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processes thalysitidisg c@ckmﬁatéa{er&@wmr@luein&etohﬁe%eﬁﬁ R4 tfseqieRéERgr at ure by
neans for _transfer ant , because chem cal reacti ons
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- (Le. larger.or smalier) cross-section than the contiguous upstream zone. Reactors of

the invention generally comprise a shell adapted to maintain during operation the

20  outer surface of each conduit predominantly in contact with a heat-transfer medium,

and having an inlet in flow communication with an outlet for the heat-transfer

medium. '

Another aspect of the invention includes chemical processes which use such

flow reactors comprising a plurality of zones such that each downstream zone has a

25  varying cross-section than the contiguous upsiream zone. Such processes include,

for example, the continuous manufacture of maleic acid's intramolecular anhydride,

commonly referred to as maleic anhydride wherein each downstream zone has a
targer cross-section than the contiguous upstream zone.

Background of the Invention

30 In most, if not all. processes involving chemical conversio,n's the control of
temperature by means for transfer of energy is very important, because chemical

_ reactions either absorb or evolve energy. Where highly exothermic reactions are
carried out in a flow reactor containing a fixed heterogeneous catalyst, energy

evolved near the éntrance of the reactants in contact with the catalyst is well-known
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carried out in a flow reactor containing a fixed heterogeneous catal yst,
energy evolved near the entrance of the reactants in cop$adshuany bbod he
catalyst is well-known -1 25 January 2006 WO 03/011449 PCT/ US02/ 22550 to
cause non-isothermal conditions which can result in deleterious overheating
of the catalyst. Furthernore, non-isothermal conditions of reaction are
likely to decrease desired conversions, throughput, and/or yields of val ue
added prodmsxesinitkas a | arge class of industrial process@sushimsseoonventi onal
design of reaction 5 apparatus applicable for use in carrying out highly
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exanpl e, e nane s and Jeno
M hal eyi (’J’@E@?’?’B@@at reReval 8P SiRPANRIASONARLE & 'gagiant dhp sRectarte Bodt ure of a

cl osedao preferred products continue to oxidize or combust to non product chemical
compounds). Either of these occurrences often leads to an ireversible chemical or
physical damage of the catalyst and/or drastically reduces the Iife and/or
performance of the catalyst. Specifically, the catalyst may melt and/or fuse together;
the catalyst crystal structure or composition may be altered, any of which can cause

25  the loss of activity and/or selectivity of the catalyst to preferred products.
Many designs directed to an improved heat exchange arrangement for such

reaction apparatus are known.

For example, U.S. Patent No. 3,850,233 in the name of Oskar Wanka and
Jeno Mihaleyi describes reaction apparatus which is a compact structure of a closed
-30  type, without external portions, but with a compiex internal arrangement including é
pump which directs a flow of heat carrier medium along an inner tubular baffle toward
the opposite end and then through an opening in the inner tubular baffle over the
contact tubes and then back toward the pump for return through an annular space
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30 type, without external portions, but with a conplex internal arrangenent
including a punp which directs a flow of heat carrier negsuymuhopgsean inner
tubul ar baffle toward the opposite end and then through an opening in the
i nner tubular baffle over the contact tubes and then back toward the punp
for return through an annul ar space -2 25 January 2006 WO 03/011449

PCTI US02/ 22550 between an annul ar baffle and the inner tubular baffle.

Thi s conpl &0 BftePnal arrangenent is said to provi derE@/yspBRsPHavor abl e
flow ng course for.the heat carrier and a desirable heat exchange
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Persic deg’(? rsihﬁpg'teém%?t? |b§tf”§8é{h?es<’i€‘lfﬁ¥ gRd Q'ﬁﬁ‘éfgﬁt‘if?g Yit§y Is connected to

20 the heat exchanger and the shell, and supplies and discharges a partial amount of
the heat exchange medium. In one of these Eompiex examples, several such
additional annular conduits are arranged at respective points of the shell intermediate
between-the supply and discharge conduits. In another, diaphragms or partitions
divide the shell side into separate compartments each of which hag a respective heat

25 exchanger associated therewith.

More recently, U.S. Patent No. 3,871,445 in the name of Oskar Wanka,

. Friedrich Gutlhuber and Cedomil Persic describes a multistage reaction apparatus for
carrying out exothermic or endothermic catalyst reactions comprising a pluraiity of
separate stages which are arranged sequentially within the reaction vessel and

30 consecutively passed through by the reaction gas. Each stage includes a separately
removable module filled with a catalyst, and a gas cooler in-the form of a heat
exchanger mounted downstream of the module. Each heat exchanger represents a

controllable pariial cooling circuit and all of the exchangers are interconnected by a
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carrying out exotherm c or endotherm c catal yst reactions conprising a
plurality of separate stages which are arranged sequent QﬁUhNuthbe@m t he
reaction vessel and 30 consecutively passed through by the reaction gas.
Each stage includes a separately renovable nodule filled with a catal yst,
and a gas cooler in the formof a heat exchanger nounted downstream of the
nodul e. Each heat exchanger represents a controllable partial cooling
circuit andva#sfrad t he exchangers are interconnect ed BSE®0235585 January
2006 WO 03/011449 PCT/ US02/ 22550 comon circul ation system serving to
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circuits @nd%ﬂh@ﬂ@urﬁe@h@heﬁ!@mﬁ @Ia:lxdﬁd:rIbyan\éﬁésvcﬂ%hé)égrc&m&r%eth@\?é'm&Ont rol
menbers and ccording t e patent such
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di st ri but &4 T57BF ot pea EI‘@%@‘EEM&SP(S’FI“’SIWW F'&’&t‘,fscﬁoméfﬁép'e éit"aﬂ\'ﬁ?é entrance of
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t he nane I &S, g Leactor f.or rr out

exot her m %Laﬁzibd% lﬂi)k}/ﬁ-%rtem ee':?tﬁfa acIt? 15 [apten e &HE"Wl ‘%SEI bi“%ﬂl% €a cont act

t ube bundICEsenRertpnal e reastor srd, @htharmtraimemfme sidgea, dnethd smhsanﬂ;ﬂigr medi um vi a
an annul gemdust) for each, and a circul ation through an external heat

exchanger . \/\Dng nor. e tgl rcul ati ng punps are connected to the annul ar
ducts and are UPSTHTBACaCHvE N PRBaRE P YAl Vepic@escripige afragior Bk changer can

be arr angedmyjiny s exdihdrmictzhé emdihgrmao cﬂbI?WbﬂﬁleﬁMnME§9'&&ﬁ§&Ed Wi th

di vi dual, t tt I t I
U's. " pat entrantB S teuBadr i3k oA THBRGY oFR R FRle PR S 1 bul ar |
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20  circulation and be connected with individual sections of at least one annular duct via -

setting elements.
fn U.S. Patent No. 5,161,605 in the name of Friedrich Gutthuber a tubular
reactor for‘catalytic gas-phase reactions ‘is described with symparallel (sic) guidance

. of the heat exchanger. A partial stream of the heat-exchanger medium, immediately

25 neighboring the inlet side of the tube plate, is introduced through a by-pass channel
arranged in the center of the bank of tubes, by-passing the bank of tubes, and at a
point downstream of the discharge area of the heat-exchanger. In this way,

_according to the patent, undesirable severe local cooling in the reaction area of
the,bank of tubes can be avoided.

30 All the above-described methods are essentially based on modifying the heat
transfer from the contact tubes which contain heterogeneous catalyst after this heat
has been produced by the chemical conversion reactions therein. In a paper ﬁtied,
“An Alternative Method to Control the Longitudinal Temperature Profilein Packed
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arranged in the center of the bank of tubes, by-passing the bank of tubes,
and at a point downstream of the discharge area of the bsasn¥gbgawger. In
this way, according to the patent, undesirable severe |local cooling in the
reaction area of the, bank of tubes can be avoided. 30 Al the
above-described nethods are essentially based on nodifying the heat
transfer fromthe contact tubes which contain heterogeneous catal yst after
this heat Wa&/ME&N produced by the chem cal conver siBEI/gssaRsioons t herein
In a paper titled, "An Alternative Method to Control the Longitudinal
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Tubul ar Reacti ons
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axi al ce- oaldigth¢ exial Seardifateo ceediPrgsedirigs ohthe 45h EEtd:p@d?eWMpSMmﬁ@al um on
Chem cal Pres n Charging a
plurality o?éhg'%]ﬁtrhaeg&%tr]%gne%h(@&%]&%qﬁﬁrgs%ﬁ % al ys? %rﬂ?tr Rgnf’:'ng pellets
and inert Pwriteeiconigetdehediwitly atnixture of eatalyst-easdpinng nelidss end iaet pellefsong t he axi al

co- or di nat @:co:@in@atbl ¥ presdiibbd Galiftk thR b 'tHQ P GBI, Wl as recovery
of cat al yst v ues froggto deactivated ca Whet her "or 8t such a

met hod cou'?g' eﬁn?em’ﬁ "B PRSP @81 as fer?an’nbroé\HaB'%t deldesr fred net hods, it
i s clear| yddaetiveied catalydie Whethat @tnbosuciod micthed bawad in aﬁf w&&u%@%a@m t of time

and vol u b r of such heat
fromt hengthQrTeP 'Iegﬁ'}sf geggmeP ef%mgut) 'eag%%?‘F@P %5?1{?%”%‘“ H%E%E%aﬁa di rect
t hei r papétrodusedyperetrtiod tisfe erisk m!umengf the bed witheud eliteningi thedneaxs &r t enper at ur e

profile byranept tﬂ@bdﬁ%eﬁhﬁnni t'ﬂ@'bﬁtelpﬁjlrf!a@eto?tt@ftubggal derbank et al, with a
makes the cross section, taken up by the active

coaxi al inert @hcx ﬁ/ﬂ
catal yst pel | ef S ARG andnanFas idest dek IRgRR) te ifemMatkechPf aiIRifdiRnat e. in a

't heor @4 i craédeteeminegphxal ténamaﬂura}pmﬁletﬁveemacrngcﬁh&hérﬁﬁ\au@ifs oACHRYdmMRt | cal nodel
into a on rreversi exot ermc reaction of A
+ B goi ngeg[ %’ gﬁméhﬁﬂ@ et pMnWhmgdn exc §§FOS%S%PB%?3§§” HRRGE GeivRal profile of
an axi al iG7Evst pRbely, F@Uglh@vm V%f@b@ ajergphe axidomerndinaig n-ocat"iirmratlcamt henmat i cal
anal ysi s, dxbg IQ%Bécﬁaboh %G'rédﬂzgﬂdﬂ%lfaH{aﬁgﬂnét%aprﬁéde}’ﬁg f dll’l;leh\glal?)fl al inert

body shoulf ? | %@ | east, reallze constant Tongit
t enper at ur'e p rf‘gfeinl 'érev 7 &xalnqripks réé‘?t“"é(?ﬁﬁfeﬁ’ &i eaingr e ith B Briarge hi ghl y

exot heem oexcess a complex longitudinal profile of an axial inert body is shown as a graph.

According to their mathematical analysis, the complex longitudinal profile derived for

the axial inert body should, in theory at least, realize a constant jongitudinal

temperature profile. Where a typical commercial reactor for a highly exothermic

conversion contains up to 20,000 or even 30,000 contact tubes which are long

. 25 relative, e.g., 100 to 250 times their diameter, there remain uhsolved mechanical

problems involving fabrication and/or maintenance of a coaxial inert body in each

tube, as well as in loading catalyst into an annular space from the end with smallest
dimension.

Other methods of obtaining a predetermined temperature profile along the

30 axial co-ordinate of flow reactor containing a fixed heterogenéous catalyst is a -
quench-type reactor wherein coid fluid, such as fresh anfor recycled reactant, is
injected into the flow at a plurality of points along the axial co-ordinate or between a

piurality of catalyst beds. However, in a paper titled “Technology of Lurgi's Low
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conversion contains up to 20,000 or even 30,000 contact tubes which are
long 25 relative, e.g., 100 to 250 tines their dianeter, o§Dgfigiry 866 N
unsol ved nechani cal problens involving fabrication and/ or mai ntenance of a
coaxial inert body in each tube, as well as in |oading catalyst into an
annul ar space fromthe end with smallest dinension. Qher nethods of
obtaining a predeterm ned tenperature profile along the so axial

co- or di nat ev@isnidapw reactor containing a fixed het er ogegngessssat al yst is a
guench-type reactor wherein cold fluid, such as fresh an/ or recycled
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435) aut hor roduc iron from carbon
oxi des an mqpmturg@tman pees ataypuAheyperreagiaro Motgoves, thﬁ)ierrmrgtuveamrefﬁe er ound t he--

t ubes mowai%u@pr@amr@s;ﬁntowamem%awraﬂﬁa ﬁh@@ommsatoqueaﬁ@rtype react or
Mor eover, the tenp eratureegro i]e on t he tubul ar reactor drops toward the

out | et an@avHREEM GHYIE | 436k aQGOOfat'Ef’ethJ%'?Ch W ureReier amanwiicreasieach st age of
t he quencitentpepeure@edtiior has an increasing tenperature profile. German

Patent No. 29 r for.use .in carryi ng
out endot her méée%ggpgﬁl(tgﬁﬁfeér%%b%\gs%@au%?é "(g‘%%é %%W'%?eaﬁgwﬁ?ré’ﬁeg' PG ant fluidis
flowed, Puf endatheiie ai enolgrmaic reagtiarisotrasal mbish afraadtamu fiuid tidh floveedal yst

mat eri @l , awﬂb@maahlﬁg lar}eécticﬁf mtnbaroﬂrea%m\@a%t}starﬂﬂ@@ WPioh G 5Bl

heat - absorbl ncg characterized ct that the cross-section

and
surface af¥yd f"”ﬂi‘ H@e?téﬁ‘ﬂ"ig&ﬁh%éﬁﬂl?mg @"Glra'l‘q @arac*an?@ﬁ@vmetf@pttmb di rection
of flow othet lressrseatini sugfadd sriedl of(ﬂ%pfﬁadﬂidﬁgchumﬁeﬂ it h@néaualahg fth Ghe heat required

for conply 8 on, .or th uan heat. rel eased on
t he cour se%drtg %W%fﬂefe sino Iﬁ— degqul%gp%nggﬁw g@?%&nﬁ%eéy LS reactor, the
di anet er é¢mmiﬁ@nr0é@<ﬁ"ieomeacu¢ianbtbe duentinaef hedt releasey dnhtbe doursefion of flow of

the regct rdagtidn, Ut =Sph ?’bsé&‘ﬁ%thﬁm syﬂhé@%gtftor(fhg dEbter P i@ (EQAGE ant, having a
val ue of frq_&g@lSto mul ti ow rate per reactlontube

(Nn8/ hr) FRAMEE 1§ darie 98 ias dtS?C“an eéﬁgw&ﬁﬂheh@wﬂﬁ@ figidyaciudhat ghe f rom 0. 12 to
0.22. As paaeter gahmyes & eonstabl) Bavirgalal Rdf BHANDRNS] SuliREevyPe ghs ONly 20 from

2,10 5 seabd e paled Bl 08 ARGacanstantoudt SEL AL, JaRanesq, Pat et No.
of from 0.12 to 0.22. As practical matter, the reaction chamber is made up of only '
20 from 2 to 5 sections of tubing having constant diameter.

Japanese Patent No. 61-54229 describes a chemical reactor for exothermic
conversions to form methanol which reactor has of a vertical reaction. column filled
with a granulated solid catalyst material. Gases required for the reaction are
introduced into the top section of the reactor, and establishes a downward flow of

25 reaction gas through the interior of the reactor column. Heat evolved by the reaction
is removed from the column by vaporization of water surrounding the column, which
is at saturation temperature. The reaction column consists of several sections of

varying column diameter. In particular, the diameter of the upper part of the reaction

column, where a relatively large amount of reaction heat is produced, is

30 comparatively small; while the diameter of the lower portion of the column, where
less reaction heat is liberated, is larger.

There remains, therefore, a current need for improved flow reactor apparatus

for using a fixed heterogeneous catalyst which is effective in reducing the magnitude

-B-



conversions to form net hanol which reactor has of a vertical reaction
colum filled wth a granulated solid catalyst nateri al 25 §@ag@s Zopgui r ed
for the reaction are introduced into the top section of the reactor, and
est abli shes a downward flow of 25 reaction gas through the interior of the
reactor columm. Heat evolved by the reaction is renoved fromthe colum by
vapori zation of water surrounding the colum, which is at saturation
tenperature. The reaction colunm consists of several sections of varying
columm dianeter. In particular, the dianeter of the upper part of the
reaction _colum, where a relatively |arge amunt of reaction heat is

pr oduced °f e exofermh fRgldsing Herapldegizggtion OWQIEE@ achydly endipreeehenist! 1ille of ower
portion oftalydveupport, anmtherabiesveiding essrupteacinisatichieat is |iberated, is |arger.

There renai ns re, r . f :
appar at us fo?d%@? %eg_t‘ﬂy’ ??gggﬁg%dg%é%ﬁtg%@%t%'g%gzéﬁg\%e{:%y%cgﬁg%ﬁti ve in
reduci ng S NESIAREPrealiqomrpunds. as5istin inProtigsecsrery Pferdlk addsd PrRfudtseduci ng t her nal
degradati on. of catal yst actiSummanandedivermeshani cal fail ure of

cat al yst radiRRAlidmis ABRVEdRIWGEI AR} SKofGrmidUhEihicH] Eg%@%@;né ﬁ'sirﬁ;earf&%& €.

Advant ageousl y, such | %r oved flow react or woul nmeans of hi gher
sel ect i vPEErOBNEPSSatalyE iR repmiorePniEd oA xR RpORATERUS of disjinventioR iRy ovi ng
r ecover y ussfin g glovess atlidie ticipdes dumesions Suwrgasic yorgfoubdsdo vaneemitiedymodlile | nvent i on

i's i nproyggh £ dRivefdeiodbroliOlatdisPt herm ¢ chemical conversions using a fixed
het er ogeneous, cat al ] means for control of the exotherm Apparatus of

st wth ! . _ ) ,
this inventioff &t ?%’F"t of, b8 Pegen, inyenions ere ifRrevided adloy ARASE SATPEFIRY Bns  of
organi c plomiipoivdded cnduth sechdederimouid ustase disposaugoracostedtedh a eathradsér ogeneous
1 ow § eags aom et SkuBRA flenftis e blo bR o IRt At RE e Ol ng an
out er suP‘F%{'é’@ tﬂP?B&E%glF%mg%Wth&@fogéh’?Hs cpighdic aters] fispesed Wigasth  an i nl et
di st-ri butandwit dveing dretatorsid ast@andemt zdreo far catalystirving thesammaiot diffegent Boginst r eam
mani f ol dabhYy ReBRGitGNAN B&rdindhsr PR E Rt BRS HIMAGBRERINE eSRh@IY bditrmBLS! 1 al
di sposed wgt hi ea@m condegil_t dlur |rgeﬂo[eo$er ation in a sequence of zones for
cat al yst °%F ?ﬂ‘ﬁg’et"ﬂ Uit MERSUEE 17 PP ReTentieRg fadhe 9P HG ! AP/ ERN nal
coor di nati&inipg valimes o edang, anhitie weaubica obzoots @onedsingsd Eastittakd zonessublor m cr oss-

section pht dabedsMBlantzoRBRRW 18 Feri s sdtticH d ROLME hdh e lcatftighdds tipktream
| ongi tudi nal coordinate thereby defining volune of the zone, and the

sequencez%'fa' zones conprising at |east three zones such that each
downst r eam zofveerttdimen] reayderat leash sge oeaedconcamuisivgé pioelity bwelledh@ndwiat | guous

upst r eantack BBng NdURNRREES BPosdBB BRa@lvith LR trAH3Rr bYW rRGFd0r conprising a

pluralit Xistggutig\rl?llngn(?fgld %Qanp?el'cljl fgrﬁlow communication with a downstream manifold through
channels formed by heterogeneous catalytic material disposed within each conduit during
operation in a sequence of zones for catalyst having the same or different length along the
longitudinal coordinate of the conduit and within each zane essentially uniform cross-section of
the conduit measured in a plane perpendicular to the longitudinal coordinate thereby defining
volume of the zone, and the sequence of zones comprising at least two zones such that each
downstream zone has a larger or smaller cross-section than the contiguous upstream zone.
Generally, flow reactors according to the invention, further comprise a shell adapted to maintain
during operation the outer surface of each conduit predominantly in contact with a heat-transfer
medium, and having an inlet in flow communication with an outlet for the heat-transfer medium.
Preferably, the ssquence of zones comprises at least three zones. Preferably, each downstream
zone has a larger cross section than the contiguous upstream zone. Preferably, each
downstream zone has a larger volume than the contiguous upsiream zone.

iy




each having an outer surface disposed for contact with a heat transfer
medium an inlet distribution manifold adapted for flowogQanak, 2@dg on with
a downstream mani fol d through channels formed by heterogeneous catalytic
mat eri al di sposed within each conduit during operation in a sequence of
zones for catalyst having the sane or different |ength along the

| ongi tudi nal coordinate of the conduit and within each zone essentially

uni form cross-section of the conduit neasured in a plane perpendicular to
t he | ongiAduthtagadusig Ao rRaies biwrdelgYo iBehiidit NG crovyéddiian obthe bhiiuzAREsh and t he
SoaCnCe Bie ROBSHEAML Lt AR wit Rl dduE A0S o bob D rEBRRaARNIST | eam

zone has a Iarger or s er cross-section upstream
zone. GEAW Ithsproductpffreaglumeprd ageemedichirtar hatingevalupsia ﬁf@r@ﬁ frorﬂ aPCtUher

conpr i se 0a13daolt Ceibaprietachbtyoherai Nt ai N during operation the outer surface of
each conduit predomnantly in contact wwth a heat-transfer nedium and
having an inlet in floow comunication with an outlet for the heat-transfer
medium Preferably, the sequence of zones conprises at |east three zones.
Preferably, each downstream zone has a |larger cross section than the

conti guous upstream zone. Preferably, each downstream zone has a |arger
vol unme than the contiguous upstream zone. -7 25 January 2006

Advant ageously, in flow reactors according to invention; the cross-section: -
of the conduit in each zone has a substantially circular formwith a

di aneter such that the third power of the dianeter is equal to the product
of the volune and a geonetric factor having values in a range from about
0.01 to about 0.50. Preferably the -7a 25 January 2006 WO 031011449

PCT/ US02/ 22550 geonetric factor of. each downstream zone is |arger than the
contiguous upstream zone for the sequence of zones conprising at |east
three zones. In once class of flow reactors according to the invention, the
zones for catalyst have a total |ength along the longitudinal coordinate
of at least 4 neters. Preferably s in such flow reactors the cross-section
of the conduit in each zone has a substantially circular formwith a
dianeter such that the third power of the dianeter is equal to the product
of the volune and a geonetric factor having values in a range from about
0.015 to about 0.100. More preferably, the geonetric factor of each
downstream zone is |larger than the contiguous upstream zone for the
sequence of zones 10 conprising at |least three zones. In another class of
fl ow reactors according to the invention, the zones for




about 3 neters. Preferably in such flow reactors the crps3afpe psos of the
conduit in each zone has a substantially circular formw th a di ameter
such that the third power of the 15 dianeter is equal to the product of the
vol une and a geonetric factor having values in a range fromabout 0.10 to
about 0. 3 wshbup preferably; the geonetric factor ofepg@stssiownst ream zone
is larger than the contiguous upstreamone for the sequence *of zones

conpri sin . Least .thre ones._ Anot her enbodi nent na e a flow reactor
ComPr | o1 dhfimBhe KERP e Lo E B0 AR e SRR SRR HaTRAG an out or O
sur f ace zdnsfoobededuence af eartesctmpastnp atledmb tired zomasf er medi um  (n) an inl et

di stri buti onn BRGI ddt dr W;@%&&sEgagfynbﬁamhsmm&%'ze&s%&&a ¢ downstream

mani fol d t hrough channel s fornme et erogeneous  catalytrc nmateri al

di sposedaif ? intgh leagibrpleng ibfuiraoitadinal aeprdiints af atdarst 25etdrs. Brefgrabliquence of zones
conprj siimguch fow RAGIrsINOraRSonHRINE cFRNR M 3eh SO s 3 slskt@hly Wal | ed- - -
conduits \{\ln re-'vﬁth%g% t he W%{Ied clﬁ@jw ts within each zone have the sanme or
di £ er erfreHd” 900 AR Fudt BRighe HE pawveg et ha dirgete buiritathe of the zone,
(b) t he praiktted treomiinid snank pinmetededorzaniag ales BiSs embé abhabowdi f or m '
Cross-s ! hed p e jcular to the | ongitudinal

coor di ngigés '? ﬂg%@?Hggf Mﬁ?%sre\% ]ﬁe&%o‘(ie%ﬁ%gicz%%t%r, Df;%aﬁk -dﬁw'é%'e nuary 2006 (c)
in the &¥¥uBn@webithanothiesconiigusus gpdieamripss- foedhe opalencer ehzaest he conduits in

eachjdowhifiprisna 8t ig@thradohes fromthe prior upstreamzone, (iv) at |east one
communi cation with the plurality of walled

crossover cpag@ogg in flé)&\g n ¢ ( . \
condui ts of a3 358 SAOH eAckv 2¢oRing) tarthe iiupniian. gl J08eF BBnduits of the
prior upstiystdavezaneatal iength alosd el lorafl@itiab dodraing@| dTliddshaistog3 oper ati on the
"n cont SR e b i ool B SRR 1 o0 PR ne | havi ng. an
i nl et. i AeNaH shekamialy sir¢uba fanintwith adiageter etcif tbat thée thied péwer bitthe heat - t r ansf er
medi 4m difihebes @Rkl to b ProiBRe BESolhe A0S YebABRE REF nflind BfkES tNree zones.
Prefer allr)ilay tang(_aea%]m about 0.10 to about 0:30. More preferably; the geometric factor of
each downstream zone is larger than the contiguous upstream :one for the
sequence of zones comprising at least three zones. .
| Another embodiment may be a flow reactor comprising: | o
20 (B a plurality of walled conduits each having an outer surface disposed for
contact with a heat-transfer medium,
(M  an inlet distribution manifold adapted for flow communication ﬁm a
B _downstream manifold through_ channels' formed by heterogeneoue,
‘ catalytic material dispesed within each cond.uit during operatioﬁ-.
25 iy a sequence of zones comprising at least two zones, said zones
' comprising said walled conduits, wherein
(a)  the walled conduits within each zone have the same or different
length measured along the longitudinal coordinate of the zene,
(b)  the walled conduils within each zone have essentially uniform
- Cross-section measured in a plane perbendicular to the

longitudinat coordinate thereby defining volume of the zone, and



downstream zone has a |l arger cross section than the conti guous upstream
zone. Preferably, each downstream zone has a |arger vol gggahilip 206E
contiguous upstream zone. In a second aspect of the present invention,
there is provided a process which includes exotherm c chem cal conversions
of organi c conpounds to val ue added products using a sel-ective

het er ogeneous catalyst in at | east one flow reactor conprising a plurality
of walled conduits each having an outer surface disposed for contact with a
heat-transfer nedium an inlet distribution manifold adapted for flow

communi cation wt h%c) an igm%féétlfeﬁééd"af %H%is,ft@é t\?\}a%cﬁés@é%or&hﬁ'@g t§e Joﬁ&tﬁfg 91 by

het egeneous catalytic nmateri a | Spose in each conduit during
operation in a sequence®¥t IYERERROP HRJISE A SR REcr UBHIEAT ZP%r ent | engt h al ong
t he | ongi tudi (@l cableakt oE cgossdvet dhamberidiiow coandnivatbhivith tbe plbralte nie

essenti al | y uni f or Waﬁé’d%ﬁduﬁbe@fta!da‘WnQrfear% Iﬂ&e%a%iphrdﬂﬁ%ﬁﬂé]l@&jcanﬂuié oplhi@ne

perpendi cul ar to the -l ongitudinal-coordi nate thereby defi-ning volune of
the zone, and the YEGURSHER"#®zones conprising at |east three zones such
t hat each dowist r earshelicideptérhts meinkadr dyeing crecasisn the edtérn sorfiecatie phodlityng t han t he

conti guous upst r eaRafANEndufIGeBET zoRRRGHNRIMy HBYntdPViH £hdalirhsif OCEss whi ch
i ncl udes exotherm c_chem cal conversions of organic conpounds to val ue

added products usi WfYMs¥%ctive heterogeneous catalyst in at |east one
fl ow react or 6®&npr i(Q)itmgshall feving ah intey indibw werhhendcatiqorid ah batlecfaciowtitieng an
outer surface di spasfdah®dr nfe@iliact Wwith a heat-transfer nedium an inlet

di stribution i fold adapted. for flow communication wijih downst r eam
man fol d ¢ BOHPEHGR RECEF 6F 90 18 PHisS & BB HEB L e BebF SRt or | ol
di sposed wi t hidewngisesim zopehaia lergeherdsm gectiprethart theeoniiguoss wetirsnoee.of zones

havi ng t he -sapRfebiylédch @6@RIrednERBE Ras ALRBG olHR AR bMubRlupsRamdi nat e of
the conduit and wthin each zone essentially uniform cross-section of the

conduit measuf®§ in a pl ane perpendicular to the -9 25 January 2006
| ongi t udi nal coor dindzeeent hepeets) thd efesent imgention, theee ivprovitre azpenress wineh t he

sequence of ZpPBAfes eksMBERHE ShdMicaPbonl&@8ds df WRafORRDoFdS b valldha®ach downstream
zone has a | al’lﬁgul’ct or (EI’ 0SS-sect.l cont | guous .ugst ream
Y,

- smal | er on.than the .
zone. PreferaBP{ioS'Red géaﬁcgﬁec%e BIoIBNE §ata'¥53 ihtis Fegﬁé’ NS {ov TEXY CPRRNSNY  ones.
Pr ef er abl y, - eaehrality afvalledconduits aechthayingar euteg eyrface disrosedferonteet withan t he
conti guous UPRdk-BaSter ABAum B it tRtibition RAGRICLAVRS HERW cBARGREASH @it] ar ger
vol unme than t Qe 0(&\{9}% uou éj{%sot regm zone. e:g inctgl I y tho re CrI rs .
according to °ffamp ﬁ\?grﬁﬁ }SB(H FOPY %E‘P Eoﬁﬁﬂ | ﬁg | %eﬁédl § Q(b:t"é o maintain
during oper at fignesedthimigee conduitrdurirgcopefatienae B seayathgiof zones having the same
or different length along the longitudinal coordinate of the conduit and within each zone
essentially:uniform cross-section of the conduit measured in a plane perpendicular to the
| longitudinal coordinate thereby deﬁn_ing volume of the zone, and the sequence of zones
.comprising at least three zones such that each downstream zone has a larger cross-
section and volume than the contiguous upstream zone, '
Another embodiment may relate tb a process which includes exothermic
chemical conversions of organic compounds to value added products using a selective
heterogensous catalyst in at least one flow reactor comprising a plurality of walled
conduits each having an outer surface disposed for contact with a heai-transfer medium,
an Inlet distribution manifold adapted far flow communication with a downstream manifold
through channels formed by heterogeneous catalytic material disposed within each
conduit during operation in a sequence of zones having the same or different length
along the longitudinal coordinate of the conduit and within each zone essentially uniform
cross-section of the conduit measured in a plane perpendicular to the
-9-



25 January 2006 WO 03/011449 PCT/ US02/ 22550 predomi nantly in contact with a
heat -transfer medium and having an inlet in flow conmmupsgaidseyp2096 h an
outlet for the heat-transfer nmedium A preferred class of processes of the
invention include the exothermic chem cal conversions of organi c conpounds
to val ue added products which 5 conprises oxidation of benzene or a

hydr ocarbon sel ected fromthe group consisting of n-butane, butene-1 and
but adi ene, to form mal eic anhydride. One preferred process of the

i nventi on conpngiseisal exdrdedté harebf dafinibyitcune df e Zatenaimheiaquanbyidionae by
contacti ng n- BihaRfg AliedsPio %ﬁéu&we&ﬂwﬂsﬁémghggémﬁfép&%ﬁ% ation of

1.6 nole percent Inh air) concentrations In_an oxygen-co talning gas with a
fixed catal ysf" °F%SeE?ﬂ’fﬂﬁ”§f?eermﬁ’|”?‘ﬁd'ipﬁ%ﬂaW°%ﬁ?&ﬂ’iﬁ’l’ﬁ BRBABPGANIZShd oxygen.
Advant ageous| gompriags at pastatirgestoness Prefaratiya eave dowaistréaipde Abdd eRjet dlosd r ange from
about 360C t Os@cm&}“tharﬁﬁ@&ntlgdoﬂs @ps@éa@rf $dnk. Ef-qef%ﬂf Pe§<§1 a%fzvg&tégm Hyaption the

cross-section of each downstream zone 1s from about ercent to abeut--125
percent | ar geP"ehiimataandhe contiquars yrsfeagy zong Hericdln flpy [F@Efgrsli‘ﬁ‘?f 4ngdtn zone.
Advant ageous| the invirgion,dirtheecooiprissciheltaiantst toeaaintaird during ngeratisn fhieomteabout 5
percent to abguacderadieor@it | arger than the volume of the contiguous
upstream zone. More preferably the cross-section of each downstream zone
whi ch has a | arger cross-section than the cross-section of the contiguous
upstream zone is |larger by an anpbunt such that during operation
tenperatures of the exothermas neasured along the centerline are no nore
t han 50C hi gher than the 20 heat-transfer mediumtenperature. For a nore
conpl ete understandi ng of the present invention, reference should now be

made to the enbodinents illustrated in greater detail and descri bed bel ow
by way of exanples of the invention. Brief Description of the Drawi ng 25
Figures 1 through 5 illustrate several variations of flow reactor design

In these figures the conduits (i.e. reactor tubes) connecting the inlet
distribution manifold with the outlet manifold and typically packed with
catal yst are represented by the shaded areas on the figures. The unshaded
area surrounding the reactor tubes represent the area occupi ed by the heat
transfer medium 30 Figure 1 illustrates a conventional prior art

mul ti-tubular flow reactor, wherein the. conduits are of constant

di anmeter. -10

-9a- _



25 January 2006 WO 03/011449 PCT/ US02/ 22550 Figure 2 i I lustrates a
mul ti-tubular flow reactor, wherein each conduit is {Ff éf‘g 0%
plurality of zones and wherei n each zone frominl et to ou lj I's"0

i ncreasing cross-sectional area. Figure 3 illustrates a nmulti-tubular flow
reactor, wherein each conduit is of 5 continuously increasing
cross-sectional area frominlet to outlet. Figure 4 illustrates a

mul ti-tubulveooesfohaw reactor, conprised of a plurality efrusenes wherein (i)
all conduits in single zone are of constant cross sectional area, (ii)
each zone e crossover, chanber which
will coll e%?&?l%gﬁﬂn gor\&é%t mﬁﬁ%%thga&#gﬁbe@gnea%c%r()]avl"ngoqn ‘PEF %J{O(‘Q’ the flowto
t he condui ¢snrahicatinn With anaitiet jop the heaﬁ@nﬁfeuqulunhe cross sectional area of

each conduit ip ﬁr@%rré@%sy%'pﬁ&egéﬁ%f 88 CindeRiish ﬁrﬁlu%@%@%’:ﬁ&therﬂcgure 5
illustrates a nmulti-tubular flow reactor, conprise lurality of

zones wher ZIERIE )COW%S'QE‘&nﬁuP@%”‘%r‘iQ”‘B?””éBn@t éﬁﬁ‘fe‘ @pdRgls P@éﬁ‘i"? oW¥ah area.in .all

zones, 6i |&ompﬁ@asfbxmm df%e:ﬁzeﬁmaceiI@dr&ﬂbém&l@t&%ﬁuﬁégmwmsyw a crossover
chanber whéfcrpP t,he f from.th us zaqQne and

redi stribu taenef Iblgn?g "ﬁgg“@gl?&&{ Oy MR a ﬁgﬁ ord® P ii) the

nunber of woskdsipitire inverdiat bonmoises ox@aiicasf sdbotand twefbrntrhaelbemq;ldndedfyoss sectional
O nr 2t doneRA - biare a8 oW KA el ) RErARRS o g ext- 1t il
e ar t is

be under st ood t hose sk Int rawm ng
di agr ammat l?E‘tEce‘“’f U”r PiRefONFRBIFHONS fin duPyBRIRoNtainig gas ‘@lﬂhde’ﬁsfélcstawﬁeat

exchanger scompaéing @fiﬂld&bﬁllﬂﬁ%Mnﬁ@hbﬁmorﬁﬁ%u | Sy gen. PUBRPIag¥REN U RePUNDS,
i ef val ves contr ol

t t
ol e 11 B0 Bl ST R SE ef R SOk el o o nge ks,
and the like, mmrdfeaewpmcesaaf thy iryentior thel oresd- sectmnaf cahmeivadtabmpl ant . The

provi si on fahe Sty 86k s/ @R3h: AT 195 pGALH RN LI RO bl {; of the

present invention and i's In acco anc nvent1 6na 25
engi neer i g FPHBYGUE &IPstigre Zanst Astvantaprevly. dhe Yaliree efseach dawosieahyt i c react or,

t hr oughs Whiosd isOien @bouT Sercén@&ﬁélﬂ:ﬂi #2525 cdnk fh‘(‘é‘éﬁ' tl‘\’él*ﬂ'thc—.e valiideLeMeNg exot herm c
reactions and ugl%nvegm on 'ﬁ Eegast %necécgro uct, the catal ytic reactor
conprises & pararni’ rear%?"%l %P g CEisERectinn of ?Ft?ha?ﬁw@)%rleé’?“ sur f ace
di sposed fagne obish s wlarhﬁracrthaeaeetmn aimesif the cmm#mamonaﬁdmalaoﬁ@um@l et
di stri buti@eyd@itel t ownst r eam

. ¥ Oan lgal‘agm aﬂ%ﬁiogﬁt géhqv\étl%‘samﬁ‘%efa%ﬂ era{ﬁlges og?wg

mani f ol d. spose each con erog lytic
mat eri al ViHPRE™ as measured along the centerline are no more than 50°C higher than the

20  heat-transfer medium temperature.
_ For a more complete understanding of the present invention, reference should
now be made to the embodiments illustrated in greater detail and described below by
way of examples of the invention.

Brief Description of the Drawing

25 Figures 1 through 5 illustrate several variations of flow reactor design. In
these figures the conduits (i.e. reactor tubes) connecting the inlet distribution
_ manifold with the outlet manifold and typically packed with catalyst are represented
by the shaded areas on the figures. The unshaded area surrounding the reactor
tubes represent the area occupied by the heat transfer medium.
30 Figure 1 illustrates a conventional prior art multi-tubular flow reactor, wherein
the. conduits are of constant diameter.




isin contact with the flow of reactants and reaction products during

operation. Each conduit conprises a sequence of zones h%’/ié}%&y%am or
different length along the -11 25 January 2006 WO 03/011 4!5 2/ 22550

| ongi tudi nal coordi nate of the conduit. Each zone is of essentially uniform
cross- section of the conduit neasured in a plane perpendicular to the

| ongi tudi nal coordinate thereby defining volune of the zone. In the
sequence ofwax®nerss each downstream zone has a differgitusey9gs- section than
t he conti guous upstream zone. 5 Typi caIIy, such react ors conprise at |east
two zones, preg hree zQ t he cross section of each
zone is lar gerhﬁ] q)ﬁhjeraéeosn i ‘Btbﬁ'gm'ﬂp@ Dr'zB‘P\eée'”Fffa@tF EPHMItyS each

downst r eanforwrisedis pivialty gézoneslaudmherlalareatﬂneorteoi’rttm tled WS outlgPs taf €am zone.

Cener al | y,,nérgégwgrcﬁ,ggtsé&@na@g,ggr ding to the invention, further conprise a
shel | adapted %o mai ntain during operation the outer surface of each

conduit to pr BT Falatgter @ wui{ubeler Jave Feaclee Wheeain eachnesheuit imefli um . and

havi ng &an don’drre:buslmncfré&Wg mmwbrfaﬁérb@fﬂorﬁ\&rﬁé?t@dﬁsﬂ&m let for the heat- trans'f er
gure 2. The

medi um One em@ﬁ ‘Iﬁ I}é L¥’eintb(§)n is illustrated in Fi

reactants and y “di SJgtﬁ?f @P ol {19v, AIT. drompEsed ?fe"’eEf”'lal'tY\% | into the
inl et di stzongamtieosin (Meaii doouits I singEnene ematf acistanbodssiecipatasoap@ss t hrough a
plurality Lk flon ifold 4. Each
condui t conéq?ﬂ%gys%rﬁgéeagtﬁe% E%Et‘éﬂﬂ% %\7/3%9‘}3%& I e”@&&“i’ n and | ength.
The heat t% Eméﬂowwmmmzm%ﬁéedﬁﬁmwahe waio@wegoodwteofthme unshaded

area) sur mexndhe)Gnd f(hﬁ‘) 6O BALE Seckdral arbA16r Heh RRMILR Y the 2¥icBvalids ot |- The
react or e&%k&g% eX| s vialine 12. In this figure, the con UItS

connecti ng el n}hgt 6‘! stribution manifold with the outlet mani f ol d
cont ai n cat al fmuﬂ-‘aﬁdlltatraes eprgt-ahtiediidy réabler, shagestd Q4 gueRp ot N the figure.

Another e afin Bl D dHEN LaRehowbll el raled, |0 FlauT g 3 wherein the

conduits 3 are of I NCreasi ng cross in a plane
per pendi c GRE 298 iy %nﬁmioﬂhmwbamuer@cmn hiat eroseengrobediic wihe step change

in Cross csiRetih®fod fr@mﬁehﬁekus %nezaﬁaleed%mm e ¥ tg'tHeecoédults Bgngr adual l'y
i ncr easi n%eﬁr 0SS Zaf(ﬁ)eﬁgt| on of he conduits in s essenti all Yy

o0 ?é‘u'ﬁﬂ?ﬁfér‘m?ﬂ’”ts P FR7eR zon?e‘fa”e%ﬁdﬁhﬁ@ﬁ* thentplati ment of this

equi val ent"t'oan
i nvent i on clogs-sectiprahanee afctll@ondudsrpreadh zmge vdrie} from@heledeitd ¥e BbxiWal | ed condui ts

each havi ng ary Qutisy uﬁ&érrét@o(aeb)giﬂﬁ)ggiﬁﬁie B the art that, as the drawing is
dlagrammatlc further items of equnpment such as condensers, heat exchangers,
20 reflux drums, column reboilers, pumps, vacuum pumps, temperature sensars,
pressure sensors, pressure relief valves, control valves, flow controllers, ievel
cantroflers, holding tanks, storage tanks, and the like, would additionally be required
in & commercial plant. The provision of such additional items of equipment forms no
part of the present invention and is in accordance with conventional chemical
25 engineering practice.

The instant invention relates to a catalytic reactor, through which one or more
reactants are flowed while undergoing exothermic reactions and conversion fo at
least one product, the catalytic reactor comprises a plurality of walled conduits each
having an ouier surface disposed for contact with a heat-transfer medium, and an

30 inlet distribution manifold adapted for flow communication with a downstream -
manifold. Disposed within each conduit is a heterogeneous catalytic material which
is in contact with the flow of reactants and reaction products during operation. Each

- conduit comprises a sequence of zones having the same or different length along the
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cont act mnth a heat-transfer nmedium 30 (ii) an inlet distribution manifold
adapted for flow comunication with a domnstrean1nanlfobgugpﬁaﬁgﬁoghannels
formed by heterogeneous catalytic material disposed within each conduit
during operation, -12 25 January 2006 WD 03/011449 PCT/ US02/ 22550 (iii) a
sequence of zones conprising at |east two zones, said zones conprising
said wall ed conduits, wherein (a) the walled conduits within each zone have

t he sane omwdglisfoiRisent | ength nmeasured al ong the | ongpdiasionakspcoor di nat e of
the zone, 5 (b) the walled conduits within each zone have essentially

uniform cpog tﬁatﬁﬁgﬁabl‘aﬂa yuch g&dgp a8 06 | %)%{ Qs%n'g'a ‘l‘e"%%éﬁgmtsgﬁd (c) in the

| ongi t udi na coor di nat ere &f AT ng Vo
sequence ofecianek the h@?dubtr@ﬂasune@sls & gane opestendicwar f thehbngitudinglui ts i n each

downst rea%o%%té’@a%ﬂeﬁf At volhFePdr 1Y 20nk0. 1Hm$é§1e%aéﬂcé%@%pne%' é!acpat' least one

crossover chanber in Tl ow Comrunication wth ural 1t wal | ed
condui ts ofORsYRARhF 8357 SilEenhrrassIeetion tandhe P‘S’)"“%OUW&'PSP’[@E”‘ z8Bdui ts -of -t he

pr|t or ups]'ETwa:mlyzmna} réatﬁorsac&hﬂlsb ada@étewllgtzbnwl préfaiabl dweleﬂﬂm@@eratl on the
out er sur ral i c each _.zone
pr edoni nanﬁ!f;‘%ratb the asig:tsgcno tféaah@oé‘f* % F‘Eﬁ%%ép Iﬂ??E‘f:ﬂ”ggh"lo“%1l"fB‘St‘r(eﬁrF) the shell

havi ng an zmaetPr&fwalﬂv caccdownsigarazdrerhasiat isrgemvonime | tedn thecoftibosisof  t he

heat {1 SRl i Totlh, RANRSLR Aind DI MILHR! Ofnd 2ahblest (20 ed 1

Figures 4 and reactants an S are Via one or nore
feed |ined Fh?]‘n?‘??P?Heml’Pﬁ"g@’“oﬁ%{‘Q ioperatiapnthprepnien surdace of reach sarduéint s and

]gl | u;anaos nﬂéd:bn'ﬁd%][nﬂwg{hoﬁtacﬂ'vﬂm&hé hé!at-%né?@trﬁ’édw%] aﬁ@ﬁé\@it na\ntﬁgteprﬁﬁ'lwdtls 3 t' n ad

irst zone irst. cro e reactants, any diluents an

any react |°¥(')"n ”ﬁ‘r‘"‘ Bup gt ap P@%ﬁéh@eﬁ'?ﬂ raaﬂgr I £ | ow pass from crossover

chanber 4 t hrOugyémizndiment eflthe pvesttiot atilmbtysdd ic SigtvainiThg reeredididng 5 in a

second zo - react a any diluents
ey %%eﬂtssa‘?&%ﬁ Gia %ﬁ 6f Aore QY& Im%?'ﬁﬁpoetﬁe Rret i g[eburtho% il Eok@?e

and any reaction ucts rom second zone pass chanber 6
t hrough a @Fdﬁ@tqnﬁ/afﬁfd”éﬁﬁ%P%tmr@m aiploratiy of c@mdnlﬁsm  dowinstregthi rd zone to a

third ¢ osomessn SRS Hich EHRIul 8GRHRBS Sone@B Vs, Q'an‘%rbtf%arymg Cross-
section and length. The heat transfer medium (HTM) enters annular space 8 (i.e. the
unshaded area) surrounding the conduit via line 10 and exits via line 1. The reactor
“effluent exits via fine 12. In this figure, the conduits connecting the inlet distribution
manifold with the outlet manifold contain catalyst and are represented by the shaded
20 areas in the figure.

Another embodiment of this invention is illustrated in Figure 3 wherein the
conduits 3 are of gradually increasing cross section measured in a plane
perpendicular to the longitudinal coordinate, as opposed to the step change in cross
section from the prior zone shown in Figure 2. The gradually increasing cross

25 section of the conduits in Figure 2 is essentially equivalent to an infinite number of
- zones.

Yet, another embodiment of this invention is a flow reactor comprising:

@ a plurality of walled conduits each having an outer surface disposed for

’ contact with a heat-transfer medium,

30 (i an inlet distribution manifold adapted for flow communication with a
downstream manifold through channels formed by heterogeneous
catalytic material disposed within each conduit during operation,
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~and any reaction products fromthird zone pass from crossover chanber 8

through a plurality of catalyst containing conduits 9 i853adQHf3dhezone to
an outlet manifold 10. 30 The reactor effluent exits the reactor via line
11. The heat transfer nediumenters annular space 12 (i.e. the unshaded)
surroundi ng the conduits in each zone via line 13 and exits via line 14.
Optionally, additional reactants and/or diluents nay be introduced into
one or norevoabeike crossover chanbers via lines 15, 1f1@isozkéssal N - 13 25
January 2006 WD 03/011449 PCT/ US02/ 22550 these figures, the catalyst
contai ni ng conduits_are_ re t d as._.; e figures. In
Fi gure 4, eacqﬂzor‘i‘escuﬁ?caei ﬁig%ﬁge{%ﬁ‘ﬁé{%i ggi‘ Fk:ggontzgrlr’?gh%%lﬁc}%?é%ondui ts with
the cross secti oncohprisinglsaid watig conduite.végssimg i n each subsequent zone. In
Figure 5, 5 the O héﬁ&%hgghrﬁﬁs fitfiedcAGbNe %@ltheﬁééﬂﬂtﬁrtdiﬁeﬁn@” zones s

S
constant, but the nber o urts varies in each zone such that the

total cross sectional lenothmessures alopgihgpngitudingicogrdinpte 95HE 2Peam zone .

i ncreages from t hey)pr ites wHiRS!doRdE: ZMAA. eatilizénd Rdve afssambigdinFeit of the
invention may additionall ¥ q?e conduct.ed i nonﬁne or rgp% rg)a tion vessels
connected in series, SUEHEHET TS Feldbtd S GeSERPIYE ¢ n’gelses one or
nore zones. In this cderfgitglinabtdonimate therely defsioy eruneheiteerone, angr i ses t he

col l ection and di i(%)“ t?rpmeogégllrjgggé Eﬁ%‘?ﬁ%r%e Eﬂg AL LA D a0 the " €SPECTI Vel Y,

of contiguous reaction vesse e reaction vessels could be
operated with indivi dfanduss i8ofaebndenssireany Fopeperries feom tthe MiPbw path of the
heat {ransfer medi umupstA¥am Zofgli vi dual cooling | oop' conprises a flow path
for the heat transfer medi um whi ch passes through. only one reaction
vessel . In coﬁ‘gr agﬁ?a%me EGTRRET Ry qwd:BB‘m“E'BWtﬁ’gi“%taﬂ‘eaD“F‘lr’]% path for the
heat transfer nmedolwglledhtootiuils passesnstraaouzime rand ehd baraliprne watart i on vessel .
A key feature in E&ﬁlug;ﬁitmr@ sHéénh %&%ti on of the flow reactors descri bed
ol t

herein is to contr e residence tine of the reactants in each zone by
varyi ng both fvhe a2ehelagared éx matwan duingaongredion Hee peegstiiase theach zone

(thereby varying bk WalRd @bndadé & caBEhe pHABMInBRYY it &RitRRedin pener at ed
during the exot heﬁg?at—ir reacti on(séqu occurring in the  conduits in each zone

does not exceed t IR M"ha8 capabl e of being transferred to and
removed by t h&ijhedte shelansdngran i iirufiow sontril@icatiunuihiranspas &r fiswbf oundi ng t he

conduits. Flow Fef’rféth%éthaq]@fﬁm&‘?ﬂna”d operated in this fashion 25
essentially "control™ the extent of the reaction occurring in each zone to

t he ext enthis embodiment of the invention is illustrated in Figures 4 and 5. The reactants and
20 any diluents are fed via one or more feed lines 1 into the inlet distribution manual 2.
The reactants and diluents pass through a pluraiity of catalyst containing conduits 3

in a first zone to a first crossover chamber 4. The reactants, any diluents and any
reaction products from the previous zone flow pass from crossover chamber 4
through a plurality of catalyst containing conduits 5 in a second zone to a second

25  Crossover chamber 6. The reactants, any diluents and any reaction products from
second zone pass from crossover chamber 6 through a plurality of catalyst containing
conduits 7 in a third zone to a third crossover chamber 8. The reactants, any diluents

and any reaction products from third zone pass from crossover chamber 8 through a
plurality of catalyst containing conduits 9 in a fourth zone to an outlet manifold 10.

30 The reactor effluent exits the reactor via line 11. The heat transfer medium enters
annular space 12 (i.e. the unshaded) surrounding the conduits in each zone via line

13 and exits via line 14. Optionally, additional reactants and/or diluents may be

introduced into one or more of the crossover chambers via fines 15, 16 or 17. In
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that the formati on of "hot spots", "runaway reactions”, and/or reactor
instability can be avoided. As illustrated in the Figures adfapy b@el cross
section of the conduits increases fromthe prior upstream zone. However,
this invention also contenpl ates reactor 30 designs wherein the total
cross section of the conduits in a given zone decreases fromthe prior
upstream zone. Advantageously, in flow reactors according to invention, the
cr oss- sect mww3eiiast he- conduit in each zone has a subst@misegdabsy circul ar
formw th a dianeter such that -14 25 January 2006 WO 03/011449

PCT/ US02/ 2823088 thd)LdtSlyR QUREINAS c&nﬁﬁtsddr@%l?é%ntéé b\‘?%%ha&e@ atddg product of
Ki

the vol une and a geonetric actor having values 1h a range from about 0.01
to about o808 figPresf erably the geonetric factor of each downstream zone is

I ar ger _than thﬂ ch@rbu GO Sorid RBALRIREUR equapmnffeee’nthmoe'i@ﬂmmemﬁ zones
conpri si n\%[ easb t} ﬁb np F S ln.oneh t ro reac?rs accordi ng
to the i nvERPPEISECHE £8RLEONET ingragsie L pac %eqéleﬁ 3P4 'NERYER al ong -t he

| ongi t ueli ribé crosscslechuna}f eachfindhidubleastuit h ahebsrsds ccmlstaﬁ’ebmhﬂewumber guch flow

[€aCt O S 36 GL 055 SPELOAROLuch/i RO dodk ReBRRY) S hidysubstant i al 1y

circular formw ers power o e diameter is
equal to t‘héaChﬁP‘Gﬁﬁﬁ@@m@ﬁnﬁlh@eWSU@m'lharﬁ’dofalpg’féﬁﬁmqnﬁc factor having values in

a range from albﬁ%%ttér@n@o@ﬂfénttd?ﬂ%b%ﬁhog rﬂ@oaddNQﬁaQ%Bé 86RNAR] M.onkhe geonetric

factor of each downstream zone .is er than the cont|guous upstream zone
for the seQuUBHEJSHI0D yFaels Coippried 'rhéer F"é“&sihaE KPEE rAGkBs essql anot her
cl ass of fdompriseeasteonis rraﬁ:czmﬁhsnglrt ¢hid hmfigm‘a&dﬂtltﬁé\ crdsl@&;ez(&ﬁ@ﬁbefror cat al yst

have’ a tOtc%bP lsgg'gﬁwgl é‘énQ&%nt Ql?d q%ﬂghtoHdh%ﬁik‘ol gqhgabogt eﬂqdi s, than about 3

15 neters such flowre CT 0S P of the
conduit i ﬁe@aﬁﬁelmiéommyota reaaysn wasssinl Fyrther, ﬁiamteaﬂwfloremewcbmd kedi amet er such

that the tfbm@d ﬁiﬂﬂ‘ﬁhdtﬂfiuatl ke cotqh*larmé&cﬁﬁg hop® Gulind ﬁov{v BEmAY QHfdat0f the vol ure
and a geo ctor val ues” in a range fromabout 0.10 to about

t
0.30. Mor g%B{f‘Lé?'B‘? EX@@%H@QOPH%IO?%&OW”% a foye Rath ARArile Fegdm zone i s

| ar ger 14 hanansféreumd}m|vgunmupasuwthrcﬁg}mbm@ltﬁefr@éictlblﬁl@essgﬂ FPEHeRgeaof zones
tugul ar fixed-bed

(r:ggg[ Ioflsngrozﬁar%c{ne&gﬁn& Eggp acgs prl‘c‘ngou W °r %ﬁ?b%e? er}réne gy, Woigh | & heat
transfer %ﬁeafwtmgh@m fzﬁﬁm omgreedien wssali de of the tubes renoves the heat of
reaction. Tubex iy 38Rirg in the dEINPA LitizAtoR Bt AR ALY redcloR RBGHLY Rerein
is to control the residence time of the reactants in each zone by varying both the
20  cross sectional area and the length of each zone {thereby varying the volume of each
zone) such that the heat generated during the exothermic reaction(s) occurring in the
conduits in each zone does not exceed the amount of heat capable of being
transferred to and removed by the heat transfer medium in the annular space
surrounding the conduits. Flow reactors designed and operated in this fashion
25  essentially "control” the extent of the reactfon oceurring in each zone to the extent .
that the formation of “hot spots”, runaway reactions”, and/or reactor mstablhty can be
avoided.
As illustrated in the Figures, the total cross section of the conduits increases
from the prior upstream zone. However, this invention also contemplates reactor
30  designs wherein the total cross section of the conduits in a given zone decfeases-
from the prior upstream zone. | ‘
Advantageously, in flow reactors according to invention, the cross-section of
. the conduit in each zone has a substantially circular form with a diameter such that
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centinmeters; because greater dianeters mght give insufficient area for
heat renoval 25 and | ead to excessive hot spot tenperat UE@%M&&E@%‘:emer
of the tube. Typical tube I|engths range up to about 20 neters,” however"
tube length may be Iimted to about 15 neters or |ess; because |onger
tubes may give unacceptably high-pressure drop. Wth all multi-tubular

fi xed bed reactors, uniformflow through the tubes is inportant in

achi evi ng ewjdswugasper formance. Uniform flow is especigbdpsedsapgrtant for 30

exothermc reactors. If flowis slower through sonme tubes, heat renoval is

i npai red, L.ocal erature spikes can | egad to excessive production of
undesi r ed tgigg\érd %%\y%gtt@g@tamg{eb{s g% e EBP%%CAP%@%,VOIWHE ??Pg%%e"m%gs. If flow
t hr ough sdegorhavirgevaluabds ai rengef &srmeabotth@d? dov ebad) .50t hBrefepablicthd r esi dence
time | eadsyd Rtk I &) 5 11449

PCT/ Usoz) F5805 1 Sitey P B el aont s e BRHAY e Roctiely

resi st anceZong for fie seqisBee of apries iIsomprisinget Ispstitiesizanes.gel y by the packed density

of the gat al ysth.onPcRSLEHUIR FedRBYEaRBRIMg tERY RIVERRA, the zbrRath: hgygat al yst
ni mum S ornmat | on.

pellets unifor : th m r eakage .and dust f Sone

oper at or sql?%agé?%}%ﬁhgaﬁ%@ tw&%g'tﬂgmgé‘?%[g%t? °€ﬂa{?asfﬁ5§?teé%p?r9fe@ﬁ'é by s one
into the tiobah. floRegaod] tbs srossfsetinn df tedomyitiredéden donetHae afslimmntisiyough each
tube shoyl : [ - re. . r._standard
condi t one oML e EAG Hal e bE pRIG R e Getle R S e Poor i gher
t han the aAriuaye hiunee Brd a geqrestéaiiaghachaviedivielueslin arkenge frowetiton al so

CONMPri $£S (Fo18r 8GBsR o 16, %réipzéfaabaﬁqnggé@néﬁc fadtBr &V%Jcﬁg%meémcom ai ni ng
four carbon atons SL* s n-but ane, bufene-1, and utadiene to mal eic

ch
anhydri de 398 ity 12iger| 'y thenepniighods ypsipam aeneofor demsequentry 0B Zonssur al i ty of
wal | ed cordmptisngat Eastdiregzdnes.t he i nvention. Ml eic acid, cis-butendioic
acid, and fu i i t - ndioi¢c acid are j rtant exanpl es of
unsat ur at ed n?f‘c%?@%xg?siscgfg@ﬁ{(é?& Fereran v, g‘ﬁeﬁ“’éﬁﬁ"r@ y{ﬂf‘ﬁﬁg‘“i s produced
by cat al ytR@IYekhayata teie! length [adpna -theitoagitidinglonoprdinaty ¢fdedshibarsabmpt @ cheni cal

equat i @n: rdrs CliterbraBly §HSuch f%w5re9c¥or§?he%oé?%e&%n%ﬁhé’@&wdui?%n si de
bon oxi des:

reaction i s the oxidation of n-butane to car . 2 CH2 CH3 +
5.5 02 =>29NF asubsteralicireyas fomm With 9 diametersush et tha B Rowswb%Ede to car bon
di oxi de i siisstetamts egallc fhe @bitcosishe/vdiliee ardQ gerhichicdams RdanPvbnest al yst and
condi ti onsgy, erar{gg%H é%'aut (?% E') Jb%t?tcéﬁd) nﬁlor%rp?efg\rgg)lb, thengg\cn)’]metric factor of

each downstream zone is larger than the contiguous upstream zone for the
20  sequence of zones comprising at least three zones.

Generally in multi-tubular fixed-bed reactors, reacting gas pass through the
tubes, while a suitable heat transfer medium or coolant on the outside of the tubes
removes the heat of reaction. Tube diameter is commonly from about 3 to about 5
centimeters; because greater diameters might give insufficient area; for heat removal

25 and lead to excessive hot spot temperatures in the center of the tube. Typical fube
iengths range up o about 20 meters, however tube length may be limited to about 15
meters or less; because longer tubes may give unacceptably high-pressure drop.

With all multi-tubular fixed bed reactors, uniform flow through the tubes is
important in achieving optimum performance. Uniform flow is especially important for

30  exothermic reactors. If flow is slower through some tubes, heat removal is impaired,
and local tenﬁperature spikes can lead to excessive production of undesired side
products, e.g. oxides of carbon, in those tubes. If flow through some of the tubes is
faster than average, the reduced residence time leads to lower conversions of
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to be highly exotherm c. Catal yst sel ection depends sonmewhat on the
particular hydrocarbon feed. For a feed of benzene, a cgfahngly S6UBPri Si ng
chiefly of nolybdenum vanadi um and oxygen is preferred for best results,
but for n-butane, a catalyst conprising mainly of 25 phosphorus, vanadi um
and oxygen, is preferred for best results. Wth a feed of unsaturated

hydr ocar bon cont ai ni ng about four carbon atons, a catal yst conprising

pri nci pal | YW@ W9gB8t%n, phosphorus and oxygen is |i kel yremusshimssogood resul ts.
Generally contacting the hydrocarbon in the presence of oxygen with the

cat al yst isadtantelinttosd tubés. t BEP EftétiePeads bithdrdsRREG ih HRMAROWLIG3EO0C to about
530C, 3o &%rmﬁm%&fla?%egp%t réot ge\c/der al%'ou{] 450CI The oxi dation of n-butane to
form nal ei ¢ annhydri {epRacke 8ensit ehibg Biplveto RrosedyreRyhavebeeane i n | ow
concent r atdeypiopadl todoaggbm cataiysh petets deioemiy,beth miikrahystakade bnd suentirely

sati sf act o = 25 Janu 2006 WO 03/ 011449
PCT/ US02/ gg%nS_ag%bﬁ?o?%;H ﬁ"té ﬁg}? % %S%ryﬁ(gﬁ g!ﬁléesd]bgps %ég&ﬁﬁé%g‘eéﬁel”@%ﬁ“e ¥ses- such as
ni trogeh Ay P45 Wees. Rpgproipesiof the foaging imsthed, the fibw thayugareasmyubbe used. The

gaseous f eshduigbs g@ﬁbd@/mé&u%&%@%rg@@@ﬁ%ﬁyﬁéﬂ cQQJiﬁEEL.' Yagontain air

and about .02e %Pesgbo%t 1.7 rr,DleJoer cent rocarbon such as benzene,
5 butane, ‘butens 6F JFRt's FAREaARYET oohigher dhaghibataverage showd per cent of t he
hydr ocar bempiied aratrefdiedact ory for optimumyield of naleic anhydride for the

process of thjg i; i h_higher concentrations nay be enpl oyed,
expl osi ve hazar ds 'ﬁvén@%bgggné%%% ége%l. PEERRE r € oRULARG hsngsre &f t he

hydr oc#r béWdrPeashass gwriainingsiour saron aftamst soshe aperiatame, bafenequrse, will reduce
the total hyiaglkfe ebiraleReshHHlnid duinghientt 3#%;4,% or] ?etagég%gquri thus, are not

normal |y %FP&]' ﬁye%d 1;101{3 egqnom c reasons. Th ow T Hqe? gaseous

streamth 6'ud THES RO 3ragrdne & Hie isentign nipleic ackle piswitdmgidic mi t s, but

t he pr ef erriddanddgaicakidpp@rsaliicptisiciasid ake Hﬂ&‘tdn%%nﬂfesac#%%t&é% to about 4000
'y about 1000 to

cc of feeg; LC . Of er hour .and nore preferal

about 240%‘03@8%41& éo(_eg'd I:Fefcl}l‘;err %2]%3([) c 3’1‘9@’%’%‘?&pr?f@ﬁce%%‘??ta’ﬂﬁ\%‘ﬁatpﬂﬁffv rates make

t he butPan8PY%kngatdouing s be sowlekBeniteleynaioical .. A catal yst shoul d be

effective at flow rat eﬁ?ﬁ“Cl—@@@iﬁbHﬁ@%d‘b@%b +%\j}%8 cc of hydrocarbon feed
ur. T re ‘cat 4l ysts

per cc of Tkal al ¥st G{)er ho There are ‘ca 'ch show good proni se
but when stb"@BTEE " aBt'W‘H%thﬁ\g%ﬁ:géynigg%aﬂ?@ errbanoxiesi gnat ed above show very
poor yields. The amput® G2 3T 4 CRpERCABDHR 0 about 40, 000 parts
per m | | i ¥fhiipirevtioglitarodn mbrorideas tatord @eegashowh=8aM, oTgisHeS er red

20  ratio depends on catalyst and conditions of reaction. Both reactions are well known
to be highly exothermic.

Catalyst selection depends somewhat on the particular hydrocarbon feed. For
a feed qf benzene, a catalyst comprising chiefly of molybdenum, vanadium and
oxygen is preferred for best resuits, l_)ut for n-butane, a catalyst comprisiﬁg mainly of
25 phosphorus, vanadium, and cxygen, is preferred for best results. With a feed of
| unsaturated hydrocarbon containing about four carbon atoms, a catalyst comprising

- principally tungsten, phosphorus and oxygen is likely to show good results.
Generally contacting the hydrocarbon in the presence of oxygen with the
catalyst is conducted at temperatures in a range from about 360°C to about 530°C,
30 but preferably not over about 450°C. . The oxidation of n-butane to form maleic
anhydride may be accomplished by contacting n-butane in low concentration in
oxygen with the described catalyst. Air is entirely satisfactory as a source of oxygen,
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20 amount of water added is about 5000 to about 35, 000 parts per mllion by
wei ght of the reactor feed gas stream Residence tines 'ﬁ'{% gStream
will normally be | ess than about four seconds, nore pre era ess than
about one second, and down to a rate where less efficient operations are
obtai ned. The flow rates and residence tines are calculated at standard
conditions of 760 mmof nercury and at 0OC. 25 A variety of reactors will be
found to beyvowdeimde and nultiple tube heat exchanger-gomgoiBagtors are
quite satisfactory. The tubes of such reactors may vary in diameter from

about one- b‘ﬂP%{ Qh%(l% b a%est % c?(gitﬁtandh&luentpnchesﬁ?hgsn%){%%r]\%tr:n%ﬂ %ggmay be wvaried

from about Ttion is an
exot her m émpyed. | Arendaied withexyetomey be ededt i vel y cl ose control of the

reaction 30 teumegaaéwser&dsa@ymo% H)?dﬁ'ﬂ&rﬂe'a@tgrs Wil nbrihafleSdniAPLE to have the

surface of the reactors at arelativ g/ constant tenperature and sone
medi um i s ABERRY 98 RERAHIT ™Rlearersanbat hrchyeresarbasy §U0hsﬁ§c¢ﬁné§1el ead and the

li ke, but pidandabutbeenorf wmbnbhamb@ut@@ttwaboﬁtahts Rakhgeradng £appl etely
sati sf act sodium -17 25 January

uch. s ba umn
2006 WO og])’%’iia%?é‘ ‘%Eﬁc‘ﬁﬁéﬁ f%rz@i"ﬁ“rﬂuyﬂeﬁ ‘Efé"a'e‘é‘h%r‘“ﬁéﬂd&é%ﬁ* RPFFRL e eutectic
const ant tiihipeerdonr altheugit higrer coNsertthtionsi noayale empirtybr dxpibsiieanpadat ure contr ol

i 10 use nyHBlaAbouplAck LB@@r%%enEQfSﬁ?QMhé RitirXaibBh foeadtblie @w%ﬁg the tube

act as ate erature regulatin recognl Zed one skilled
in the ar@Poytgae Iﬁ@"&?“"e&f&qﬁrﬁ@éﬂ"’ FPQEE%WMYB@ qbtained eqmﬂiq@t&@‘er s

tenper at urraeéaamdwma &% ﬁh&ﬁ@‘ﬁ&l? e#ﬂﬂ% dd8r &dokiGic Té’é@orfseame(%w%te eaction tubes
may be a gtuasl nrea%%%g ﬁ?}ﬁ on steel T&"ﬁ el M'%@ass t ubes such as
Vycor, ang1 Qng e PN e 58 FioSP ke arer Witk ather whss Iimitsit excel | ent

| ong | i f e therpdeferredvengroni dperaions isaf thehrate of simot 10010 slesicadobed ohesei n. Nornal |y,

t he react ial such as
the quartgﬁ'sﬁ"ﬁfﬁé%a g w%gh nr%_%ﬁb?ergﬁyf] b%pmdaatoa du %6 gP%%J bal 1o hi kel
bal |'s, or P RSt pr hopke weéﬁewrata& maksotie hyteee roaidatuonoarmees tenth the

vol uressof uhdrtemaﬁibalve\ iyt mﬁpcreeér@eﬁve aTh@w REPE R 0810 fatgﬁgt' on may be
vari ed w EQd reaction shou e conduct ed

at a tenperatcffr rPT‘ﬁ“?‘P“ié?C&Eeﬁé? Oé‘ﬁtatlﬁsg%ﬁr hpur, Jderegre catglygtywhiston reaction is
exot her m ehaandominpremiseant iwben issbjettstetoviny  hotilyespaaé Welptiy RsRnAéd 15 the salt

~bath or oRhRE sﬂft‘\g'v@mdoér )FIQECOﬂ%u%ouanftwaqV}aa\édéJ 8@8%}&10}9@& l)%tf g{ the reactor

and -control the reaction oper at1 ons are ned when the
reacti on 40.000 parts per milion by weight of the reactor feed gas stream. The preferred

20  amount of water added is about 5000 to about 35,000 parts per million by weight of

' the reactor feed gas stream. Residence times of the gas stream will normally be less

than about four seconds, more preferably less than about one second, and down to a

. rate where less efficient operations are obtained. The flow rates and residence times
are caiculated at standard conditions of 760 mm of mercury and at 0°C.

25 A variety of reactors will be found to be useful and multiple tube heat
exchanger-type reactors are quite satisfactory. The tubes of such reactors may vary
in diameter from about one-quarter inch o about three inches, and the length may be
varied from about three to about ten or more feet. The oxidation reaction is an
exothermic reaction and, therefore, relatively close control of the reaction

30 temperatures should be maintained. it is desirable to have the surface of the -
reactors at a refatively constant temperature and some medium is needed to conduct
heat from the reactors, such as lead and the like, but it has been found that eutectic

salt baths are completely satisfactory. One such salt bath is a sodium nitrate, sodium
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tenmperature enployed is no greater than about 10 to about 30C abode tale

salt bath tenperature. The tenperature of the reactor, %J%g% 8goaM | |
al so depend to sonme extent upon the size of the react or “ an ?grocar bon

feedst ock concentration. 20 The reacti on nmay be conducted at atnospheric,
super - at nospheric or bel ow atnospheric pressure. Typically, the reaction
is conducted at superatnospheric pressure so that the exit pressure wll
be at ‘| easwmshhghisl y hi gher than the anbient pressurgrplspyeisure a

positive flow fromthe reactor. The pressure of the inert gases nust be

suf fi ci entylite h r (Feactor. 25
Mal ei ¢ anht{?;riidtaés%wﬁgggir@gﬁ%nﬁ %‘?at&@%xthﬂa %g%dkl own to those
r

skilled | mquﬁ‘)tl“’eé“o?atf%l‘seto Usp@ petalotjeckyespiny \ntﬂerebx/thawﬁ%@@ condensat i on

or by adsmrqilmumg thentuisa kck adk &:n’(&@cu@e ré@hlbfhgsdéﬁf' Ad \ﬁnrllﬁé)?erc@édlz‘égg?”dl | serve to
Wi Wi

i ficat h I h d
P ovi do- o OpsRled T8 of et SEPAE Moo RN BF P! BUPS ORES 0. be.
under stfoodenesdturetby deatexcmpbes aaf he ey élfhefrafctdr lof reattion tube€mapbs poses only
and Shul doflfaiiEed L1 G Shop hickd L de ok By SORL Offa e Y Wy Thi s

invention In es processes ion hal i c
anhydr i de Ba¥icagpon stepang micks) &besx haya ekestent @agtlferunmmqoadmgs aftpd urality of

val | ed - 1eea2fon el dGA0 N (LU0 RETLCAFLREDRMe Cllihy S 2007 di ng

to the inyention., Preferabl t hal i c _anh roduce catal ytic
oxi dat i on*8f"5.% F'é%é“%‘[a ‘?%rﬁ”g%ﬁhﬁ?@@ %‘B"dgﬁbdtpeﬂﬁﬁ@% GEFRMAC sol i d

catal yst, bsllachlcm ballsy anetdpsuamdtthd thei presedk gi0sbduCeiedlalf b oRCRAthdhdd to the

si npl e cb&mga}dthggmgbﬁg%stﬁre}%nhe(CHS)2 CoH4 + 3 02 => C6H4=1,2-(CO 2 0 + 3

H20O The main side react conpl ete oxidation of o-xylene. These
oxi dation redéeitwrrsraiyre oljeadtionk maywke vasiedwitiin gimheyliméte ottt aarmmhlty.theThi s | nvent i on

2l so compréatmen soazeanalill 44 Eblanrolinf DA Bri fe | oxi de using
at | east gne.oxi nprising | ur al wal I'ed conduits

i on _react or
to accor dPAFHPR r‘?aﬁé on R GEEOR aﬂfﬁ?@?é?a&ﬂws “@‘i‘EﬁWYeH’@ f?ﬁtfi BHEPASE opr oduced by
cat al yisi cthexsatizatham oter eibliyh esie cohdudt Rk WSy Ha RIS o0 feaSiol | Ci & CArri er

> b ot §vo s KA R AR el 1R Fefebonpl cte
oxi dat i ontegPe@fyig papleyed is no greater than about 10 fo about 30°C above ihe salt bath

temperature. The temperature of the reactor, of course, will also depend to some

extent upon the size of the reactor and hydrocarbon feedstock concentration.

20 The reaction may be conducted at atmospheric, super-atmospheric or befow
atmospheric pressure. Typically, the reaction is éonducted at superatmospheric
pressure so that the exit pressure will be at least slightly higher than the ambient
pressure to ensure a positive flow from the reactor. The pressure of the inert gases
must be sufficiently higher to overcome the pressure drop through the reactor.

25 Maleic anhydride may be recovered by a number of ways well known to those
skilled in the art. For example, the recovery may be by direct condensation or by

. adsorption in suitable media, with specific oberation and purification of the maleic
anhydride.
The following examples will serve to provide a fuller understanding of the

30 invention, but it is to be understood that these examples are given for illustrative

- purposes only and should not be interpreted as limiting the invention in any way.
This invention includes processes for oxidation of o-xylene to phthalic
anhydride using at least one oxidation reactor comprising a plurality of walled
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75 CH2 CH2 + 3 02 => 2 Q02 +2 H20 Both reactions are well known to be

hi ghly exothermc. Wile the conditions for oxidation of2®idhiafnEn0s0

et hyl ene oxi de include tenperatures not exceedi ng about 250C the heat of
reaction is usually renoved by boiling water on the outside of the tubes.
At tenperatures of reaction exceeding 20 about 250C, the |iquid cool ant
boiling on the outside of the tubes is a hydrocarbon. As it forns, the

vapor | eavemdsfinedeactor shell and is externally condansgdzédhus
generating steam. Liquid coolant is returned to the reactor shell,

pr ef er abl %o RWits 9§c%¥chr§gytn the m@“ﬁﬁénd fJFerré’n;gSm{g@ucg%r{Rm s &B?\%Q&” g fail. The

mai n advan age o k%rosene range
is that t lﬁétalpmce%@ﬂtlencﬂﬁ OtW@n% Hteffbmsﬁbﬁt!t 830°Q 30 tﬂheutr@é‘tﬁ with jassdliéss t han about

3 bar. Th%atgfyéa@é{@ﬂtaé%evér%d:hﬁﬂﬁanhhﬁ ofyf3eh alalysf acJoldﬁﬁ‘TBb he-siMfle tenperature
in the reactor tubes is maintained at the désired | ével by automatically

adj usti ngc'i‘%‘:%ﬁ‘é‘éaé'afﬂe of ‘the boiling coolant on the outside of the: tubes.

Tur bul ent m xi ng of 1eheHgoolRAB ozs:>rcfggw1r2e(¢d)2(30 wiaM,01 ze radi al variations
in the 30 gactor terrg(gt%r atu eat trafnsfer

coeffici ents HhSVE "SGR 1o h&ﬁg}"ﬁﬁ%?gd‘ﬁ@” rPgt0 ’ﬂET‘?or e 8?’153 PHe 1ength of
t he t ubes reaskions ateheeitkppwiofo be iighly ekaisgrmict he t enperature rises rapidly (the

GOt Spot ).  EnURARSAANRIRHLR FrriSRL L IBLNTLLEDEALEE for the | ast

60- 65 percent of the tube |engt 449
PCT/ US02/ 9¥8% 05 8f BRFipra %f@ﬁ*ﬁ@f%ﬁctﬂréomw&ﬂngu%pm@w I§f Wiflegdtcophits hot  spot i s

i npor t @nt acddtdiny td mépm@mm e$>re$aru§se étﬁwfe Sdee bt prodiufckd 19 @tk ene oxi de
because nor, rbon di oxi d& and wat er.

of th ed
Mor eover , %’ﬁaé"’gx%t%@’? ﬁ'e?alver ?UPP%" ?rbr? ?'Ec'a RIEH HPGnWEN £8P car bon
di oxi de feinmwn'mx;deancbrmwtoé)ecsmde themidabeqiatidveat renoval s capacity of the

coolant (a "runaway reacti cirt';]_) CHTm@ -ACLEIgnat i ng reaction must be
avoi ded. Reactor pressure can range2 romd(’:@i Gt 1 to about 30 bar, but is

typi cal | y ThaBgileidegeacionip fgcompets giidatpRaf phdengure is chosen with regard to

saf et yis handl i ng, equi pmg,ng cHang oQthercanad,ocal considerations. Hi gher
pressuresg

Qﬁ% lc}t he usffkno &%%ﬁ% nS LII prrent to handl e a given
production ATEOBRNRYET MOVR ptae] envel ope expands sonmewhat at
hi gher pressuMésie thikesoatiitions efdu oxidafiod ei ghylmaet toopthylerfeo bixigee liretttie Nng an
oper at i Ng Rt Ad: ekeeHg bbdut S5 ¥nd P ¥ERalihR 1O DGy YOS LpPer ati ng
boiling water on the outside of the tubes. At temperaiures of reaction exceeding
20 about 250°C, the liquid coolant boiling on the outside of the tubes is a hydrocarbon.
As it forms, the vapor leaves the reactor shell and is externally condensed
(thus generating steam). Liquid coolant is returned to the reactor shell, preferably by
gravity, to avoid reliance on a pump that could fail. The main advantage of using a
refinery fraction boiling in the kerosene range is that the pressure on the shell side of
25 the reactor is less than about 3 bar. The disadvantage is that the coolant is
flammable.
The te'mperature in the reactor tubes is maintained at the desired level by
automatically adjusting the pressure of the boiling coolant on the outside of the
tubes. Turbulent mixing of the coolant is required to minimize radial_variations in the
30 reactor temperature and to provide a high heat-transfer coefficient. However, the
' temberature is not uniform along the length of the tubes: Near the top of the tubes,
the temperature rises rapidly (the *hot spot”), then drops again to a nearly uniform
temperature for the last 80-65 percent of the tube length.
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region. Typically the gas hourly space velocity is in a range of about 2500
to about 15 7000 hr -'. Gas hourly space velocity (GHSVpsijanidig2u@ une of
gas (neasured at standard conditions) that passes through each volune of
catal yst bed per hour. This invention also conprises a process for
preparation of acrylic acid by oxidation of propylene using at |east one
oxi dation reactor conprising a plurality of walled conduits according to

t he i nvent iwwsndiypi cal 'y, the catalytic vapor phase 2fc@sosiassoon of
propylene is carried out in two stages i.e., oxidation of propyl ene to

acrol ein and Jic Cld an at.i on_.0 in.to.a c acid. In
the first st ag‘é{ 'ﬁ'l”gcaa mpﬁ'ﬁ%@'g" 6Ba°i°(ﬂl? Btr%f)?] {eﬁ%o‘? % 'er°§%'?e 'ggccordi ng to
the si aplignpehanes cduse pwepsatrcligly tOHRyldDe 0B becadge more@fe@MYBAH + H20 25 and
30 2CH2CH > oxi dati on of
propyl ene%r%gft O%{;@gﬁ&gﬁ g#d%t%%ZM &a{hg E%tgé?mk%%néfq%%g H20O and

f or et i on eEh Aigher for eatben dicxige TFNatPR: andz:as e@@eéﬁhechsal@w{emo@z +-H20 The

mai n re@cgﬂg&i ﬁn@%o&é‘rﬁ%‘%% abdchdh?). a9 hReRrdify AGEINIMusast d, s shown
bel ow: 2=>3C0O+3C02+4H20 These oxi dati on reactions are well

known to BF¥#gdgh| y exot hermic. -20 25 January 2006 WD 03/ 011449
PCT/ US02/ 2255Reaemep@tduys caf engsses abutt he atweediban a & gipivdiged i nto an

oxi dat i on 85116 90 BN 20.8aPUIA] bEALLAD AR W e BGfXhalphiPn et | on

pr opyl ene TS cata cal in the
first stacgevipagnd, Qﬂﬂ ﬁlaﬁrr;plracbc%@br&!dbsaﬂmr tHigher afessusss mmltdhﬁ: e of t he

i nt er megdli af@ydmeXlibthént tdhadaR §§i9ém&oc§1cﬁ&ﬁrateo}%mié(rerbf% Rafirbslatil@n reactions
are 5 carried out in at |east one fixed bed oxidation reactor conprising a

pl ur al i t y SBYEIRREIF¥RIdS SBRBUIRL &t AGRY MRS dh%r%’ TEPNPG: Fe5N OPYPNE he

purifi cat if@Relgeting iappperbtiig poms thatis suffitip remoeédd franethie Unsafe ordratielg by di r ect
contact with vvat er, and acrylic acid is absorbed by the water. The aqueous
acrylic adf4P"sol ution azeot ropically distilled with, for exanple, nethyl

i sobutyl ket orfgpicaliithshgdsoraudy apacavelotity b aviange whalout 2509 to lbeutr enoves t he

15 7000 hr ', Gas hourly space velocity (GHSV) is the volume of gas (measured at
standard conditions) that passes through each volume of catalyst bed per hour.
This invention also comprises a process for preparation of ‘guiyiic acid by
~oxidation of propylene using at ieast one oxidation reactor comprising a plurality of
walled conduits according to the invention. Typically, the catalytic vapor phase
20 oxidation of propylene is carried out in two stages, i.e., oxidafion of propylene to
acrolein and acrylic acid, and oxidation of acrolein to acryiic acid.
In the first stage of catalytic oxidation, propylene is reacted according to the
simple chemical equipments:

CH,; CH CH4 + Oy => CHy; CH COH + H,O
25 and

2 CH;CH CH3 + 30, => 2 CH; CH COOH + 2 H,0

The main side reactions are oxidation of propylene to carbon oxides:
2CH2CHCH3+7.50,=>3C0O+3C0; +6H,0

and formation of acetic acid:

30 CH; CH CH; + 2.5 O, => CH3 COOH + CO, + H0

The main reaction in the second oxidation, acrolein to acrylic acid, is shown below:
2CH,CHCOH +5.50,=>3C0O + 3 CO, +4 H,0

These oxidation reactions are well known to be highly exothermic.
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to water fromthe product stream Beneficially, the crude acrylic acid is
purified in a continuous two-columm systemto renove thgshérggb,m heavy
ends. According to one enbodi nent of the invention |iquid propylene (95
percent by weight propylene and 5 percent by wei ght propane), stored under
pressure, is vaporized and m xed with conpressed hot air. Advantageously,
steam at el evated 15 pressure up to about 250 psia is used as a diluent in
the feed fqfof3gldi@r reactor operation. The feed m xtpu6ciBMsspe Preheated
before it enters one or nore first stage oxidation reactor. The tubes are
packed with a _solid oxidatiaogn catalyst, for . exanple a

mol ybdenum bi SAAHYt Wﬁf‘ges“ﬁ%srf’fFﬁe%‘é‘ﬁmé?%iaf?ed“@%ddrl‘t%‘f‘ %%’I"f‘ &84 on the shel |
si de act s aaarifiaation @baioh., Inthé clidation septieh, propyienady ctalytioeliowidiza@hisur e steamin
salt 20 bath coole i C th ress - reactor tubes
is |less tﬁ'é%’ aﬁ%geﬁ”[ ("%EWDF({E{FE %%osk ¥ét? & g‘ﬁq ‘38/ aﬁ@@cﬁi cfdn nfglgfﬁ%é{r Bigah%'ts]?f. Effluents

f r om eachthefintermeditiersixtugst indhe seprindisiedeo nOmeceichodlt exidation rAagisds wiet. h addi.t i onal

conpr egsed; ROt o @infat fae Jﬁe%medrﬁxﬁﬁwr@acﬁﬁe&namm% Sl biGualisy Preheated to
bef or t t t he

the reaction tenperature el enters second- st age oxi dation

react or s, CHREIEECEHENG & BE dvantics. dxihaipyrdigatiop sgetiopy the 9asesuREROr Pref er abl v,
the S?Cpndﬁtﬁénﬁﬁebo@iiéi:i qb@td'irfeét doetalaltmmsﬂa@err.ear@al apylis aetilis atbﬁdrﬂeﬂtbﬁ tiesi gn
conprising a plurality of ! condui t s, accar di to t i nventi on,
DI R R et i e e L L S S s
sal t in t hethgihisblly) ketapei whith érme bt ereckeret withswaigreahdttiusgemeveatte medi um
pressuy.e i o] Q1 Sitva LY Ak Y ik b sure drop across
t he rg{aoct g‘%@_t u @??@%%@?ﬁ@ﬁ%ﬂ?&%e-E%@F%éllrlée/?%é %ﬁ‘?@ﬁf“z@? t han about 10
psi . The §HSRBYSMerclmsystemdaremors Grlidhand heevy ¢iélssecond- st age oxi dati on

reactors are hedrding t3 oflt'eMBEIAESR OF A6 invéarfiak Iidditﬁprbﬂnén@r@@;ﬁeréelﬂﬁlgﬁbsor ber.
Water is -21 25 'J%nga%é %006 03/011449 PCT/ US02/ 22550 used to quench the
absSo

/
product mVRER BORYIH (PEfoRat BE MG PRRaNg) SHPLACTEPESHG & n, acetic
aci d, andvagbtieed andmiadawithl eorpyespedolht @ir.s AdGatagsosiyc biears aClevaB?, 02. N2.

St eam B OBaREre A0% HRNEASH Gaht 0l NPARKh nthe NoPferkhbaBhsOr Der . The

gaseous acrylic acid solution leaving t e quench absorber is
s cool ed SrREIRAEr (Thaliess MRYR M@y be prahpeied Bgforstit eHerscie iinag fithe | i qui d
absor bent gtade ofEkiyiredacBat TR tibebiakd pRked WL H soifd Bydbtedvstageor | S added to
e Syt e oG b S B BRSSP B SLLSAT Wl Sdsgl Product
shell side acts as a coolant, which is used to generate medium pressure steam in sal
20 bath coolers. Typically, the pressure drop across the reactor tubes is less than about
20 psi. preferably less than about 10 psi. Effluents from each of the first-stage
oxidation reactors are mixed with additional compressed hot air and medium
pressure steam. The mixture is preheated to the reaction temperature before it
enters the second-stage oxidation reactors, where the acrolein is Bxidized to acryfic
25  acid.
Preferably, the second-stage oxidation reactors are also shell-and-tube design
comprising a plurality of walled conduits according to the invention, with a
molybdenum-vanadium mixed oxide catalyst in the tubes and molten salt in the shell.
Again the molten salt is used to generate medium pressure steam in salt bath
30 coolers. Typically, the pressure drop across the reactor tubes is less than about 20
psi. preferably less than about 10 psi.
The gaseous product streams from each of the second-stage oxidation

reactors are fed to a quench absorber near the bottom of the absorber. Water is
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percent by weight of acrylic acid enters the purification section of the
process as feed to the azeotropic distillation colum. 38,inAnshdeer
enbodi ment, this invention includes processes for the oxyacet@f]atl on of
et hyl ene to produce vinyl acetate nononmer using at | east one oxidation
reactor conprising a plurality of walled conduits according to the
invention. Preferably, vinyl acetate nononer is produced by catalytic
oxyacet yl atw®sn@fsaet hyl ene at tenperatures of from apemdsedniy to about
200C with a solid catalyst, such as a 15 si i ca support 1 npregnated with

pal | adium gold and ot assi um acet ata geeor d| to the si.mpl e
cheni cal g%fq %‘ﬁ“"th % PIQYYycs mixtye a%lp ’CBB‘ pUNFREEY " 2 H20 The
mai n si de arceta:cédldOland Sthblhmnﬁﬂamé BY-producisd abasen sodh s@0t @02 S02, Niese oxi dati on

reactions 8 ea{rwvlwg:"pane gﬂgmegﬂe &Pé}é]qu Ey t tﬁ@(faé %Fﬁg}agsortfeq I'n yet another

enbodi ment’, I'nventi on processes oxychlorlnatlon of
et hyl ene to priiegeseons hwiaﬁelddpléﬁﬂﬂtha\/ﬁ@th@boﬁaﬂmpfdm aueoeh HBAEY iusi ng  at -

| east ope daes:bai%m ) BEHAIG 6L ko q&m%& bGle %olEhInH Rlihd Yol adeBlk@d Londuits
according t inventi'on. Preferably, ethylene dichloride is produced by

catal ytic RS‘!W@H@EB?‘I APt rsucih As @Y"H?q”é‘ﬁ@e |'-°haqdﬁ€ tgy e YpeBraeohitym about 200C

to about 35@aeavamrtﬁnmﬂeaﬂ Zhe equiedly srbduct, @hich XpERlyecon@Aplaboug g or i de wi th or
wi t hout ot her t?FCtIV port such as

s e, P el o 2o o s ot BTG e Oy PR B P D
accordi ng temetah@trsplqptbmlandmmuml equation: 2 (CH2)2+ 4 HCO + 02=> 2

G20 - %_'20 t o&ln@ tadfﬂlst 'fﬁ@@ﬁronaltmkﬁe r@?és@és CleI gﬁé des are nost

usef ul preferabl ch or| es o pot assi um |um or lum (KCl, LiC,
or NaCl). UFY?éeW'é Qi %FBY'?@a"@tli”@‘ﬁ“?ﬁ"“ﬂ'h@f’e"aé%ﬁ’ﬁﬂ@t‘@ ‘éﬁk‘lgd%'?@h °B¥ reactants.

These oxi diidhtdn réeﬁﬁfat:bra;ﬁr&m Topl Ny ofmﬁa@bohwtb@ccdﬂdlﬁwoyheeix@hmrm c. -22 25
January 2 CT/ UsSQ2/ atures and

0
advant agegzp%f?ra (Ch W&Cﬁ@ff %W”ﬁbﬁzﬂogf'f?g%?8?talyté(5<%?19§$yrlﬁth8n UfEM*B% conversi ons
of organi at mwmtumfﬁmmbutdwmmpnad@fetmtm asolidcatelydancteasm t h thi s

| nvent |,on g SRR Fifai®) VA [l S IR SREEHLA Rk BRgRPSed and or

enpl oyed for co e exot n vap ase processes 5 using a
fixed het #%@Pﬁé@&e Yapla Fiestical ?Wé“‘f”ol | owi ng exarrpl es are given. EXAMPLES

2 (CHg); + 2 CH; COOH + O, => 2 CH3 COOCH + 2 H,C
The main side reaction is the complete oxidation of reactants. These oxidation
reactions are well known to be highly exothermic.

20 in yet another embodiment, this invention includes processes for the
oxychlorination of eihylene to produce ethylene dichloride {1,2-dichloroethane) using
at least one oxidation reactor comprising a plurality of walled conduits according to
the invention. Preferably, ethylene dichloride is produced by catalytic oxychlorination
of ethylene in the gas phase at from about 200°C to about 250°C with a solid

25 catalyst, for example, cupic chloride with or without other active ingredients,
impregnated on a porous support such as alumina, alumina-silica, or diatomaceous
earth, preferably alumina, according to the simple chemical equation:

' 2 (CHy); + 4 HCI + O, => 2 CH,CI-CH:Cl + 2 H,0
Among the additives, alkaline metal chiorides are most useful preferably chlorides of
30 potassium, lithium or sodium (KCI, LiCl, or NaCl). The main side reaction is the
. complete oxidation of reactants. These oxidation reactions are well known to be

highly exothermic.
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The test program eval uated each reactor tube configur ation for the highly
exot hermi ¢ chenical conversions in the naking of maleic f@@rﬂ[@?@%d@y

oxi dation of n- butane. In the exanple, the terns "conversion",
"selectivity", and "yield" are defined 1o as follows: Mles n-butane
consuned Conversion (% = X 100 Mol es n-butane in feed 15 Ml es maleic
anhydri de produced Selectivity (%9 = X 100 Mol es n-butane consuned Yield

(W. 9 = [Weonwensi on (9] X [Selectivity (%] X 169 g&nkbpnipl | ow ng
denonstrati ons enployed a pilot-scale flow reactor containing a fixed

het er ogeneous gat.al for. continuous vapor-phase oxidation of n-butane
with aigr. The an'Ff%ﬁg@aﬁ%@“?ﬁsﬁn&ﬁq"ﬁ?%ﬁié’g t'?fpﬁ'gtif’?]@ﬂd PRRATRIH} ?Tube whi ch was
i mrer sed iexoﬂ[lemejathemiaaamm'siomed’lqngan(cgmmpomdm@p mluljmml:iecgpros?gtsim Tge react or
t ube was eguy ' A i =inch id i Qwe
determ natfwgtr)\ﬂao tw\erF {ﬂqéﬁﬁng%tsbﬂr% E?@ﬁ@e o?ﬁﬁfg‘h}é\ﬁeeéa aﬁ{}gt Ullsa d along the
axi al co- oPERa§ed EndiereraRievRd dxrarRpire o thaupxollise i MERonPhase. Processsh conmer ci al
har god L0 B e e B e i o exanpl & the ¢ est
arged to the reac :
;r og?am descri bed above was usegg%ﬁéb'gﬁ uate a 3o cylindrical reference
reactor havingTi tesi programceveliates esathi osncof tube CconiRjutations foTEAS Uigkid bI nt ae%ane
e, Conoereralls MRt fradrith AR thafng B RoiChrr 08 Y BB i “a 2000 sy
in- the cauWaesin hescarnmel the intns ‘epnvesion’, tseleplditit andeyielf” are dgfinetthe nal ei ¢
anhydr ihgle siigloWs: Was 65 percent by. wei ght after the catal yst was full y
activated. The tenperature 35 o&jslnl e of c{g hemgélt al yst bed al ong the axi al
co-ordi nat e exhi bi eqrgr%‘TWf—w- PpEae consy s%]?‘gplrjary 2086 V\ﬁ 8260;;332
PCT/ US02/ 22550 Exa g Thl—p—g)&ﬂ-ﬂ?—e—t—ge—t—e(g iy fogr arnt :asct bed abo
was used to denonstrate a reac \ o “Vol une for catalys
613 cnB distributed according to the invention into four contiguous

cylindi$cal zones as shownMplgs Trisiceantydride produced
Selectivity (%) = X 100

Moles n-butane consumed

Yield (Wt. %) = [Conversion (%)] X [Selectivity (%)] X 169
20 The following demonstrations employed a pilot-scaie flow reactor containing a fixed
heterogeneous catalyst for continuous vapor-phase oxidation of n-butane with air,
The pilot-scale system included a 48-inch reactor tube which was immersed in a heat
transfer medium comprising of moiten salt. The reactor tube was equipped with a
1/8-inch axial thermowell which allowed determination of the temperature profile of
25 the catalyst bed along the axial co-ordinate. in each example a suitable amount of
fresh commercial catalyst, ie., a vanadium-phosphorus-malybdenum-oxygen
catalyst, was charged to the reactof tube.
Comparative Example A
In this example the test program described above was used to e\)a!uate a
30 cylindrical reference reactor having a uniform cross-section of 5.07 cm? as measured
in a plane perpendicular to the centerline and a catalyst zone volume of about 618
cm®. Concentration of butane in the feed was 1.5 mole percent.” At 2000 VHSV in -
the catalyst zone and a molten salt temperature of 419°C, the maleic anhydride yield
was 65 percent by weight after the catalyst was fully activated. The temperature
35 profile of the catalyst bed along the axial co-ordinate exhibited a maximum of 471°C.
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Tabl e 1 Catal yst Tube Tube Fraction of Percent of Total Geonetric
ZonelLengt hl. D. Axi al LengthCatal yst Vol uneFactor x 102 124 juhuddy 8406
in.0.291719.287.37 1112 in.0.87 in.0.250019.079.23 1oll1112 in.0.98

i n.0.250024. 2910.42 V10 in.1.33 in.0.208337.3616.99 Concentration of
butane in the feed was 1.5 nole percent. At 2000 VHSV in the catalyst zone
and a nolten salt tenperature of 395C, the naleic anhydride yield was 91
percent by waeisghtusafter the catal yst was fully acti vag@gsolagot enper at ure
profile of 15 the catal yst bed exhibited a maxi mum of 446C. Exanple 2 In
this exanple the test program desgcyli bgd‘ above was used to dernunstrate a
reactor having a volune for catal §>§ about 620 cnB distributed according
to the i nventindms xampieftor testryngran Wesmsibed/dbovriwascieed 2o dersonakats hown i n Tabl e
I'1. 20 25/ I SRt t i C
Zonelengt hI & %?Ig%gﬁglﬁmgqaeca-{ﬂﬁ & édourur?e&gc%l%ﬁbuxgégl%lcm@ﬁ?gf %Eengt h 14
in. 0.81 |ri"‘@nwi'ttq@umt'ww M‘ﬂdrtcﬁ' ZgnesAsisheve.indabie?. 017:91 11114 in-1.12

in.0.294736. 7410. 22 Table 1
Catalyst Tube Tube Fractionof Percentof Total Geometric
Zone Length LD Axia} Lenath Catalyst Volume _ Factor x 10
! 14 in. 0.81 in. 0.2917 - 19.28 7.37
l 12 in. 0.87 in. 0.2500 19.07 9.23
10 12 in. 0.98 in. 0.2500 24.29 10.42
A 10 in. 1.33 in. 0.2083 37.36 16.99

Concentration of butane in the feed was 1.5 mole percent. At 2000 VHSV in the

catalyst zone and a molten sait temperature of 395°C, the maleic anhydride yield was

91 percent by weight after the catalyst was fully activated. The temperature profile of
15 the catalyst bed exhibited a maximum of 446°C.

‘ Example 2
In this example the test program described above was used to demuonstrate a
“reactor having a volume for catalyst of about 620 cm® distributed according to the
invention into four contiguous cylindrical zones as shown in Table |1,

.20 - Table Il
Catalyst Tube Tube Fraction of Percentof Total Geometric
Zone Length . D. Axial Length Catalyst Volume _ Factor x 10°
! 14in. 0.81 in. 0.2917 10.28 7.37
-25 . K 14 in. 0.87 in. 0.2917 22.01 7.91
il 14 in. 1.12n. 0.2917 36.74 10.22
iv 6in. 1.33in. 0.1250 2218 28.31

Concentration of butane in the feed was 1.5 mole percent. At 2000 VHSV in the
catalyst zone and a molten salt temperature of 389°C, the maleic anhydride yield was

30 90 percent by weight after the catalyst was fully activated. The temperature profile of
the catalyst bed exhibited a maximum of 426°C.
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V6 in.1.33 in.0.125022.1828. 31 Concentration of butane in the feed was 1.5

ol e percent. At 2000 VHSV in the catalyst zone and a ”Qﬂfé‘ﬁhaﬁ?éd 6
tenperature of 389C, the mal eic anhydride yield was 30 90 percent by wei ght
after the catalyst was fully activated. The tenperature profile of the
catal yst bed exhibited a maxi num of 426C. -24 25 January 2006 WD 03/011449
PCT/ US02122550 Exanple 3 In this exanple the test program descri bed above
was used teodepnpstrate a reactor having a vol ume fopeG@bidsst of about
616 cnB distributed according to the invention into four contiguous
cylindrical zones as shown in Tahle II1l. Table Ill Catal yst Tube Tube
Fraction of Percent of Total Georr@fPPE3zoneLengt hl.D. Axial LengthCatal yst
Vol uneFact or xn Hexbhpleitine ©st plogramDdeRbiii@d 4bd4 wal Lised thAbmdBtrate.20. 87

i n.0.2500 ' i.0 : iy 1. 33

in. 0.2292 el B2 Yt ol Cor o fe GhoiertblitaSecadi ol 1 2° )
percent. AfveRrt@ointyfagreantiguokecylindicalizpras ag shawndndakie Mol t en salt tenperature
of 384G The mal ei ¢ anhydride yiehdndl was 89 percent by weight after the
cat al yst fully_activated, The tenperature profile of the catalyst bed
exhi bi ted@?%iji mu %ﬁ 455C W0Ex anplasion of n PPNt %L1 e CePiBStEest program
descri bed 2beve waenghed totdenpnsid birmtha Cdtaigs velombaiaagr a10fol une for
catal yst of about 620 cnB distributed according to the 20 invention into
four conti gtfous cylindrical zones as shown in Table IV. Table IV 25

12 in. 0.74 in° 0.2500 14.64 7.91
10 I 12in. 0.87 in. 0.2500 18.98 9.23
f 131in. 1.12in. 0.2708 26.19 9.62
hY 11in. 1.33in. 0.2292 40.19 15.44

Concentration of butane in the feed was 1.5 mole percent. At 2000 VHSV in the
~ catalyst zone and a molten sait temperature of 384°C, The maleic anhydride yield
15 was 89 percent by weight after the catalyst was fully activated. The temperature

profile of the catalyst bed exhibited a maximum of 455°C.

Example 4
In this example the test program described above was used to demonstrate a

reactor having a volume for catalyst of about 620 cm? distributed according to the

20 invention into four contiguous cyiindrical zones as shown in Table IV.

. Table IV
Catalyst Tube Tubé Fraction of Perbent of Total Geometric
Zone  Length D, Axial Length _Catalyst Volume _ Factor x 10°
1 14 in. 0.81in 0.2917 19.08 7.37
25 i 14 in. 0.87 in. 0.2017 22.01 7.91
m 14 in. 112 in. 02016 36.74 10.22
\Y 14 in. 1.33 in. 0.1250 22.18 28.31

Concentration of butane in the feed was 2.0 mole percent. At 2000 VHSV in the
catalyst zone and a molten salt temperature of 383°C, the maleic anhydride yield was

30 81 percent by weight after the catalyst was fully activated. The temperature profile of
the catalyst bed exhibited a maximum of 446°C.
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Cat al yst Tube Tube Fraction of Percent of Tot al _
Lengt hCat al yst Vol uneFactor x 102 114 in. 0. 81 i n®523Ad:

D. Axi al
[114 in.0.87 in.0.291722.017.91

Geonetric ZonelLengthl.

2084 . 37

11114 in.1.12 in.0.291636. 7410. 22 |V14

in.-1.33 in.0.125022. 1828. 31 Concentration of butane in the feed. was 2.0

nol e percent.
t enperature of 383C,
after the eaj@lymio was fully act

catal yst bed exhibited a nmaxi nrum of 446C.

PCT/ US02/ 22550 Exanple 5 In this

At 2000 VHSV in the _
t he mal ei canhydride yield was 30 81 percent by wei ght

catal yst zone and a nolten salt

i vat ed. The tenper at up&dieiidhe of the
-25 25 January 2006 WD 03/011449

| e the test program descri bed above

was used to denonstrate a 5 10 re[_;@f“g‘g “havi ng a volune for catalyst of

about 617cnB  Witkis exdppieabe weiqoogiim descobeidiabovei wasentd ioroiemats&%ifa@ur bcogt I guous
cylindric e 4 2 Vi & e Tube Fraction
of Percenf']eg o?lg 3 ihc;mrr%ft% #dgai gtr%#e 3%1{6 ?::I%pﬂ x'xmgﬁta@enﬁgh%at al yst
Vol umeFactiBYenionipip fous cantigupus gylingricel zpmzhmom@ev - R

5 Tabie V

Tube Fraction of Percent of Total Geometric

Length

Tube
. D.

Catalyst

Zone Axial Length _Catalyst Volume Factor x 10°

20.83
7.39

] 6'in.

Il 15 .

m 11in. 0.98in. 0.2292 22.1 11.37

v 18 in. 1.12 in. 0.3333 4215 8.94
Concentration of butane in the feed was 1.5 mole percent. At 2000 VHSV in the

0.98in.
0.87 in.

0.1250
0.3125

12.07

10 23.67

catalyst zone and a molten salt temperature of 384°C, the maleic anhydride yield was
15 79 percent by weight after the catalyst was fully activated. The temperature profile of
the catalyst bed exhibited a maximum of 471°C.

The following demonstrations employed a mock-up of commercial fiow reactor
containing’ a fixed heterogeneous catalyst for continuous vapor-phase oxidation of n-
butane with air. The mock-up system included a 4.6-meter reactor tube which was
20 immersed in a heat transfer medium comprising of molten salt. The reactor tube was
equipped with an axial thermowell which allowed determination of the temperature
profile of the catalyst bed along the axial co-ordinate. In each example a suitable

amount of fresh commerciai catalyst. i.¢.. a vanadium-phosphorus oxygen catalyst,
was charged to the reactor tube.
25 Comparative Example B

In this example the test program described above was used to evaluate a
cylindrical reference reactor having a uniform cross-section in a plane perpendicular
to the centerling and a catalyst zone of about 2,012 cm®. Concentration of butane in
the feed was 1.7 mole percent. At 2000 VHSV in the catalyst zone and a molien salt
30 temperature of 413°C, the maleic anhydride yield was 77 percént by weight after the.-
catalyst was fully activated. The temperature profile of the catalyst bed along the
axial co-ordinate exhibited a maximum of 491°C.
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1115 in.0.87 in.0.312523.677.39 11111 in.0.98 in.0.229222.1111.37 1V16
in.1.12 in.0.333342. 158. 94 Concentration of butane in thss jaedrny@mel. 5 nole
percent. At 2000 VHSV in the catalyst zone and a nolten salt tenperature
of 384C, the maleic anhydride yield was 15 79 percent by weight after the
catal yst was fully activated. The tenperature profile of the catalyst bed
exhi bited a maxi nrum of 471C. The foll ow ng denonstrati ons enpl oyed a

nmock- up of wemKALei al flow reactor containing a fixegRehespgeneous

catal yst for continuous vapor-phase oxidation of n- butane with air. The
nock-up systemincluded a 4. 6- rrelti)?armg ctor tube which was 20 imersed in a
heat transfer medi um conprising O Bolten salt. The reactor tube was

equi pped wi t h irihiseexbraple thi destromeiam degpribeth abdve wiae dsafide dempisiieleen of t he

t enper at UrgcioP hdirg! @\glﬂfmet fae c&t@%ﬁl)df(%%o@%@'? @rlnvfi\gtriM?% aetb@lng@@wey dinate. In

each exanple a suitable anount resh commercial catalyst, i.e., a
vanadi um PHEEBRBIEIrERLgEs s catrdrigpbtones gshowh iR Tgele M o t he reactor tube.--25
Conpar ative Exanple B In this examglesthe test program described above was
used to eyabyate arugyl i ndrigal reLoRERCe BABRLPlad Y Gy for m
cross-section in 6“?' ane perpendi cular to the Cﬁnt erli n(? ad a catal yst
zone of abdYE okl Yeen : VS VQIUME Lk

1
vy at. = (h

- - saalcitlls LS ed was 1.7 nole
percent. Atl 2000 V#HBW in tOgircat al §.8486zone an@d.7a nolten2galt 30 tenperature

of 413C, the mal ei ggianhydrigle, vi el gapp@as 77 pepgent by wei-ght after the.

cat al yst fully_activated. The erat ur rofile of _the catal yst bed
al ong 1t%hem@xi al ¢ eﬁ%rdi nzit1céj "exhi b@? a max?aﬁﬁ?n of 491&75- 26 25 January

2006 WO 03/1911449 #aF/ US02/R¥650 EX&#pl e 6 | R40his exanpléé the test program
descri bedcaheneativhsf bgad ih AedREPNEE M Mol pefcBRCLAIDAVHRY iA theo! une for

catal yst of ~.about 617 cgﬁ distribyted acecording to the inyention into four
cont i guou%at%%l?ﬁ{'&ﬁn gfme %h%’g?%{'éoeé#'ﬂfﬁﬁf%% é)'étlﬂ 'an‘?y? a”r@’drﬁfﬁ’l’%de $ 10 Catal yst
Tube 96 percent by weight after the catalyst was fully activated. The temperature profile of

15 the catalyst bed exhibited a maximum of 429°C.

For the purposes of the present invention, “predominantly” is defined as more

than about fifty percent. “Substantially" is defined as occurring with sufficient

. frequency or being present in such proportions as to measurably affect macroscopic

‘properties of an associated compound or system. Where the frequency or

20  proportions for such impact is not clear, substantially is to be regarded as about ten

percent or more. “"Essentially” is defined as absolutely except that small variations

which have no more than a negligible effect on macroscopic properties and final
outcome are permitted, typically up to abqut one percent.
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Tube Fraction of Percent of Total Geonetric ZoneLengthI D. Axi al
Lengt hCat al yst Vol uneFactor x 102 145 in.0.81 in.O0. 248615 faaf20b856
in.0.87 in.0.309422.022.27 11156 in.1.12 in.0.309438.162.77 1V24 in.1.33
in.0.132624.077.49 Concentration of butane in the feed was 1.7 nole
percent. At 2000 VHSV in the catalyst zone and a nolten salt tenperature
of 396C, the naleic anhydride yield was 96 percent by weight after the
catal yst was fully activated. The tenperature profile of 15 the catal yst
bed exhi bited a maxi num of 429C. For the purposes of the present invention,
"predom nant | iA- .defined as nore than about fifty percent.
"Substantially™ 1s defined as occurring with sufficient frequency or being
present in such proportions as to neasurably affect macroscopic properties
of an associ atted camPoteaclorbmBNsHIPUrANYRF Rallel CorddliGHAENKAinG bn 8lerPr OpOr ti ons

f or suc h shr%gglgpdsédéﬂpéon@:t%ﬁtfl a héé{l?éwtnle%gllngasd IIZI. d?ﬁtfﬁl)ﬁ c]n%ga%&cgt?gc{ Ett%?.labOUt ten

percent or at- smal-
vari at i offg floseamapunicatips with afﬂrﬁq"@swawn%wfﬂé@'rqugh pflagned§ iP@Eﬁd by he‘ﬁ'ﬁ@?"é%opl c

pr opert i estalgittndtdraibdispostd twatbi@adhioBnde BiFink bpdlatioh Y alidnte bizohed f@bout one

per.cent. §t§|ysl Mﬁﬁr}{e %Q%QBMAY%“%& ‘alo@%lfhle Bﬂ%{u?ﬁ‘&EQ%d.ﬁé?@Wﬂéé%oﬂ&ﬁ%mP' urality

of malle con U|ts eac avi n contact with
a heat - t MR £ ZmSﬁﬁ?f'a'%iH“'fom gesyiesianiobie mﬁwhﬁ?ﬁwpw HRted for flow
comuni ¢ atrpeniculat th thenongiwimal dosdimatetierdb befininb kaurgdofaitasone lagd fhor med by

het er ogeRgRUe of ndl aewpﬁs.r;gagt Rk @i 9&&9@&@91& etal% BoviiRednCRNGHISL .Qy A ng

operation I n a sequence of zones catal yst having the sane of different
| engt h aFERYySECHR af‘?)?‘@‘f”ﬂ%‘ﬂ?%‘ﬁ? CRYBIoHS ¥EF@MHoe-he conduit and Wi thin each
zone essentially uniformcross-section of the conduit nmeasured in a pl ane

per pendi cul ar PARY tﬁ%flt)\gp&'cfopg'dﬁh 1Cf9|‘3'rep$o%h§n#;1§{9ﬁ9&/apggftd lﬂb E'tgln\él%n me of the

zone, and the uence zones conprisin ones Such that
each domﬁ%ec’?t@amefgﬁbsuﬁé%e of egch cgadduit pr@F%@%""“ﬁ%‘&f’?’B’i‘F* Witfe Bt Lﬁ?éfef Redurt-he

cont i guoesd hauisg areialet in Govecontnunichigonfwithan e@aiforane iofat-Giratemnagiurh.ur t her
conprising a shell adapted to maintain during operation the outer surface

of each condU|t predom nantly in contact with a heat-transfer nedi um
The flow reactor of Claim 1 or Claim 2, wherein cross-section-and length of each

zone are sized so that the heat generated during any exorthermic reactions occurring inside the
conduits of the zone does not exceed the amount of heat capable of being transferred to and
removed by the heat transfer medium surrounding the conduits.

4. The flow reactor according to any preceding claim, wherein the sequence of

Zones comprises at least four zones.

B. The flow reactor according to any preceding claim, wherein the cross-section of
the conduit in each zone has a substantially circular from with a diameter such that the third
power of the diameter is equal to the product of the volume and a geometric factor having values
in a ranger from about 0.01 to about 0.50, and wherein the geometric factor of each downstream

. zone is larger than the contiguous upstream zone for the sequence of zones comprises at least

three zones.
6. The flow reactor according to claim 5, wherein the geometric factor of each
downstream zone is larger than the contiguous upstream zone for the sequence of zones

comprises at least four zones.
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and having an inlet in flow comunication with an outlet for the
heat-transfer medium 3. The flow reactor of Caim1l or &haadnady 20deer €in
cross-section and Il ength of each zone are sized so that the heat generated
during any exortherm c reactions occurring inside the conduits of the zone
does not exceed the anount of heat capable of being transferred to and
renoved by the heat transfer nmedi um surrounding the conduits:. 4. The fl ow
reactor according to any preceding claim wherein the sequence of zones
conprises at |east four zones. 5. The flow reactor according to any

preceding cl aizm V\'ﬁ'ﬁéWeéclfb‘?a&'&ﬂﬁlﬁiogé?l?we@&u%fclamt: %e@mﬂé&okegf&& 391 zone has

a subst ant |aII circuyl ar net er suc he thir power
t he dia ?%” ”tgéhet'ﬁ'ég'tbq\jm'l?t‘ii’e'id'”aﬁeqﬁ%"""\?bﬁ'ﬂ?f‘ﬁrsand a geometric factor

havi ng val ues |n a ranger fromabout 0.01 to about 0.50, and wherein the

geonetric f actsor Oﬁ'h@fﬁaﬁnemfdﬁﬁ% clAR BEwHePeil b %gs éeb@a of th@c&@m ihguous
) upstream ZQne east hree-zones. 6.

The fl oweraceagf'% asa? é’g?tﬂ]%%gf C’tr%’?aéfg’éﬂ' Hithsa g'ﬁm‘étn%”ﬁh tf’?ltéhegta'ﬁirfﬁ’f"’re‘i‘i{ hFact or of each
downst r editmetsnis efiual fodhepreducth the vbleme amitd gpowatsc pet raviagvaiese ringe frothe
sequence apdut 2.ONES absRBRGD. Ses at | east four zones. -28 25 January 2006 7.

The fl ow reactor according to any preceding claim wherein the zones for
catalyst have a total |length along the |ongitudinal coordinate of at |east
4 meters. 8. Yhe fTeaflowaeastopaccardivn tadtizin & whertinihmgBomatindaaidriof ¢dek

Cr 0SS- Se@bwidfedhh zdnd® 1Gg&dhlintthd dntigBafsipSRBR BRSPS SRBLRBLI Ahdy Circul ar
formwt Qo g%a Ja(satrfosrl%gnrést hat the third power of the dianeter is equal to
t he produc he vol ine and a geonetric factor having values a range from
about 0.015 to about 0.100. 9. The flow reactor according to C aim 8, |
whe: ein the gemmet méaﬂotvaé‘dc@r ac?f)rdiﬁéﬁhany Gmm&% b @AM 9] wheleR BEfiowt Jhan : h]g%
conti guo ream zone_ for. the seque Zones eas our
zones. ge% #ﬁﬁﬁ'ﬁr SR s LRE S g%‘[ F% beﬁﬂp WCWEFW{T‘% ‘Yﬁ%lf pi‘ﬁﬂ ™ to o,

wher ei n Phelled eaRduits bz daynstaami Zaeg anddiepmyralissof walled|cordsiits ofthe ndipopsteager  chanber

in flow eermasiet addp@a ta\malhtamﬁm@loyéra&dntt% oulr siiabd @E pRRMIYI et a

downstre o[ upstream
zone: gﬂ?dﬁ%%?a%ﬂ@o% [{rec%mma iyal‘r? %Onpatr\%Aﬁa heatétFaar}erd%edfsquearb:{J\F%?hgé h?\ffngc e the
plurali t?” et Mpwewnmwmwg aoputﬁbfewowmﬁ@epp@dremfﬂmw in contact with a
heat -transfer nedium and the shell haV| ng an inlet | n fI ow cormunl cation
Qw react or

h | f of
with an OUt e OrTrEe 68 actoF Qccorga F i gh“é erelin Oacszéeggtq one 8rﬁ%13%eé|9ham

accor di ng ‘east
as an inlet in flow communlcatlon W|th the plurality of walled conduits of a downstream zone.

12. The flow reacter according to Claim 10, including the features of any Claims 2 to
4and5t09. o '
13. A process which includes exothermic chemical conversions of organic

compounds to value added products using a selective heterogeneous catalyst in at least one flow
reactor comprising a plurality of walled conduits each having an outer surface disposed for
contact with a heat-transfer medium, an inlet distribution manifold adapted for flow
communication with an downstream manifold through channels formed by hetegeneous catalytic
material disposed within each conduit during operation in a sequence of zones having the same
or different length along the longitudinal coordinate of the conduit and within each zone
essentially uniform cross-section of the conduit measured in a plane perpendicular to the
longitudinal coordinate thereby defining volume of the zone, and the sequence of zones
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has an inlet in flow communication wth the plurality of walled conduits of
a downstream zone. 12. The flow reactor according to C ab@J;a%ad,Egéejdi ng
the features of any Clains 2 to 4 and 5 to 9. 13. A process i I ncl udes
exot herm ¢ chemi cal conversions of organic conpounds to val ue added
products using a selective heterogeneous catalyst in at |east one flow
reactor conprising a plurality of walled conduits each having an outer
surface disposed for contact with a heat-transfer nmedium an inlet

di st ri buteroprisima af least trea danes subhftigat eddnhaownstresrzonie bad @ Bryendréds-sadtiooleminst r eam
mani f ol d 4inomdhme RERBRILS ufBbde by hetegeneous catal ytic nmaterial

di sposed within each conduit during operation in a sequence of zones having
the sane or different I ength along the |ongitudinal coordinate of the
condui t and wl4.hi nTregudregsasecrdiegivehatm i wheramihé exatheoniogemiabdohensian t he
condui t B%Mc%?mb&hn@s BLANCadIEE PERECmBfisel Bxiddih ot bOREAd Sding@beARQ" di nat e

t her eby défl ndj,n t}./|0I-ume of the zone,-and the seqguence of zohes -29.25
January JPHEUEHEPT YPYRLORTSTR AITOU 0P Rutang and kyfadiene o form BARIC ownst r eam zone
has a | aefedrider oss-section and volune than the contiguous upstream zone.
14. The process according to claim 13 wherein the exotherm c chem cal

conver si ons organi c conpounds to val ue added products conpri ses
oxi dation of E%nze ROTe® %&%tgrcggh% Wl %8’“‘#@5% HT‘?E"CG'rCSUYfr%O(S'ﬁsi sting
of n- but ahwsganisisemprunds tamajudaddedipredusts compises pridatipred! 0-batahey/dfirdenalels. The

- process agfaiiddiv)dorteifd Rbulank3t MR 86k ArkiblEin 8X BlyDEI-thhinfhE 883 &l a HeMVer si ons
of organi ts conprises oxidation of

_ c(:taic%(?ng)n(')lgin.ds rtno. é/"al ue added rOdaﬁlﬁ

n- but ane T 0 T 6r M ey &1"¢P g{ﬁ‘ﬁ'ﬁﬂ?q’BE"SB@”%so 8&%FfMhg n-butane at | ow
concentration in an oxygen-containing gas with a fixed catalyst conprising
principal |y tysgst e prablsebpdintio aRHorRMIEENA 1o fwheldtBnPEfLaRSR according to

f claj 3 10 15 wherein t t tained at
Corpor at fRsEveddd SugadpTh R dhos tEn BOEATL B BHEC 17, The process.

according to any of clains 13 to 15, wherein the cross-section of each

downstream zome WhiHelprd2ass s@cdrd@idie bnEdiRRmnsSIBEd 15) AhérBiA telchBs-Sdc@ssorsect i on of
the Co.nt E&H%Bvsmstrg n? tzgn%?‘vw Egnsea IlarS erI ?‘rsg-e gctibgthangargpunée |OUChtht harEti dourl ng.
operation tenperatures o e @RBT AETTIrds "RR RS GPEEt% (S'r% PRE'ESNEerli ne
are ‘no nepsEeAhEANeSOTIRi by lae pmeynhench that #using oneralins femperpiutts ahthe pxathsem at ure.  18.
The procesmestiiredBlin®the E&ntdrifG areholnford than SREhigREr tiAlthd HraBrdhnki@vmammOr di ng any
of d ai {gﬁ\pgfra{upe.él’ and 5 to 12. 25 January 2006

L€

18. The process. of any of Claims 13 to 17, carried out in a flow according any of
Claims 1 to 4, and 5 to 12,
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WO 03/ 011449 PCT/ US02/ 22550 23. The fl ow reactor according to Caim 22,
wherein the geonetric factor of each downstream zone i s2% asrgerfy 2008n t he
contiguous upstream zone for the sequence of zones conprising at |east
three zones. 24. A process which includes exotherm c chem cal conversions
of organic 5 conpounds to val ue added products using a selective

het er ogeneous catalyst in at |east one flow reactor conprising a plurality
of wall ed ®wndoitt® each having an outer surface di sppagefnssecontact with
a heat-transfer nmedium an inlet distribution manifold adapted for flow

communi cat | on 4 t Ny, flgNasty SRR Akl LRGN SOGRISL Befogmed by

heterogeneous cat aI ytic mater pose urt 1o during
oper at i on §36h HOWEBIFERC 8oNGf isz lrass tm’fhegcwnﬁ@uoyarr@smfanmzpmerf@rnthel ength al ong

t he | ongi t%qy@@gop@qégéoﬁ?p,@qgogﬂgagﬁmgg@%t and within each zone essentially
uniform c conduit neasured in a plane perpendicular to

r 0SS: Sec
the | ongi tudi s é&é?ca?sn%@ ipFluges iRrothEMic SRR calonYRES IS 4 1Eg8Pne, - and the
sequence ofompoures to eanpadded pEdadts LEASh skle@ive BRteSgsidels tdi@yst @agh downstream

zone_has afegk LA;{O%&(%&FOC%%PHS}% s&&r%@ﬁ@f \c\t\;ﬁ%&g&ﬂﬁgi CE%Q& g%luous U stream zone.

25. The process accofr ¥ zones in
the flow rsetaeqeoﬁlswﬁ@rfprse@t@t with o8 theatrapefer, owdism, 26. inFhéispibuidess accor di ng

to claim Zﬁamfwbeaoebt@dtfbﬁnm QedmeRcAtoR 'Witg dolWRARER ﬁafan.%cmra@ﬂe in the flow
reactor ar é so that the heat generated during xot herm c

reactions TPmed; Ws]?eEFé"QeH%O“éc?ﬁ@ ¢ @at?f‘mtq‘ﬁ@f’%d@hdb%@h ﬁ@f‘dl@xceed t he
anount 1of dusat opegiiablirea eéqubsiens zbﬁ@rlﬁvﬁhg ﬁi@sa‘hﬁ @We?@mw dbhgt he heat

transfer n the 27 The SS ccordl ng to

G aim 24, PR B s Rorb LA Vi, Eoon zopi e eﬁy Pekitor has a

| ar ger cr ¢&ss-sedtion oh therranduitirecasonet iin a quise Lpegendiauar 1@ Thezlomstudiz®. The process
accor di ng chaohil ety JELBUTDA) §EHnd NS HeaMGAANG: fhekne 1 oW

reactor has a_lar f e conti1 guous upstream zone. 29. The
process acCBPHINF EBSW%‘W?%WW@T‘W C{OWQSt@ﬁfﬁtzh@rWﬁs@ @fpesnit 68FS- conver si ons
of organi @eunnﬁmumohﬁgukupetr@ﬂdﬁﬂepr oducts conprises oxidation of 30

but ene- 1 and Bt alt et Pt EIeaT & AR PRass0s Anp Booss
accordi ng tfﬁf“’@lfaﬁ\qwzqmwh‘:ess gilenst heeegrasher mi ¢ chemni cal  conversi ons of
organi ¢ conpouymds tHa MBlddi€ a@é@&ﬁg B QEIE LS, GRIBE 'tl?eeﬁrog’%(isg&lI Oar;%dOf
length of each zone in the flow reactor are sized so that the heat generated during
20  any exothermic reactions accurring inside the conduits of the zone does not exceed
the amount of heat capabie of being transferred to and removed by the heat transfer
medium surrounding the conduits.
27.  The process according to' Claim 24, wherein that each downstream -
zone in the flow reactor has a larger cross-section than the contiguous upstream
25  zone.
28. The process according to Claim 24, wherein that each downstream
zone in the flow reactor has a larger volume than the contiguous upstream zone.
~29.  The process according to Claim 24 wherein the exothermic chemical
conversions of organic compounds to value added products comprises oxidation of
30 benzene or a hydrocarbon selected from the group consisting of n-butane, butene-1
and butadiene, to form maieic anhydride.
30. © The process according to Claim 24 wherein the exothermic chemical

conversions of organic compounds to value added products comprises oxidation of
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-31 25 January 2006 WD 031011449 PCT/ US02/ 22550 n-butane to form mal ei c
anhydride by contacting n-butane at |ow concentration i n2&0anuary 2006
~oxygen-containing gas with a fixed catalyst conprising principally
tungsten. phosphorus and oxygen. 31. The process according to Caim 24
wherein the catalyst is maintained 5. at a tenperature in a range from
about 360C to about 530C. 32. The process according to Cl aim 24 wherein the
Cross- sect WorP3/Bfi4d8ach downstream zone whi ch has a | a#gaIsN2EeHSs- secti on
than the cross-section of the contiguous upstream zone is |arger by an

anmount suGhputdadtio fbﬂﬁln%@d?\ﬂ?cﬁiﬁb e corﬁdi‘;ﬂ?ﬁy?ﬁ a@tbﬁeeﬁ mw‘ cdnbénraxRtings m as neasur ed

al ong the centerl | ne are C% fe tt her hap t he heat-transfer
medi um t er%%qeg-tcar? %mmg gas with a tixed catalys compnsmg gpnnc:pally ungsten.

phosphorus and oxygen.
31.  The process according to Claim 24 wherein the catalyst is maintained
5. atatemperature in a range from about 380°C to about 530°C.

32. The process according to Claim 24 wherein the cross-section of each
downstream zone which has a larger cross-section than the cross-section of the
contiguous upstream zone is larger by an amount such that during operation
temperatures of the exotherm as measured along the centerline are no more than

10 50°C higher than the heat-transfer medlurn temperature.
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