cooler (115) and trim cooler (120), where most of the

remaining water and aromatics are condensed. The condensed water and aromatic hydrocarbons

are fed through line (83) to a separator (125) and the condensed water and aromatics are removed

through lines (82) and (84).. No water is injected into the gas coolers.

[6064] The cooled compressed recycle gas is fed from the separator (125) through line
(86) to flux oil scrubber (130). The recycle gas is scrubbed in a flux oil scrubber where cooled
lean flux oil (96) is used to absorb substantially all of any remaining aromatics from the recycle
gas. The recycle gas flows through line (12). The recycle gas is purged to remove any gases
such as nitrogen or argon that may have entered the system with the oxygen feed. The purge is
taken after scrubbing to minimize aromatic losses with the purge. If air is used to supply oxygen
to the system, a larger purge flow is needed and make-up carbon dioxide may need to be
supplied. The scrubbed recycle gas, essentially free of aromatics, is fed through Hne (12) to the

recycle gas heater (10) as described above.
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of the first stage oxydehydrogenation reactor and the simultaneous soft oxidation of by-product WO
2009/152424PCT/US2009/047195 hydrogen in the oxydehydrogenation reactors allows the
conversion 1838t HEE proceed more favorably. As a result, the oxydehydio§isats#éHeors may be
operated at approximately 50C below the temperature of reactors in a conventional EB conversion
plant. [0071]While preferred embodiments have been shown and described, various modifications may
be made to the processes described above without departing from the spirit and scope of the invention
as dd@esbled in thadhppetioe frmmbades il rrbbes e FEImrs SooRehirs {85 LR PIPBNtion has
been described by way of example and not by limitation. WO 2009/152424PCT/US2009/047195 We
clainf140) and feghibrash ire820dR G GetioRcs (B unclibn A ibyrrreniasfhir E6MEbund to

form a functionally substituted aliphatic compound comprised of carbon-carbon dguble or triple bonds

usindyéegeseepeaison dexitd ébﬁﬁﬁﬁginghﬁ@gqgﬁg%ﬁom the flux oil stripper (112) 1s fed to a

condenser 1o recover hydrocarbons. The botioms (98) from the flux oil stripper contain lean flux
oil that is fed using pump (145) to the flux oil scrubber (130). Low pressure steam is provided to

the flux oil stripper through line (106).

[060666] Heat exchangers may be used to control the temperature of the flux oil and the
feed to the flux oil stripper. For example, heat exchanger (126) may be provided to preheat the
bottoms (88) from the flux oil scrubber prior to feed to the flux oil stripper. The feed to the flux
oil stripper may be further heated using steam in heat exchanger (124). The flux oil feed to the

flux oil scrubber may be further cooled using water in heat exchanger (122).

10667} Make up flux oil may be provided through line (104) while blowdowm may be

removed through line (102).

[0668] Process condensate is sent to the process condensate stripper for removal and
recovery of hydrocarbons. The stripped condensate is reused in the plant steam system. This

system operates in a similar manner as in prior EB conversion processes.

[6069] Some of the carbon monoxide and carbon dioxide contained in the recycle gas
system may be lost in the recycle gas purge. Carbon dioxide make-up can be supplied externally

or produced in situ by the oxidation of methane or other light hydrocarbon.

[0070] One advantage of the process is that the low hydrogen concentrations at the inlet

of the first stage oxydehydrogenation reactor and the simultaneous soft oxidation of by-product
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(a) feeding a recycle carbon dioxide stream and a stream containing a functionally substituted aliphatic
compound to a first oxydehydrogenation reactor containing at least one catalyst to convert functionally
substituteavﬁiﬁwgﬂé"t ?‘npound into a functionally substituted aliphatic corﬁﬁgf}%%’gf?ﬁr}i%d of
carbon-carbon double or triple bonds; (b) separating the effluent from the oxydehydrogenation
reactor into a gas recycle stream containing at least carbon dioxide, carbon monoxide, and hydrogen,
a liquid dehydrogenation product mixture stream, and a water-rich stream; (c) feeding the gas
recy HEdsaeAhiE SR dgsna o B NRIBA RIBNERIER ARRFHCRE JoaRsHEraRore
oxygen-containing stream to at least one oxidizer to oxidize carbon monoxide and H2 in the gas
recydRYSIRBEM {55 6eiiide Tl i arEB AR KA CF & BnART Hed AP RERYRIaIE BB -dioxide
stream; (d) separating the dehydrogenation product mixture stream to separate functionally

subshelesy thesrraneraBRsI RIS B RERrsF AP BBEE BB IRt RI® triple bonds from the

dehydrogenation product mixture. 2.The process of claim 1, further comprising the step of reheating

said oxydehydrogepation reactor effluent in a heat exchanger and feeding said effluent to.
oxydéw&ebgenatimggctgﬁcg%ﬁ?gn ngif {"sl}fsontkelacxfglta?))f:str.1 %ﬂ% par%(ges%sg c{:jéém Xar\}v Yerein. the
water-rich stream is fug}her rocessed to red.uce the hgdrggarbong inthe w ter'ﬂ%&%ﬂf?%@ﬁf“ The

procdReRERRAR MEhdemate Ge eo%odsgﬁsaet‘cl’one%%%c mix u%tlso%tegglga edTrom the gas Streamg
C02,CQO,and H cooling or compressian. 5. The process of. claim 3, wherein the de ogenation
prod@@fﬁ?ﬁ&ﬁ?ecfg ﬁfﬁh’g&% Oé’ra%%[?%sgr% ﬁ%elélaghgtra §rerI|1 %%%t%%’lllrﬁa Cgﬁc @n%iﬁbl ﬁ,%yagcgr%bbing the

gas S&ed%gtg\gg\ %Elt(t)vlc/fz\e/o{aarglslé th}/zgvrgx?t?cgibxoﬂagqgégh described by way of example and not by

[imitation.
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6. The process of claim 4, wherein the dehydrogenation product mixture is separated from the low-

volatility hydrocarbon liquid by stripping. 7. The process of claimh 'n. the -containi i
: . . : g stream is
air. 8. Th &88%%%58?2&a|m , Wherein the oxygen-containing stream is en?ié%%?dé}g%g%%@%. The

process of claimtherein the oxygen-containing stream is more than 98 inol% oxygen. 10.The process
of claim [, wherein-the at least one oxidizer contains aast one catalyst. The process of claim 10
wherein the at least one oxidizer contains at least one catalyst that preferentially promotes reaction ’of
oxygen With%@}%ﬁd H2 and does not substantially promote reaction of oxygen with hydrocarbons in
the gas recycle stream. 17.The process of claim 1, wherein there are two oxidizers and two

dehydrogenato
ydrogengor - process for the dehydrogenation of a functionally substituted aliphatic

compound to form a functionally substituted aliphatic compound comprised of carbon-carbon

double or triple bonds using recycied carbon dioxide comprising the steps of:

(a) feeding a recycle carbon dioxide stream and a stream containing a functionally
substituted aliphatic compound to a first oxydehydrogenation reactor containing at least one
catalyst to convert functionally substituted aliphatic compound into a functionally substituted

aliphatic compound comprised of carbon-carbon double or triple bonds;

(b)  separating the effluent from the oxydehydrogenation reactor into a gas recycle
stream containing at least carbon dioxide, carbon monoxide, and hydrogen, a liquid

dehydrogenation product mixture stream, and a water-rich stream;

(c) feeding the gas recycle stream containing at least carbon dioxide, carbon
monoxide and hydrogen and an oxygen-containing stream to at least one oxidizer to oxidize
carbon monoxide and H, in the gas recycle stream to produce the recycle carbon dioxide siream

and to heat the recycle carbon dioxide stream;

(d) separating the dehydrogenation product mixture stream 10 separate functionally
substituted aliphatic compound comprised of carbon-carbon double or triple bonds from the

dehydrogenation product mixture.

2. The process of claim 1, further comprising the step of reheating said
oxydehydrogenation reactor effluent in a heat exchanger and feeding said effluentto a

oxydehydrogenation reactor containing at least one catalyst.
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reactors with one reheater between them. 13. The process of claim 1, further comprisingp of adding
steam to the recycled carbon dioxide stream. 14. The process of claim I, further comprising the step of
adding at least one of hydrogen, methane, or other hydrocarbon fuel to the recycle carbon dioxide
stream. A process for (lehydrogenanon carbon dioxide comprising the steps of: henzene to form
styrene monomer using WO 2009/152424PCT/US2009/047195 (a) providing a carbon dioxide
stream wherein the carbon dioxide stream comprises carbon dioxide recycled from at least one
dehydrogena%nc rpefggm of claim 1, wherein the water-rich stream is further processed to reduce

the hydrocarbons in the water-rich stream.

4, The process of claim 1 , wherein the dehydrogenation product mixture is separated

from the gas stream containing CO,, CO, and H; by cooling or compression.

5. The process of claim 3, wherein the dehydrogenation product mixture is further
separated from the gas stream containing CO,, CO, and H; by scrubbing the gas stream

with a low-volatility hydrocarbon liquid.

6. The process of claim 4, wherein the dehydrogenation product mixture is separated

from the low- volatility hydrocarbon liquid by stripping.
7. The process of claim 1, wherein the oxygen-containing stream is air.
8. The process of claim I, wherein the oxygen-containing stream is enriched in oxygen.

9. The process of claim 1, wherein the oxygen-containing stream is more than 98 mol%

OAYVEER,
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(b) heating at least one of the carbon dioxide stream and the EB in a heat exchanger; (c) feeding
the carbon dioxide stream and an oxygen stream to a first oxidizer having a selective oxidation catalyst
to catalyze oxidation of dehydrogenation by-products contained in the recycled carbon dioxide; (d)
feeding the effluent stream from the first oxidizer to a recycle gas heat exchanger to heat the effluent
from a first dehydrogenation reactor and cool the effluent stream from the first oxidizer; (e) feeding
the cooled effluent stream from the first oxidizer and an oxygen stream to a second oxidizer having a
selective oxidation catalyst to catalyze oxidation of dehydrogenation by-products contained in the
recycled cglrgbn d%%?fé?gwgs €(?)a6§§§exairfgwt1%®é¥f%3ﬁf f%%% ?ﬁ'eosxe%lozﬁacg% iZef %ﬁg ‘{eﬂll}ﬁlbenzene to a
first dehydrogehation reactor containing a catalyst to catalyze dehydrogenation of ethylbenzene to
styrene; (g) feeding the effluent from the first dehydrogenation reactor to the recycle gas heat
exchanger to heat the effluent from the first dehydrogenation reactor; (h) feeding the heated first
dehydrogerfdtion reeetopetfieiition the egyeieyas ehrexehdigerte @ sesoldstetydrogenation
reactor contaiaiog aalAlisLIR aaize ARhidraarateD Al eIMbeNZRIE 0. AMIENG WO

2009/152424PCT/US2009/047195 )separating the effluent from the second dehydrogenation reactor
into the reC%ﬁ)@%&ﬁElaﬁy promote reaction of oxygen with hydrocarbons in the gas recyele stream.

12, The process of claim 1 , wherein there are two oxidizers and two dehydrogenator

reactors with one reheater between them,

13, The process of claim 1, further comprising the step of adding steam to the

recyeled carbon dioxide stream.

14, The process of claim 1, further comprising the step of adding at least one of

hydrogen, methane, or other hydrocarben fuel to the recvele carbon dioxide stream.

I8, Aprocess for dehydrogenation of ethylbenzene to form styrene monomer using

carbon dioxide comprising the steps of!
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carbon dioxide stream and a dehydrogenation product mixture stream, and feeding the

dehydrogenation product mixture stream to a distillation column to separate styrene monomer from the
dehydrogehdi*prsdeitt mixture. PCTUS2009/04 7195

(&) providing a carbon dioxide stream wherein the carbon dioxide stream comprises

carbon dioxide recycled from at least one dehydrogenation reactor;
(b) heating at least one of the carbon dioxide stream and the EB in a heat exchanger;

{c) feeding the carbon dioxide stream and an oxygen stream to a first oxidizer having
a selective oxidation catalyst to catalyze oxidation of dehydrogenation by-products contained in

the recycled carbon dioxide;

(d) feeding the effluent stream from the first oxidizer to a recycle gas heat exchanger
to heat the effluent from a first dehydrogenation reactor and cool the effluent stream from the

first oxidizer;

(e) feeding the cooled effluent stream from the first oxidizer and an oxygen stream to
a second oxidizer having a selective oxidation catalyst to catalyze oxidation of dehydrogenation

by-products contained in the recycled carbon dioxide;

() feeding the effluent from the second oxidizer and ethylbenzene to a first

dehydrogenation reactor containing a catalyst to catalyze dehydrogenation of ethylbenzene to

styrene;

() feeding the effluent from the first dehydrogenation reactor to the recycle gas heat

exchanger to heat the effluent from the first dehydrogenation reactor;

(h) feeding the heated first dehydrogenation reactor effluent from the recycle gas heat
exchanger to a second dehydrogenation reactor containing a catalyst to catalyze dehydrogenation

of ethylbenzene to styrene;
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(i) separating the effluent from the second dehydrogenation reactor into the recycle

carbon dioxide stream and a dehydrogenation product mixture stream; and

M feeding the dehydrogenation product mixture stream to a distillation column to

separate styrene monomer from the dehydrogenation product mixture.
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