- 8SEP2004 Preparation of nmaleic anhydride The present invention rquI§§ ﬁﬂML
a process for preparing maleic 5 anhydride by heterogeneously cataly é
gas- phase oxi dation of hydrocarbons having at |east four carbon atons using
oxygen-contai ning gases in the presence of a volatile phosphorus conpound
over a catalyst conprising vanadi um phosphorus and oxygen in a
shel | -and-tube reactor unit having at |east two 10 successive cool ed
reacti on Posparatvxreiod maheir iabdydzide i nportant internmediate in the
synthesis of y-butyrolactone, tetrahydrofuran and 1, 4- butanediol whi ch
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unpromoted (see US 4,429,137, US 4,562,268, US 5,641,722 and
Us 5,773,382) or promoted (see US 5,011,945, US 5,158,923 and

30 US 5,296,436) form. According to US 4,562,268, Example 18, a
maximum space-time yield of 76 g/lh, i.e. 76 g of maleic
anhydride per 1 of catalyst and hour, is achieved. For the
purposes of the present invention, the space-time yield is the
amount of desired product, i.e. maleic anhydride, in grams

35 produced per hour and volume of the catalyst bed in liters in
continuous cperation.

The most important objective of the heterogeneously catalyzed
gas-phase oxidations of hydrocarbons to maleic anhydride is

40 essentially to achieve a very high space-time yield over a long
period of some months.

Thus, it was recognized in US 3,296,282 that deactivation of the
VPO catalyst can be suppressed by addition of an organic

45 phosphorus compound. The best results were achieved when the
phosphorus compound was fed in after interruption of the
oxidation reaction. In the oxidation of 2-butene, a maximum



oxidation reaction with. addition of steam In the oxidation of n-but 0
a space-tine yield of 68 g/l h was achieved (see Exanple 1 in the docunen
cited). 10 In US-A 4,515,899, it was recogni zed that the activity of the
VPO catalyst is danped by addition a phosphor us conpound. This nmnakes
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30
EP-A-0 099 431 has proposed countering the abovementioned effect
of reduced selectivity at increased generation of heat by use of
a structured catalyst bed, i.e. a bed in which the activity
varies according to position. The lowest catalyst activity is at

35 the reactor inlet and the highest is at the reactor outlet. In
between, it can vary continuously or in steps. For the targeted
setting of the catalyst activities, the document teaches
essentially dilution of the active catalyst particles with inert
material and the use of catalysts of differing activity and

40 possibly mixtures thereof.

US-A 5,011,945 describes the use of a structured catalyst bed in
the oxidation of n-butane over a VPO catalyst in the presence of
a volatile phosphorus compound, with the unreacted n-butane being
45 recirculated after maleic anhydride and by-products have been
separated off. The lowest catalyst activity is at the reactor
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30 (b) compared to the comparative method using a catalyst bed at a
constant salt bath temperature (see Table 2 in the document
cited).

According tc the present invention, it was recognized that the
35 n-butane throughput over the catalyst can no longer be increased

significantly under the conditions disclosed in Wellauer et al.,

since the temperature of the hot spot maxima would increase

significantly. This in turn would result in a significant

reduction in the selectivity and thus a significant decrease in
40 the yield and space-time yield.

It is an object of the present invention to develop a process for
preparing maleic anhydride by heterogeneously catalyzed gas-phase
oxidation of a hydrocarbon having at least four carbon atoms

45 using oxygen, which makes it possible to achieve, at high
hydrocarbon throughput over the catalyst, a high conversion, a
high selectivity and a high yield of desired product and thus a



oxygen in a shell-and-tube reactor unit having at |east two Succes§i8\(;ﬁPZ{]{]L
cool ed reaction zones, wherein the tenperature of the 15 first reacti
zone is from350 to 450C and the tenperature of the second and further
reaction zones is from350 to 480C angd the tenperature difference between
the hottest reaction zone and the coolest_reaction zone is at |east 2C. 20
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tenper gpUpss id Ruagbecense & LhesLemaratnsydi ferenge specified  For
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30 of a shell-and-tube reactor and are included under the term

shell-and-tube reactor as used below.
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If the shell-and-tube reactor unit compfises a plurality of
shell-and-tube reactors, for example twj, three, four or more,

35 these are connected in series. In general, the shell-and-tube
reactors are then connected in direct séquence, i.e. the output
stream from one shell-and-tube reactor is conveyed directly to
the inlet of the following reactor. However, it is also possible
for mass ahd/or energy to be removed and/or introduced between

40 the two shell-and-tube reactors. Thus, QOr example, part of the
gas stream or a component thereof can be taken off or a further
gas stream can be introduced or the gas stream can be passed
through a heat exchanger. T

45 An essential aspect of the process of thE present invention is
the use of a shell-and-tube reactor unit%which has at least two
successive reaction zones and is operated at the abovementioned

|
|



one, two, three or even nore successive reaction zones. If a - 8 SEP 2004
shel | -and-tube reactor has nore than one reaction zone, use is generaﬁy
made of physically separate heat transfer nedia. 20 The shel |l -and-tube
reactor unit which can be used in the_process! of the present invention
may, for exanple, be achieved in the Tase of two successive reaction zones
by neans &FMPSraturgs,yiifnadhergncent@- thpetempanature dibferangee- zone
shel | - andspabéf tedctRors thenpecpetks s ehe esreseritn ihkenedse, ahet hees
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- 8 SEP 2004 6 plant-specific value. Suitablé inert materials are, for
exanpl s Dgxi dic materjals such as Al120Q r SiCor netallic materials such
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particularly preferably from380 to 430C. The tenperatures in the 10 second

and f h r t in the flow direction are fram 350 to 480C,
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The t enpefhtfi% PEEFRRF HOENTCRBAY - t FRF 1EMmRLe (M AGGEVEBne and t he

cool est reaction zone is at least 2C. In general, the hottest reaction
zone i s downstream of 15 the cool est reaction in the flow direction, with

further remaciieorasgobesteistgeablevd orditiegakesled HyPRWRENos FOr the
enbodi ggnt  havi ng two successive reaction zones, this neans that the

tenperatuge o %“E’e- on action, zope is at |east 2C above the
t enper at uf e oiw ez?’ ?l%s g? ]gcainidcigu%n’é‘?a%r

© single-zone shell-and-tube reactors connected in series

or in the case of three successive reaction zones by means of
30

* a three-zone shell-and-tube reactor
a8 two-zone shell-and-tube reactor together with a single-zone
shell-and-tube reactor connected in series

* & single-zone shell-and-tube reactor together with a two-zone

35 shell-and-tube reactor connected in series
* three single-zone shell-and-tube reactors connected in
series.

Furthermore, the shell-and-tube reactor uvnit can also have one or
40 more preheating zones which heat the incoming gas mixture. A
preheating zone integrated into a shell-and-tube reactor can be
achieved, for example, by means of reactor tubes which are filled
with inert material and are likewise surrounded by heat transfer
medium. As inert material, it is in principle possible to use all
45 shaped bodies which are chemically inert, i.e. induce or catalyze
no heterogeneous catalytical reaction, and which result in a
maximum pressure drop below the respective, maximum tolerable



In the enbodi nents having three successive reaction zones, there ar e $]EFP 004
principle a nunber of possibilities according to the present invention: % P]
the interests of sinplicity, the zones are nunbered from1l1l to 3 in the
flow direction and the tenperature is_25 abbreviated as T in the follow ng.
a) "T(zone_ 2) - T(zone 1)" conforns t@_the m nimum tenperature difference
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"T(zone Sbellg\ggpr}folﬁg,xg?ﬁggé’gss't q;6H0E, 1mste@§e£€£yr'e di fference
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t enper aturé “8ng’ 1%)’5{# 2}fS; QT (HF IS o P&-upstream of the
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T(zone 3) The) téfenzrtaird) in e dhiers?) 'reaonion ®orieo ihhehei Mo @irespesAt ur e
ﬁp ﬂi ff er ascerem CIBitdg 450°d,Nprakesehly | N BiRANLo i 4 £ocThgNE 3) IS the f

i ghest t S e.lo erature upstyeam o
t he hottegjtm?‘zé({)glﬁé%&'?"L ? e%%on rc|!ms 38 t%eﬁ?fi%ﬁ%&%éﬁ%ﬁ B HP€and
T(zone 1f) 364879 andEUTSREY Teagsion.zoReR 1R e dhoroditastiop) arn Weh the
t enper at uPé® RS esP¥einnabdNe Lrom e tion 46AEC fansvpdrteculaxly This al so
appl i es i preferablayr dromr ¢00 han 450°€e Bhi despieyattiraaliifFeré o€ Sbe twebhie
t err]Per a':):JItﬁe dlia?{tﬁé’sﬂ:nQ@ab@i&&?%ﬂé‘%nﬁoﬁhéféoﬁ%tcQghé'llﬂon rz%%%t ignagones is
prefera st f4i C r east ver
parti cLilsaﬁ?é%g:fe%ré%F%erggalléagit’él% ttgénsg: %ﬁglﬁé?? ?%:ouqearl gaFgY%%%’ie%zef 10
Furt heriore, T1oRas Sarpriet mdl yiedhCY cURPSHEN t REth i TdhsF rerctiqn
product, FOBSS RIS aRARYER i Rfe TogaBer din drejivernc afier ythm embhdiremper at ur e
di f f er enchaperquise sHechssiwpoearhipnazomsy althishmeandahatthehpur poses of
the presentmpemanrieonf shélGdecad@oredBYishiMone ibeatbrxdA8+Mteay vl Whe

measured tempdratireabyStnd et WehblfoR 4Gt ON zone during the chemical
reactigg. In general, the hot spot maximumis |ocated neither directly at

the Dbegi ?ni%nor gi.rectly at, the end of a reaction zone, so that the
tenper at uf2 bEF FTECIARERFT AVERE HBFeR FHCIRESRANENT LY R ZOes, HR%%® is no
maxi num t 8hPethtRFA8cHPLe| ; nmbgrap§ spopeididiitiesOaeeemstingnteotke i . e. every
poi nt i s Bresdnt sawentépmerki whe, ihherestshicf sémpkiciuy,ethe tokedn aae t he
hot spot memthenen f¥bm yied & ah tHESFISH direeusbni skd aaesembbiad i §asi Ng

t enper abUEBLLlivif06ANEE T bAf WeRN ebiolifiq SPOt Maxi num of the second or
subsequent reaction zone and the hot spot nmaxi num of a precedi ng reaction

zone. The ﬁS h,g{% i_‘poé maxi mum of the first, second or subsequent reaction
zone is Ph each¥Esé’t ReT WS Hdt" RARERAMS J° the FiRiuUm ferpRyatire
subsequent reBttisienEgnaceerding gior thej presentwineant ten gds epatéesne 2)

is the highest temperature and T(zone 1) is the lowest

30 temperature upstream of the hottest zone. Thus, T(zone 3) is
by definition lower than T(zone 2).

b) ”T(zone 3) - T(zone 1}” conforms to the minimum temperature
difference according to the present invention, i.e. T(zone 3)
35 is the highest temperature and T(zone 1) is the lowest
temperature upstream of the hottest zone. Thus, T(zone 2) is
by definition between T(zone 1} and T(zone 3).

c) "T(zome 3) -~ T(zcne 2)" conforms to the minimum temperature
40 difference according to the present invention, i.e. T(zone 3)
is the highest temperature and T(zone 2) is the lowest
temperature upstream of the hottest zone. Thus, T(zone 1) is
by definition between T(zone 2) and T(zone 3).

45



through. 30 In a preferred enbodi nent, at |east one hot spot naxi rrugth_Ptbﬁ
second or subsequent reaction zone is higher than all hot spot maxifh |ﬂ
precedi ng reaction zones. For the sinple enbodinment wth two successive
reaction zones, this nmeans that the hot spot maximum of the second _
reaction zone is higher than that of the 35 first. For the enbodinent with
t hree suckResfinemcecast gbvenzdesasei tbhemwhdichhehet beaipdriaeulret spot nmaxi num

-of the thincreaact feBm ZOWME ticS zbhehes tHATloheahpbost. TRIkNR14 the first

and secongpp ZQNeS s Rheldardindr8ashat N 538855%%‘4 {j%e@c Tio;m h?ox}sﬁef.qggge_

reaction zone is higher than the hot spot nmaxinum rst’ (

Hydrocarbons whi ch can be used in the process of the present invention are

al i phat PcTheampsratpre dikiaraned heevents &her hottlesthandbcarbess havi ng at

| east foureactrivon zenessis frorefexabpy eavtSlehsd- bit adisandculably @i ferably

2- Ci s- but gpeleadt! BaOS-vityepRrt DobIHARe pre€ér iy Wiedeadt 314RNGAL! £0€,

1, 4- pent agdi &N 1hrPERT 805+ %v I's-pentene, 2-trans-pentene, n-pentane,

cycl opentadi ene, - 8 SEP 2001 di cycl opent adi ene, cycl opent ene,

cycl opentane, Cs mixtures, hexenes, hexanes, cyclohexane and benzene.

Pref er 8AcBUTEheIMOER - t bt hps syTPrbeingly bpesi Sowud et 2her nhelduifene,

n- but ane, démireghproduci xit.er.emalbie enfhyd@dre), ctitpendy efighefteantlygionen to

using 5 nthattdiperhotreXdiffet efde PhErdtrD¥haNBoOl st dakenRONeNnt of

For - exam] o iiahBd, JRSE IR o pbie e iR Prophil SRl 168 o T e 10

The ad r{)%%dt 0 9‘_ ggh’ysd?tohcfgplﬁgﬁimﬁ‘% TEIRSFAPTE ERRYESE fBgEPetRaFalYste. with

cont i nbAI PEL RGN EeRRHIORe doRAANTNSe thenFhenigrl repgtipgdricar bon can

be net er egenaraln theuhet girogasasimur dramlockted enesitder digevtly tax wheer ed

addi ti on beginnjuigdnéordireicithy atbsissumdl ofaporéaddion 20akor o abaty that o the

shel | - andcéngayallrk eBetave WAL ar ol 4 holS 8ol fRkECTs COOSY xR0 933 S,
or exa Iy JEEHWC S !

oxygen np%&eﬁ.é?yné*ﬁ% i al nggﬁﬁ?%%l_g%awa@émfgocn% arléfg'?‘i éggt?gﬁa of liquid 20

air. The %&ay"&elﬁ!‘cgﬂ% M g EKEIYSP%”S*O T3dRE IE R AT, GERPPT UL FPER on.

The gas t'Pife ‘FABSEYCUIR ddghakel ahdhe bay- sppfe naxdaus: The tyiedenefal |y

cont ai ns derdmedgpeodiite incopeses onitil incerts Jas tenpelretdbe biif ferengei s

usual |y frerwedf the M6 BpoeohaREmum REF Ehgasesorl ®r Bubs8gsés: Waiaghige not

C'O'?t iy o tle %'b%%t ﬂnﬁ’i‘irﬂjn} drml @ "Br? bon. | g)%?ggigét eam._ (lgge enat ed

nitro : #

and ng%%xr.l&g% ?ggﬂ%%?ugg%rfbgﬁ% @ﬂlgg\%'n%ff:gg\érmf Han sfgﬂ?méarr%%%'l&t“oﬁé,e (e.qg.

met hane, &t H&n&2°B0 ﬁ%&i‘ﬁe, hetRRin SR BR net deify dé X SFor BEROMLCE, et hanol ,

acet al detfftRFea4eRt | Eeaghign BPBpakivIthepddpeerionidny whichr the wasc passes

through.

30 In a preferred embodiment, at least one hot spot maximum of the
second or subsequent reaction zone is higher than all hot spot
maxima in preceding reaction zones. For the simple embodiment
with two successive reaction zones, this means that the hot spot
maximum of the second reaction zone is higher than that of the

35 first. For the embodiment with three successive reaction zones,
it means either that the hot spot maximum of the third reaction
zone is higher than the hot spot maxima of the first and second
zones, or that at least the hot spot maximum of the second
reaction zone is higher than the hot spot maximum of the first

40 zone.

Hydrocarbons which can be used in the process of the present
invention are aliphatic and aromatic, saturated and unsaturated
hydrocarbons having at least four carbon atoms, for example

45 1,3-butadiene, l-butene, 2-cis-butene, 2-trans-butene, n-butane,
Cy mixtures, 1,3-pentadiene, 1,4-pentadiene, l-pentene,
2-cis-pentene, 2-trans-pentene, n-pentane, cyclopentadiene,



acid, acrolein, crotonal dehyde, acrylic acid) and m xtures thereof. BISFEPZDDL
general, the |nert gas is introduced into the system via the
oxygen-cont ai ni ng gas. However, it is also possible to 35 introduce further
i nert gases separately. Introduction f further inert gases, which nay,
for exanpl &, me fromthe partial oXxidation of the hydrocarbons, is

possi bl e \ﬂlgyﬁg?’??%‘?adlreé‘@l'rEﬂFh‘EE’%ﬁ-e@Frt R¥C} @RENGERE  pFodUtturies, desi r ed

af t er wor bheygnegp hexanesur eyalohexpneataabybentérne Prefbrenderis ndveases in
conver si omsiagl eebitdrey, 2ycebdbutdieqUQhRYbnOVIRItdrite aabatysd, delzene
space-ti Myyypekturds. vme%bke PLOSRRARLYS EEQEEM& S h%&e%%@-l pnto the

"t the
begi nni g -Busarer & etegiaaﬁi%f%”ﬁﬁ%ﬁgv%ﬂ §e,0% 2558 BORPHIRAPEyol uns,

i.e. 0.1 %réhsab%ﬁft‘%“@}ﬂeasuﬁés'%ﬁ angp Ligpids pHep RoPusare rifssh@enbased on
the total oydpiinetef fidycexgmplet fitven meaotral gad ectfrofr steamnomackergi ven to a

content oOffrom8FrSERLRMI4.9 from 0.2 to 20 ppm by volune,, particularly
preferably fromO to 5 ppm by vol une. For the purposes of the present

i nventi e n u ounds are al l. phosphorus-containi ng
corrpoungjnTV\ﬁ ‘gfléon og gﬁ #353’{ rl%’é?gl FB A SRABH T&TuSated: use
condi ti ong. eEx%ﬁﬁ}T é?%i“t‘ﬂ NSt B gneit RofeEinad ameunt ceei oUtds téhet he

fornmul ae Thy hvdrgganpbod can beOnetkreB- X8 ¥ ligeiM3ox2gfseowendoxd.(l1) where
X1, X2 an@rXBessmce iimdenesnets Incteireangdapoidierin Nydno@eform $5thal ogen,

Cl- C6- al kghinséduddh upbeabkyion GReole- ah¥ly 1AEL CRe 2k KQYoand—tube
C3- C6- cl)gc% KQXY, ﬁr -Cl0-aroxy. Preferencei;is given to conpounds of the
formla( ??k% T1 RIOP-OR3 OR2 (I11) 25 where R1, R2 and R3 are,

i ndependent|y of one anot her, hydrogen, Cl-C6-alkyl, C3-C6-cycl oal kyl or
CB- CL0- ar PKidfmaES WSS AIpr eXYIRITCONtASNENY cupses , c 6Apoexaiplef atihe f or mul a
(1'11) in efnthell; R2,andg&s8 emrichedndeple ny oof eDgke ‘Pudierebxygen,

Cl- C4- al kyl esustyqs BBtBYhed, eddd lexafh Q@Y'fr FehbyiSidWion QQtYL?uld
1- met hylgpt QPlehQQ)x%rg‘gﬁt 98111'95%%%; gart is %iéBEtala)ﬁFStMéer aheh 2 1o

tri(CL- C4rg r{) hosphat e prererence | give
trimet hyl sp’ha e, triethyl phosphate and tripropyl phosphate, in
particular triethyl phosphate. 35 The process of the present invention can

be carri e@heugastton beppassed cchiysiughv theoshid-andptelss ureactergunitown to 0. 05
MPa abs) generally contains inert gas. The proportion of inert gas at the

25 beginning is usually from 30 to 90% by volume. Inert gases are
all gases which do not contribute directly to formation of maleic
anhydride, for example nitrogen, noble gases, carbon monoxide,
carbon dioxide, steam, oxygenated and nonoxygenated hydrocarbons
having fewer than four carbon atoms, {e.g. methane, ethane,

30 propane, methanol, formaldehyde, formic acid, ethanol,
acetaldehyde, acetic acid, propanol, propionaldehyde, propionic
acid, acrolein, crotonaldehyde, acrylic acid) and mixtures
thereof. In general, the inert gas is introduced into the system
via the oxygen-containing gas. However, it is also possible to

35 introduce further inert gases separately. Introduction of further
inert gases, which may, for example, come from the partial
oxidation of the hydrocarbons, is possible via partial
recirculation of the reaction product, if desired after work-up.

40 To ensure a long catalyst life and further increases in
conversion, selectivity, yield, throughput over the catalyst and
space-time yield, a volatile phosphorus compound is introduced
into the gas in the process of the present invention. Its
concentration at the beginning, i.e. at the reactor inlet, is at

45 least 0.1 ppm by volume, i.e. 0.1 x 10-6 parts by volume of
volatile phosphorus compounds based on the total volume of the
gas at the reactor inlet. Preference is given to a content of



or above atnospheric pressure (e.g. up to 10 MPa abs). By this pressgjgga'mm
nmeant the pressure prevailing in the shell-and-tube reactor unit.
Preference is given to a pressure of from0.1 to 1 40 MPa abs, particularly
preferably from0.1 to 0.5 MPa abs. Pgssible catalysts for the process of
the present invention are all those ose active conposition conprises
vanadi um FRBsBRérte 2hmFToRygenlumw Pantdcudankp| R efierabdy pheen 1.6 to use
cat al yst s 5 ppasbphvelnmes Foonbherpupasesr efenhe prasemtadplrénesorescri bed in
8 S E P 264 at01e Ushdsphtru898ompSuibblel 321 b&@ﬂo}asaégnt%ﬁgoga 125,

US 4, 933, 3apBhnEE- dhiQP 8994 se S LNETVIRN Gaslfed Scc%%%%!tgl £:490 JBR

cat al yst t\Mﬁ]lCh furtcp r. 5 co [1S€ ot her conponents 1N a arton

vanadi urﬁS P08 BROF U HHE Sox T e 195 PR MBY P MRFdRBRES2ED M si ng

el enents SP™HPBERS af the formrlagie(PednddildITabl e can be added. The content
of additives in the finished catalyst is generally not nore than about 5%
by weight, in each case calculated as oxi de. Exanples 10 may be found in WO
97/ 12674, WD 95/26817, US 5,137,860, US)5, 296,436, US 5,158,923 or US

4,795, . Pr efx—Fepl—QQdi tives areysenpounds of the el enents cobalt,
nol ybdglgloﬁm i ronfi zlnc,” hafnium zi fcohi urﬁ lithium titanium chrom um

manganese, ni ckel ,xzcopper, IBOEQQ, sili%&pn, (aﬂti nony, tin, niobiumand 15
bi smut h. Sui tabl e cat al ysts( an, for exanpl €, e produced as follows: a)
reacting a pentaval ent vanadi um conpound (e.g. V205) with an 20 organic

pont avajient Lokt g‘fgsné‘“xﬁl%ﬁ%°hz§%%?’t'ﬁ§ﬁﬁfts%%'r%nétﬁﬁézﬁh%%”ﬁe o
pyrophglssgﬁ%rl nggtirk'g‘)— W’%ﬁggﬁléa{&%é‘;—‘%ﬁc%o &?‘X I nef THE 383 'é%‘y’satlkﬁ?‘gcursor
formed (e“g CoFYSIQaLkoXY RY &14-0ro-AFRF3r aPFRFHTENCE dPyaHEER F® VPO cat al yst
precur sor copraupds Hhthe Aprmala (FIdactivation by additional elimnation of
water fromthe VPO mxture; 30 d) shaping (e.g. tabletting, if desired
with addition of a |lubgicant such as graphite and, if desired, addition of
a porggdorner such as gtearic acid); 35 e) preactivating the VPO catal yst
precursor by heati mqoi—-ﬂp-amnaat nosphere conprising oxygen, nitrogen, noble
gases, carbon dioxide, ! carbon _nonoxi de and/ or water vapor. The catal yst
per f ormance can be inf | Ranced (H&I%) sui tabl e conmbi nati on of tenperatures,
treatnment tinmes and gas at nospheres matched to 40 the respective catal yst
system |I|f additives are used, they can in principle be added at any stage
'(I)'L cag?s}[/_&heﬁé Q@U.Chzoéhd &t E?é{L agn éﬂdeﬂﬂi%(sﬁiéhe?%noglﬁéfgqﬁvdi% gPent.
e addi €8, _ar vant-ag n_ste enera

descripti Exe‘?ﬁ %tlﬁéibr%dt&?t ?‘gﬁf(ﬁl }%&egglpgﬁ ('sm Qrﬁs'. @rt.gcua ¥ Pgre erence

is given compounds of the formula (IIT) in which R!, R? and R3

are, independently of one another, C;-Cs-alkyl such as methyl,

ethyl, propyl, l-methylethyl, butyl, l-methylpropyl,

30 2-methylpropyl or 1,l-dimethylethyl, preferably tri(C;-Cq-alkyl)
phosphate. Very particular preference is given to trimethyl
phosphate, triethyl phosphate and tripropyl phosphate, in
particular triethyl phosphate.

35 The process of the present invention can be carried out at a
pressure below atmospheric pressure (e.g. down to 0.05 MPa abs)
or above atmospheric pressure (e.g. up to 10 MPa abs). By this
pressure is meant the pressure prevailing in the shell-and-tube
reactor umit. Preference is given to a pressure of from 0.1 to 1

40 MPa abs, particularly preferably from 0.1 to 0.5 MPa abs.

Possible catalysts for the process of the present invention are

all those whose active composition comprises vanadium, phosphorus

and oxygen. Thus, for example, it is possible to use catalysts in
45 which no promoters are present, for example as described in



catal yst precursor given above. - 8 SEP 2004 11 1In general, the CaE%'SyﬁtﬁBL
used.. in the process of the present invention have an atomc
phosphorus/vanadiumratio of from0.9 to 1.5, preferably fromO0.9 to 1.2
and particularly preferably from 1. q to 1 1. the nean oxidation state of
the vanadiumis nerally from+3.9 ¢ 8 referably from4.0 to 4. 3.
The cat al St 2+ %1%%09 eNer ar P4l nRRAe é’SBEﬂ%ZN? e UE 82085, 32Dm 10 to 50
m2/ g, prefér éb?%/:f»r?dra 3 E8-B60 ¥56y.90They general |y have a pore vol une of
fromO0.1 to 0.5 mM/g, preferably from0.1to 0. 3 m/g. The bul k density of

Lo°100 gl oheaRee S|'3§?§r§é%yl%§3r@§0“§etQa‘zlj%’ésk%k et ving a
nean s:%ggog %_Q% ath% ORGP E 1 HE ﬁgg SRR bR gﬁ’f‘?‘orp FRMREUS ppddsur e

drop in c&%¥§fhy Hutprtlﬁela%ec@wae@mgbeaﬁegnqs off grgeperdl |y
unsui t abl &0 8biehbihe Peapedibdtilde zee, bé caddekamheecopedntetoE, cyl i nders,

hol | ow cyladagief ¥es rin@he SPRESIRE cak@d§st ol Qendhaghy l%t HereUdRbRS -
Parti cul arabél?@p% b%uml ﬁt r{'éa%eéas@“f édiasc A §s é;eeEPxA 06%93 646)

or sha e ou P

5, 168, ggédf’ |%8w?’§ B74r oWo| 85 Csel 13% 80e of

unsuppor t nfSbs, US. 2. 13hd28nerr BS %h?ﬁfe@léat aryéﬁrlmﬁjy’!ddéhw@s of

t he VPO ceneawmmgmdet pfethe cripoentsonpbahic] udilybdpoes; hinguxihéari es such
as graphi hefstur?5 zﬁ.(il‘cenﬁ.@!hHEIj&rﬂlﬂdl agyt dnd|e lcheONRERE MahgaResk he ot her

hand, it k$cxéd SQ i b he, CQERO t support,
for e zgrrgkc}c@{hl r?%?’ggm ié@r%lgl ﬁl@ éﬁgpedﬁﬁﬁcj}y% Sggﬁ cs;éa%d g&g‘t gngre

generally relFerred to as coated catal ysts. 30 As regards the use of the
catalyst in the process of the present invention, a nunber of variants are
possi bl e. Sphtale satplests aame fozl pxampla,i de pondeced ashdodhews:s and-t ube
reactor unit are charged wth the sane catal yst bed. In the present

context, agatabystimed peﬁea‘saiéhtcartaaha%mr@éﬁdu%h Yeigh fgs) tJ;E&

aver angCOrrpO&-éArp_Ll’b Rdukb iRy S@Jﬁ%e%\éer 9§. Zﬁrﬁ a\ﬂéf%oﬁegué/&laus”%s Hit 016}
catal yst bed fff‘”tﬁ%e g_,%ggg‘s:ed tc:)f shag £3 P s?
shaped bodi es of. a.m Cott d} PFEFENE %’éﬁ a‘?s}ﬂfsst@o&‘s %?mwge&%%m es
(sane catal ys?rﬂ?oﬁﬁ%?PBPEleaW/PFePEHPPE%ﬁ%ﬁ%t%PCG\HP CHitdy deatine; i.e.
"diluted", with an inert 40 material. In a second variant, different
cat al yst DEdsimJ@ui&edthénvm fdaa:laﬂybtrpﬁ@ctliﬂer(fbmedT(uSg by may be

advant ageous fil4isiod beSévasdrat8oniftal yst bed in the first or one/nore of
the front end reaction zones and to use a nore active cat al yst bed in

one/ nore ‘?L t&gg& aLr etacltl n_zones. Furtg ?1’5’ i,s. 45 al so
possi bl e ere ca dﬁigg BEGE ULt A7EnBO% ]tyhé'nl§éﬁ'e reaction
zone. In thi sPRRASHANETLER, DY ta igrabfiitingédqa of water from the VPO

mixture;

30
d) shaping (e.g. tabletting, if desired with addition of a
lubricant such as graphite and, if desired, addition of a
pore former such as stearic acid);

35 e) preactivating the VPO catalyst precursor by heating in an
atmosphere comprising oxygen, nitrogen, noble gases, carbon
dioxide, carbon monoxide and/or water vapor. The catalyst
performance can be influenced by a suitable combination of
temperatures, treatment times and gas atmospheres matched to

40 the respective catalyst system.

If additives are used, they can in principle be added at any
stage of catalyst production, either as solution, solid or
gaseous component. The additives are advantageously added in step

45 (a) of the general description of the production of the VPO
catalyst precursor given above.



8 S EP 2004 12 to use a less active catalyst bed in the vicinity of W
reactor inlet and to use a nore active catal yst bed further downst r’eﬁa 204
The individual reaction zones can be realized in a single 5 shell-and-tube
reactor as nultizone shell-and-tube reactor or in a plurality of
shel | -and-tube reactors connected in”Series, each of which may again have
one or nofB FYMHAIon thEnerta kst s HEedpin fde ProresReohridipresantnti on, a
mul ti zonelnventicmdaveban awawitcophipsphosimivanaddutubat teadt dromhd ch dwas at

| east two1l9, cprefeiradlyofrdiedr. st kans rante Padtand18BkeSpidreR@s3y bifor 0 Set
Ul £1 gnb STl g nepieat SAA b Blod R A8 GoREE un é?déég%%ﬁel'ry |
constru t?ﬁ%’"a ‘Igﬁrtgl i&#ygbfp #@Fﬁ%”y&%d'& &8 %c?rcﬂfﬁ? SHBLYRES 99N nsT er
nedi a, asIeReNMLIScherat # BET Puriiass #rep of frem A@at? of0 W¥dg. (1) contains

t he i ndi vhuefératdaciform i%ibes 3022 noEheynigeheratl writhvautal ebreneblame each
vel ded toof fpsuk foanatedo pd aile o, 3preBetaEBN firaa bYW %rd.oraamgﬁplﬂés, there

are then huif NiinskhehBlly datad  BLech DAl i BLRA B &) Cordyith BNLEN  divide

t he regi,0 I, the at. transter umin u Séparate

secti ogb. 9E§c]hg)slécpf8%e %l?a/];’ntfgﬁg'o s%’yt?la\]s‘oa@éﬁar ate circulation punp or
circul ation apparatus and a separate heat exchanger. Fig. la schematically
shows a tWoe zaaterlylseE| apedzenelraligacsed ,as 2haphdl bodies Havigbhosamern

t hr ee- zongi sdeddovand- jnd b eowieRC k8l thé\Cheddlitddph9 Lb€ed MM kbOBhet he heat
transfer peeldn/AR-B8 PRSSAdy1hAr UONAdHRRECE, Sd PHATIRARLR%GLEAR! | on

t ubes Lp gocurrent .to the.tg%g gtur Io%ng f ré)%gs t fe FeactTon t ubes,
as showd Th F5" 4l i FaRse i ju % FRgPFEnPe &Grsé®the f1ow 30
di r ect i onSX¥Pkee PRELIELS v FYdABACHE | BPI PW K¥1iRdexs dingsenEB@%8E, al so be
di f f er ent re@Tom#ioey vheels or estnedayesntfiagnichdahesitapesr anehess nedi a,

pref er encetiflafiesenaho usiingasalt (s@d tep-Alhesodi ¥i6) &t ishaped hbodind vi dual
reaction gapafy GRN1b8seloRAWakchi 8k ¥N@IchtshHE F4de V52, 9RY] 86 are

si gni fhsaﬂi%gg;e%ggg 35 The process of the present invention iIs

advant ageously ca

rie out using a shell-and-tube reactor unit having two,
three or four successive reaction zones. Preference is given to using a
t wo- zone TheIqneZad-t idR ¥ededer of ursHrpRerzefecatel ¥stend-it gbetl® erddseor or

a four - zopkapdse/clatahyst tyslyr eavsbsts R ttheuVRO-~cqntsfigriegcact svei ven to
carrying esipddie iphCEssludingWpoSsERs Suke 11 hLa64 | AIt1Z QBRe§raphi tihicgh case
Sutt apf s PoRe, MEmEORCand My TARERCY WngBAShEE || Oy EH WHEP hdndyf BoRLCT
01 528, Di‘HAtgj 2538%5{@%%?19 2@’,?%05%'3',3 ERRHSSEEARR &3 SpEPOFty, Fo8sa and
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t wo- zone FRRAGAYJFeEexEasy tonas GoEd ZEYAlysts.

30 As regards the use of the catalyst in the process of the present
invention, a number of variants are possible. In the simplest
case, all reaction zones of the shell-and-tube reactor unit are
charged with the same catalyst bed. In the present context,
catalyst bed refers to catalyst material which has the same

35 average composition and the same average activity per volume
unit. A catalyst bed can be composed of shaped bodies of the same
catalyst, of shaped bodies of a mixture of different catalysts or
of shaped bodies {same catalyst or mixture of different
catalysts) which are mixed, i.e. “diluted”, with an inert

40 material. In a second variant, different catalyst beds are used
in different reaction zones. Thus, it may be advantageous to use
a less active catalyst bed in the first or one/more of the front
end reaction zones and to use a more active catalyst bed in
one/more of the downstream reaction zones. Furthermore, it is

45 also possible to use different catalyst beds within one and the
same reaction zone. In this variant too, it may be advantageous
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o esent felé::éh%?l%"ter' e carri i f d process variants
present invention'can be carried out in two preferred p :

nanely the variant with a "single 45 pass" and the variant "vv!th )
"recircul B9-ode scheng 4113004093 4 Siwtglizenpasisélllandnthbe reddidrg pass
vari ane$ wiidec@iyer b ashoafs by dhpe@riuies shRel - D tular pugbedpe reactor is
from 75 tmch¥iagdessdid Gnoeahya! idR %féqu%éﬁ%e\é %&?S“@énerﬁneh %&ggﬁ“ bon a
bY'pVOdUCEE%d%@ﬂ tﬁé”EBG%E L%ngﬁgﬁié%“ %tfe%ﬁ 1%ﬂ:%§%§$gagréocu;ient to on gas
passed thﬁ%#%ﬁstﬂfkéé¥§“éwaihg ggouglJt%e reactiéﬁ tubes, as shown in
Fig. la and 1lb, or in countercurrent. Of course, the flow
30 directions of the heat transfer media in the individual zones may
also be different according to the present invention. As heat
transfer media, preference is given to using salt melts. The
division into the individual reaction zones can be at equal
intervals, but can also deviate significantly therefrom.
35
The process of the present invention is advantageously carried
out using a shell-and-tube reactor unit having two, three or four
successive reaction zones. Preference is given to using a
two-zone shell-and-tube reactor, a three-zone shell-and-tube
40 reactor or a four-zone shell-and-tube reactor. Particular
preference is given to carrying out the process in two successive
reaction zones, in which case the use of a two-zone
shell-and-tube reactor is particularly preferred. Suitable
industrial embodiments are described, for example, in
45 DE-A 22 01 528, DE-A 25 13 405, DE-A 28 30 765, DE-A 29 03 582,
US 3,147,084 and EP-A 0 383 224. At this point, attention may be
drawn to the specific two-zone reactor disclosed in
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homogeneously distributed within the reactor body.

Suitable heat transfer media are, in particular, fluid
heating/cooling media. The use of salt melts such as potassium

30 nitrate, potassium nitrite, sodium nitrate and/or sodium nitrite
or low-melting metals such as sodium or alloys of various metals
is particularly advantageous.

The inflow temperatures of the heat transfer medium are,

35 according to the present invention, from 350 to 450°C for the
first reaction zone and from 350 to 480°C for the second and each
further reaction zone, with care having to be taken to ensure
that the difference between the temperature of the hottest
reaction zone and the temperature of the coldest reaction zone

40 located upstream of the hottest reaction zone is at least 2°C
according to the present invention.

The process of the present invention can be carried out in two
preferred process variants, namely the variant with a “single
45 pass” and the variant with “recirculation”.
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GREeRE 2R i on of
the hydrocar bpHE" uﬁﬂfﬁﬁﬁ FFEoBESER Y Uhahgebpait off simplgas stream

fromthe technical considerations, air is preferred as oxygen source.
25 In the simplest case, this can be used directly or preferably
after cleaning to remove particles. Enrichment with oxygen,
for example by liquefaction of the air and subsequent
distillation or by pressure swing adsorption, is also
possible in principle.

30
The volume hourly space velocity of hydrocarbons over the
catalyst is generally at least 20 standard 1/1-h, preferably
at least 30 standard 1/1-h, particularly preferably at least
35 standard 1/1-h.

35

The maleic anhydride can be separated off by, for example,
absorption in a suitable absorption medium. Suitable
absorption media are, for example, water or organic solvents.
In the case of absorption in water, maleic anhydride is

40 hydrated to form maleic acid. Preference is given to
absorption in an organic solvent. Suitable organic solvents
are, for example, the high-boiling solvents mentioned in
WO 97/43242, for example tricresyl phosphate, dibutyl
maleate, high molecular weight wax, aromatic hydrocarbons

45 having a boiling point above 140°C and di-C4-Cg-alkyl
phthalates, e.g. dibutyl phthalate. Oxygenated hydrocarbon
by-products are generally also absorbed in the solvents
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30 air, which is usually enriched in oxygen. This enrichment can
be carried out, for example, by liquefaction of the air and
subsequent distillation or by pressure swing adsorption.
Preference is given to using an oxygen-containing gas having
an oxygen concentration of from 20 to 100% by volume.

35
The volume hourly space velocity of hydrocarbons over the
catalyst is generally at least 20 standard 1/1-h, preferably
at least 30 standard 1/1-h, particularly preferably at least
35 standard 1/1-h.

40

The integrated total conversion of hydrocarbons, i.e. the
conversion based on the total plant, is from 80 to 100%,
preferably from 90 to 100%, in the “recirculation” variant of
the process of the present invention.

45
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elevated temperature.

The “single pass” and “recirculation” variants described

30 represent two preferred specific cases of the process of the
present invention. They in no way restrict the possible use of
other variants, nor do they imply a restriction to the process
parameters mentioned as preferred.

35 The independent temperature control of the various reaction zones
makes it possible to react in a targeted way to fluctuations in
the quantity, quality or purity of the starting materials or to
progressive catalyst deactivation and also makes it possible to
obtain a stable and high yield of maleic anhydride. Thus, for

40 example, in the case of catalyst deactivation in the first
reaction zone (e.g. as a result of catalyst poisons which
deactivate the upper layers of the VPO catalyst or due to thermal
deactivation in the region of the hot spot maximum of the first
reaction zone), the conversion can be restored by increasing the

45 temperature of this first reaction zone. Furthermore, targeted
setting of the temperatures of the individual reaction zones
makes possible a targeted setting of the conversions in these
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whi ch gy gggégs&fvt% 4lvgne_ or,. m)ie {eacfl on zgnﬁ “S1hes shet -and-t ube
react or “URI to - pret eralrty e ERSaGERA ¢ (2SR ADXAEPfuzAty. dubabreanadirl
parti cul aPFy"HF B S BT sof wot Widrid leneetbegRl-angh&npwact@rthase shittedone
shel | - andinubke raxtot dorothe sae -ofomemp bt esand rietibeenean GisO madyety

parti cul athpr &b rdxttments vy €37 43289 Y8iFdEe HydRogenete Sheldr apdaisbe
reactor. Snfyfrfad/ A% chd ofd diide ) Oha SR AL 20) hyhPedmalhe Sphydri de

or med 1-5h‘81£@%ee:!— cotarrhgxcejnl R fé)r.rre(é IS sepa}_r?ate of S scribed”” above. In
particular, Tt is posstpre?td ude Var PRULH8dpar at uses suitable for
absorption of gases in liquids for this purpose. It is also possible to
conbi ne aTheukrNantionf furtken ipravides dan fappartatappéont psemriing mepaiat i ng
of f the mahpdiidenbydrhdepiscdsy BEOBRe UkdsentO iAveheadn y by nplified bl ock
oI oceaq Vi Lo e e fralyitd BRe Fied idtarith OF MMEGNOeSREC L (7
Fig. ZESSE(E) flaet 'lsefﬁxs'lg plgsc;%\%%\%gr?gnTs, WéPe CEYFER VS 1PLBE 93%Fquni ¢t
(2) is thé“\é\%é? |Er§r?8!‘ng‘éf redAIGE 146 RROsRhOTYE £empeRndmicompEisiRgar at i ng
off the mal eic anhydride fornmed. The streanms (A), (B), (C and (D
correspond}t oat earftEdy -segebatsedfdedcanbonfor @hegRdeodrholi,NGogashe | f
desired inertogpgerndnithifdesd 'fd aval pbés HBRHERNRhESpROIPHYHE. The

sol uti @p compgbmpdithdial ei ¢ 20 anhydride which is discﬂarged fromthe plant
is designated by stream (E). Stream (F) corresponds to the remaining gas
stream }ch is likew se discharged fromthe plant. Fig. 2b shows the
"reci rcul t i of-SRENARE ThPR ReAGTET NS Rch has ab)leaRt ¢¥P and the
streans (A), {HEjCeHEVe coplethdre@rripaveondte angboabeseimipigsibSereameatG) i s
opti onal depe®ilffayest thsperdtociesent ame imtivddpabdsed st idre zopes Gendt r eant
to be dsscharged fromthe plant. Likew se optional is the unit (4) which
symbol i zeg) t hg wHidt goor sbagfmwgf&h&ecqrm?u ghho8-fle 'FAFnE0 HOY cact ed
hydr ocar bon giri)cllyugg gna\@@esatgl gascsf_g ea‘rg g%.d e recircula ed

g ggs 1S passed T The¥resgeucts.

hydr ocar bon-contai nrn
An essential aspect of the apparatus of the present invention is
30 the existence of units (a), (b) and (¢) arranged successively in
the flow direction. The units specified can follow one another
either directly or indirectly via further interposed units or
apparatuses. This includes equipment and connections which make
it possible to introduce and/or remove mass and/or energy. The
35 three units are described in more detail below.

a) Feed unit

The feed unit ensures quantity-regulated introduction of the
40 hydrocarbon, of the oxygen-containing gas, possibly of the
inert gas and possibly of the phosphorus compound.

The hydrocarbons can be metered in either in liquid form or

in gaseous form. Preference is given to metered addition as a
45 liguid phase.



unit (1). As mentioned above, the units nentioned can be connected in g?
sequence either directly or indirectly by interposition of further u'natS Z)[}U!'
apparatuses. Exanples of further units or apparatuses present therein are,
wi thout inplying any limtation, heatg exchangers (for heating or cooling),
punps (for cormgyi 100 h auid t t sql.ution of the
mal ei ¢ 40 anhydri gggg +c tggngggngag% aladrcg;égg g??gé ds z?rs}%cgﬁg?és’s’brs (for
conveyi ng and N 8stPlly JASEETEUCH s HiYERghSe rf‘gé’&éLYoPn?h%as gas to be
recycl ed in t F@ichebas ctheadesaredaromrnsition . alpathe cisiaghiy pasd'erred
enbodi nent f orvagriepar i thyisrelse pre fdbakigh\adri, dehibe - inittdee “rec it S on”
starting hydr agaibas sndd I@Q‘ef@?&l@lﬁ%r&%uahyiﬁ?tﬁ{ Y& eHasoRb@se oxidation
is carried outyjigRed tSiNYHRtP8FSaiiNrough a shell-and-tube reactor unit
havi ng two - 8SEP2004 20 successive reaction zones. The nost significant
characteristics of _an arrangenment preferred for this purpose and of the
preferred prJ&s¥oipellpe PhoEpbarye| eamposng; is spreferabdapeddeédg oxygen and
inert gas is isepagdtely inquantid yforgulBateset nt bt tiwe aleedpossiblendaut ane is
likewi sy fed iinkratiude QuRNivbl ¥t £ PO Y@M ok 8k EcbifioutEfiar sk Yaddiddgui d form
via 2 pumb anteRRoriirdentBfodihat WERTedh s Ao ihal NIt S Of

rally . set In daRce i

[

n- but ane and Qxygen ﬂ‘]e inis ggne ., accor ce tH 10the heat

evol ved i n the reactTor Ar§*FR tI8RCR2YY P PIRftHed o) the therefore

dependent on, PBRT8%%Hpl e, the type and amobunt of catalyst. As further

conponent, a volatile phosphorus conpound, preferably a trialkyl

phosphatse, i s Taddetder)umiabtiyt €U aicFd nboikper@acestbeagncddsfl atil e

phosphor us 15 i@ITBAUAG G BE 2HEISShodkdl CXAIP! 11l BeWBdhl WAl Jorm or as a

solution in a sUilaRl g %oltylgn%la or u%%aggl. ee%ﬁtienr. he reguire amount of

t he phosphorus conPounoF | S 'dePehdent oﬁ vars S ﬂglyaﬁﬁfi??s, f d°Texanpl e

the type and &FBURISoftOSEEAPY STt ANG POINtenplrkt HMPOTEARL phials thes fpadt he

pl ant, and ha®et dnbensigeivenixed) hefioreaehteyinemheTiérghsreaqtdam zeone.

intimat2d® y ni Médihy qras dengartriedirautgh farsétdmmgle  Mines stskis nikeired by

passing it thiatgh s NRatedChatgain thee redd Xad iRAdPE M £ -GR3-shpeam i s

par 11 cul oy chafor it Bl VIS pUESEERP il Lan D1dd'%e

shel | - and-tubga?eg% or'e gon}ga? g%neglléaggfﬁyk}%trec%%ﬁﬁ BPRY RAASREnPE

phosphor us an@PBXSREIRE® FRESTIRLS 0 MOdERetNESH LITGHESERRCRDr t8n fRETe

var i ou®dengi n¥BLENEAR EGiPi Barrganesl dinectlwndiar the théevfreagionebérthel, in

particul ar, 38hebdltdrel-axbeptesctar tndtdescripti on above. Alternatively, the

t wo- zone shel | -and-tube reactor can be replaced by two single-zone

shel | -and- tubgsr eRE L iparatub NAMEARILAR FOENSE LR LB SR P SacTigep €l LT Ve
catal vol.ume de

di vision of t , reactiop zones in terns 0 S ends on
vari Ou%of act Otlag-}gf (?_lngxgh_re)l ge%cﬁegas stream upstrea.m O% 1¥he mixing unit.

b) Shell-and-tube reactor unit

The shell-and-tube reactor unit is configured as described
above. In particular, it has at least two successive reaction
35 zones which make it possible to set different temperatures.
The individual reaction zones can be achieved in a single
shell-and-tube reactor configured as a multizone
shell-and-tube reactor or in a plurality of shell-and-tube
reactors connected in series, each of which may again have
40 one or more reaction zones. The shell-and-tube reactor unit
preferably comprises a multizone shell-and-tube reactor,
particularly preferably a two-zone shell~and-tube reactor, a
three-zone shell-and-tube reactor or a four-zone
shell-and-tube reactor. Very particular preference is given
45 to using a two-zone shell-and-tube reactor.



35 catalyst activity or the desired reaction conditions, and can be 2004
adapted to the respective systemby a person skilled in the art r?e%ﬁfs
of sinple experinents. The tenperature of the shell-and-tube reactor uni t
is preferably controlled by neans of wo salt nmelt circuits. The
terrperature of the_second reaction 4(} zone i.s, according to the present

i nvent i on Slat YPdLs OB BeRRAE ingnaf f ofhe maleiiFspnhydideoforsad. I n a

particul arIy preferred enbodinent, the two tenperatures are set so that,
under the gi vahe mabeid iamsdribie fermar atc,ursepﬁfa{éw d¥at agPabs&@dm of the
second reaCth@Bvéoth'ﬁhfgygﬁQa£ha$tQI Eﬁﬁsggie ué@aﬁhgﬂ gf the first 45
reaction zone. %.1S prefera er _pass

t hr oughnjt he ré&: ?FQQQMS%%%&%&]L% for'I'ha SSFEaage ass[erseéﬁ] gbﬁ’?’rf{f ffr°5m t he
shel | - and- tube‘r A8aBEEROSEmilt 1§ LR &PS&&MG. hOaC%atneeﬁcaéh@Mnameff ed to
the unit for ideptierl my ofif fehentedpnarasnkhydr foe. sdparhéngref £ruhed

enbodi nent, magetioi énlp@ivideses form &%l uane. apparatus for the absorptive 5
renoval of nal ei c anhydride and possibly the oxygenat ed hydrocarbon

by-pro bI tuse I for containers filled with
an absgltb;?‘ gﬁ‘?#{%ﬂ dﬁr{p}e]il?LE % oci%%tlﬁgra%o%f tg’ &Pﬁ’ﬁfaﬁ‘éi 9% YP8ssed or
appar at us®& eFﬁnW‘b‘fF“ttﬁQn BE o itHR PPEGIELG PrOSeEFeHaTiAnES 96 gas stream
The sol ut i“6Angde RARRT SnAg” redgicy lanhpdt | te shewl sohBiged2from the pl ant

for further processing or for isolating the desired product. The

remai ni ngpges 24 1R Tnki kewdAR Pa3chargpthdd ORnbbe Pifmés Al fe <§5 -

desireds RRzEedidp & Wikl Eﬁ@h da%%mesggngeiéo#% ni3-hs 3V N IRE wa o O

furth t fepari n
ugfngeﬁ bE?%n'ag%%ras el PRE A el i p o ARRY e 0o, CPEPB] en'%‘%ﬁls‘%tfeé&FaWbed

gas- phase (8%r d&) o¥rd éDdaF?Fé%FMF’ tA thehtged ssgeampchydrpsagbopni t havi ng
t W0 succegsigenterdidiodngopes, iZ0desibed rimmc glaat and"idfdeatirkdast part of
the unr eagbedt NidyitRighordfecdmpRindni the téd@ Bheh! cangr ity maaeieor unit and

‘the unigdp &ak dﬁﬁwwlbﬂgleféléﬁﬁrgaherfoﬁw gﬂﬁ f9£fﬁ“é§ e nStef B%' “f'np't o

configure he a

fol | ow nggtgﬁIli ) Sﬁ%rsac érl §t°?(%eg¥’$?(gsf Ztnces gm%l}%lr%(ﬂ’aéf S#Jé *scri bed.
Oxygen is Bf“é e"'rsa J)Jf“eﬁéﬁﬁ e ord, AT the @dfPthed gas having an oxygen
content of over 20% by vol une, for exanple pure oxygen fromfractionation
of air. TRegandursheowsf thée”feddcodapbmentwari@nn, bvbhene, thexygéns ypj,atil e
phosph@sug2¢oamdusd and, thd dt3edms (HPS (S (@H§ Uﬁicehﬁﬂ hAGe the

cor r espongdbBge GRrALEY §EP££:P' 46§ 58Nt iimiabighy econversion of

40- 50% | Mal
anhydr i 112 andél%%% %BFy ?&‘é%n&?a’@‘%yd’%@gr Bgﬁe ﬁqipog’ﬁcfié ‘é}?ealerged
separ at ed THPF *3‘% ja&és&"r}tf'éﬁ'S&bBQEl%‘?ﬁjl diss &hsr BBt £ ‘Um"‘thﬁé pl ant for

further sSymbolizes the unit for increasing the concentration of the
30 unreacted hydrocarbon and includes a waste gas stream (H). The
recirculated hydrocarbon-contalnlng gas is passed to the feed
unit (1).

As mentioned above, the units mentioned can be connected in

35 sequence either directly or indirectly by interposition of
further units or apparatuses. Examples of further units or
apparatuses present therein are, without implying any limitation,
heat exchangers (for heating or cooling), pumps (for conveying
liquids such as liquid feeds or the solution of the maleic

40 anhydride which has been separated off) or gas compressors (for
conveying and compressing gases such as the gaseous feeds or the
gas to be recycled in the “recirculation” variant).

In a particularly preferred embodiment for preparing maleic

45 anhydride, n-butane is used as starting hydrocarbon and the
heterogeneously catalyzed gas-phase oxidation is carried out in a
“single pass” through a shell-and-tube reactor unit having two



processing or for isolation of the desired product. Part of the rengy §'Elﬁﬂ[]ﬁ
gas stream which conprises inert gases and unreacted n-butane, o

di scharged fromthe plant in order to counter accumulation of inpurities.
The major part of the gas is 40 recirgulated to the feed unit, mxed with

t he described startin materials and Ted back jnto the shel | - and- t ube

reactor ufi CCEFRE prie ORGSR orf HFaReSt| PRSP Fharpkeaistiaei ¢
anhydri de 9y 2aRef EF PRGNS Pyefertad fod ghss pprerposexaddt ¢Drtlef predbrred
hydr ocar bgwohess ngraitddseasbed dbelasar bon atons by means of oxygen so as to
achi eve a high hydrocarbon t hroughput over the catalyst, a high
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| ong cat alips@t| af@a%nthﬁewbnmhme: buhrprefrereabd ySim Figuildeforinnpia t ant
advant age aoputtheandwapiordeed sin ehehiggh stteambihet Yaoio tde thRaAGhbHAAL s

condi ti ongs¢ Ihsutik@@md%%bé/n £l U3 38! GehPAALUECS oatcérg}aﬁheglmav al

[ecpivities 1n these reaction
oncs £ GR0rRe g0 yel) .%‘9‘22 e QSPQP A SRAEPY SRS raRecYield
possi bl e €89 &p e@??ﬁe&éﬂrl‘a depRRAettaon ot %o%’“\‘}‘aﬂeet #hef YR |1a58nameunt or

exanpl e Plfuéﬁ'a%&ﬁ#rs ﬁSnftlh‘eh%fumnpppenquaa ivolagi lpuphespheirushe starting
mat eri al s comppund)y gesifeeabhy ad tati ad®eLt pNGépiite , 13 s Exadad es The parameters

enpl oyed igRahbi gyt oguiaked £6l@es aed!sef:;\é&ﬁi ﬂ@%&%@ﬁe ﬁgr&‘é fol | ows:
20 25 38 SongBufl® card bE-Radld)! f%r% i Y ggtg%stgm \9Fltm9 e

Space vel Q¢ ot'é

I nt egr at e§° 'El.lé%/;a?nslé* gz\clgir.lg'}:?lglez§o vent or example water. The requlred

amount of the phosphorus compound is dependent on various

parameters, for example the type and amount of catalyst or the

temperatures and pressures in the plant, and has to be adapted
20 for each system.

The gas stream is intimately mixed by passing it through a static
mixer and is heated by passing it through a heat exchanger. The
mixed and preheated gas stream is then introduced into the

25 shell-and-tube reactor unit. In the particularly preferred
embodiment, this comprises a two-zone shell-and-tube reactor
containing a catalyst comprising vanadium, phosphorus and oxygen.
The two-zone shell-and-tube reactor can have various engineering
configurations. The reader is therefore referred, in particular,

30 to the examples in the description above. Alternatively, the
two-zone shell-and-tube reactor can be replaced by two
single-zone shell-and-tube reactors of known design connected in
series. The relative division of the two reaction zones in terms
of catalyst volume depends on various factors, for example the

35 catalyst activity or the desired reaction conditions, and can be
adapted to the respective system by a person skilled in the art
by means of simple experiments. The temperature of the
shell-and-tube reactor unit is preferably controlled by means of
two salt melt circuits. The temperature of the second reaction

40 zone is, according to the present invention, at least 2°C above
that of the first reaction zone. In a particularly preferred
embodiment, the two temperatures are set so that, under the given
conditions, the temperature of the hot spot maximum of the second
reaction zone is above that of the hot spot maximum of the first

45 reaction zone. A conversion of 80-90% is preferably achieved per
pass through the reactor.
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cooled output gas is passed or apparatuses in which the
absorption liquid is sprayed into the gas stream. The solution
comprising maleic anhydride is discharged from the plant for
further processing or for isolating the desired product. The
remaining gas stream is likewise discharged from the plant and,
if desired, passed to a unit for recovering the unreacted
n-butane.

In a further, particularly preferred embodiment for preparing
maleic anhydride using n-butane as starting hydrocarbon, the
heterogeneously catalyzed gas-phase oxidation is carried out in a
shell-and-tube reactor unit having two successive reaction zones
with “recirculation” of at least part of the unreacted n-butane.
The feed unit, the shell-and-tube reactor unit and the unit for
separating off the maleic anhydride formed are in principle
configured as in the preferred “single pass” embodiment
described. In the following, only the characteristic differences
are therefore described.

Oxygen is preferably used in the form of an enriched gas having
an oxygen content of over 20% by volume, for example pure oxygen
from fractionation of air. The amounts of the feed components
n-butane, oxygen, volatile phosphorus compound and, if used,
inert gas are matched to the corresponding operating procedure
and the catalyst used. A conversion of 40-50% is preferably
achieved per pass through the reactor. Maleic anhydride and
possibly the oxygenated hydrocarbon by-products are separated off
as described above and discharged from the plant for further
processing or for isclation of the desired product. Part of the
remaining gas stream, which comprises inert gases and unreacted
n~butane, is discharged from the plant in order to counter
accumulation of impurities. The major part of the gas is
recirculated to the feed unit, mixed with the described starting
materials and fed back into the shell-and-tube reactor unit.

The present invention makes it possible to prepare maleic
anhydride by heterogeneously catalyzed gas-phase oxidation of a
hydrocarbon having at least four carbon atoms by means of oxygen
so as to achieve a high hydrocarbon throughput over the catalyst,
a high conversion, a high selectivity, a high yield of desired



vol une of hydrocarbon in the gas phase standardized to OC and O. 101%%@
abs (standard 1) - 8 SEP 2004 15 20 25 Sco+co2 Stot, CO+C2 nhydr 0¢ 004
nhydr ocar bon, nhydrocarbon, nhydrocarbon, nMA reactor, 24

(Mat hemati cal paraneter. If a hydroc 5bon is liquid under-these

condi tions, éhe ng/ ot hetical gas volunpe_is calculated via the ideal gas
law.) coRYRYYFH ah@&?%c%ﬁ‘ﬂf(?ﬁé"lﬂ‘@r}’b‘é%‘g' tHRGEgH 1ReY1g k8 O8r i nt egrat ed
total con¥efsyoh ofcamybeoeahiries wiitheut pxehlens .t Fbeopeesdnt phaabtyion

sel ecti vi aYsé anamdeipbsabhyelra dengerapasgst rieglat hhghrigaticarbehegr at ed
total sel egtbydiphtlsd0 Ml eic anhydride (i.e. based on the overall plant)
yield o% mal ei T anhydri de per pass through the reactor integrated total
yield of maleic anhydride (i.e, based on the overall plant) selectivity
to CO pl ud Bta JHeertabafivarkager ehcthy invessiar etF ttdieahighl ectivity
to CO pl ulegibility ofbhbedrenrtibo cvrditiond.amhe irdependenitdynol ar flow of
hydr ocar baajustailee tempaciBiirdshlogt thadindyvidaQt @kacOibn Hnde Ehawi Of

hydr ocar beRs @nddi®ich8ash® kel it ol /1 t?Jﬁi@t eb O 1BY %nLF% 0§e
hyd b t.the. nlet .to th t | Fant { f f
e ocdbp8ae Sa it in G HaSRia8 ndifinr . gpls dheked dte BOBRLRIR 39 ant

[nol / h] nBPeFiHiRl 1 CRANES A Ry YA evaiatye ofe ABE buencasy| 0T fAmEe nol ar
fl ow of n@leftuatilopgr itetke quaatdtyl equafityt log phanty [owbithie] starting

materials or progressive catalyst deactivation.

15 Examples

The parameters employed in this text are, unless indicated
otherwise, defined as follows:
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35 In a 240 1 vessel, 11.8 kg of 100% ort hophosphoric acid were dissolved
in 150 1 of isobutanol with stirring, and 9.09 kg of vanadi um pent‘oﬁi&ﬁ@ 2004
wer e subsequently added. This suspension was refluxed for 16 hours and
then cooled to roomtenperature. The pgprecipitate fornmed was filtered off,
washed wi th isobutanol and 40 dried at 159& at 8 kPa abs (80 nbar abs). The
dri ed powder was subsequently treated at “268Le3Q@0&hydrade ot ary tube for 2
hour s. Aftﬁr coolineg t.0.roomtenperature, %% by wei gh;ttof graphite were
added and t RB2PBwEIs YdERE i ntiFately mixed" Tiketplwader “was tabletted to
form5 x 3 x 2 nmhollow cylinders. The holﬁiliow 45 cylinders were heated in
a mufflegfurnace, initially inair at 7d LGnand subsequently at
2C/ mn to 385C. The catalyst was held at—rmﬁ-@ammgg-t—m 10 m nut es,
before the splcSbR 1M &y25 at nasphere was i tcaq'gg&%‘ reBair to N2/ H20
(1:1). The catalyst was heated to 425C under the %20 at nosphere (1:1)
and the system was held at this tenper aj,npérckatbos, I“ﬁun-@drcEiaﬂﬁHy, t he

catal yst was cool ed-'-- roomtenperatur€ neacer.in t r'ogerscter Thet cat al yst
had a by k HER¥FESA¥ 0.9 1/kg,=a total pore VA EBcaffon0- 2 M /g, a BET
surface area of 17 nR/g, a phosphorus/vanadi um deaédod, Qb 1.04-1.05 and a
mean oxi dation state of the vanadiumof +4.1. 10 Plant 1 The experi nental

pl ant was equi pped with a feed unit and)&YI¥eREPeR o ybwdressbaaenent of a
shel | - and- tntlegratesic totalbyomvet5ide @gl, 08 —(—@é@—?—sﬂepy—pg’g&ﬂf—y—&ssn ’ 9 ible on a
| aboratory or pilot plant scale as |ong as thévéiasenkérons of the reactor
tube argsin the region of those of an industrPaf"%edBtor tube. The pl ant
was operated in a "single pass". 20 The hydrocarbon was introduced in
liquid format a quantity-regulated rate vi » pRAfSEORs S¥kygen- cont ai ni ng
gas, air i nt. ed at a quantitysregulated rate, Triethyl phosphate
(TEP) was }ng %a%/m&é‘g?%ged in liquid forin.{hyg@"&réﬂuti girhY@FO‘@rZ@% by wei ght
of TEP in water, at a quantity-regul at e PRB 5 The $REFPL/afbtt ube
reactor2aunit conprised a two-zone reactor tubegy, The,kenglh of the reactor
tube was 6.4 m the internal dianeter : = coupl e
with 20 tehperpatedetotaiaseleeminitypsisnt sl s deagmirgd T Mngasscatssd,i ve sheath
within the 30 reactor tube. The reactor plasd.was di vi dedantnt cut wo reacti on
zones. Bothyf jon zones had a_length of 3.2 in. They were surrounded by
separately ﬁea abl e/ cool abl e heat transfer medi@m-® cBrcuits. Flow through
t he sheédd - and-tube reactorwas fromthe top downward. The upper 0.3 m of
the react orIttdzravedetbial adedd widh=i nert nat ok andSkermed the
preheating zone. The first and

Selectivity S§cot+cez = l nco+co 2,reactor,out-nco +C0 2 reactonin
30 4 Nhydrocarbon, =11 hydrocarbon,
reactor, in reactor, out
1l I, ~ Ty -
.. 0 +C0 2, plant ,out O +C0O 2 plant,
Selectivity S¢o¢C0*C02 = - E p_2nt, 0
4 nhydrocarbon, . nhydrocarbon,
reactor, in reactor, out
35
Tp temperature of the pth reaction zone
Tp,hot spot temperature of the hot spot maximum in the pth

reaction zone
40 mpaleic anhydride Mass of maleic anhydride produced [g)

Veatalyst catalyst bed volume, summed over all reaction
zones [1]

t time [h)

Vhydrocarbon volume of hydrocarbon in the gas phase

45 standardized to 0°C and 0.1013 MPa abs [standard 1)



second reaction zones each contained 1.0 1 of catalyst 1. As heat UW\@@
medi um use was made of a salt nelt. The pressure at the reactor inle

- from0.1to 0.4 MPa abs (from1l to 4 bar abs) in all experinents. 40
Directly downstream of the shell-and-jube reactor unit, gaseous product
was taken off and passed ﬁgthor}ﬂl i.rée anal ysi s by _gas . chromat ography. The
mai n stream of the gaseolis® OutBUT FFoRft Fte&faadfof WAraReEbARred from t he
plant. 45 - 8 SEP 2004 26199d udgkprhesqugandisirned the hypphbetidalt ane as
hydrocarbon over catal ygas Walumel aatcdlcSiated vhe phanideaasgaperai.gd using
a "single pass”, conver stemsarsionsef exfdrddar®dndngey i gddds tﬁ%ué&?%ﬁnet hr ough
the reacgor are identicaledadhe integrated values for the overall plant.
Exanple 1 40 I n Exanple * the.reactor was operated as a single-zone

shel | -and-%"d’ﬁe react or (%@tég&'@gg?d?ﬂﬁafocwgrﬁ%geﬂft hydrererbes  The

t enperatures of both reatti%nP2§REsORethe p¥etal¥hplapts stream at the

begi nning,Si.e. at the resstadivinyeto nweieiananhpdt bde peropassttiidugh Of

2. 0% by vol ume. The spacghe/ele@eby of n-butane 15 over the catal yst was 40
standar gdp 1¢,.1h. Tri et hyl M C inually fed i.n as volatile
phosphor us t(nggrrpound in an eanggﬁt& %‘gé%)éﬁg\r%@ gg‘?ﬁ#’tﬁ?eo ml‘%géﬁl FHYHa ot al
anount of gas at the begl'nﬁi e e erggﬁﬁ fP4& )i rst reaction zone,
a hot spot maxi num of BRLer dphyAr ide A @essobhugh theut ane 20
of 85.3% a yield Y of rRdasiteranhydri de of 54.2% was obtained. This
correspond&oto a space- tintegyaebd ©5tddyledbloh malGc 8XRFAFIRNE| cdata are
shown i1\5Tab: e 1. In Exayygle@Sod Beitd dv@raﬁ.h’!egﬂé tgne coR_cent Lati on or the
space 25 ity over t s_Lncreased, wit oth reaction
zones nowél;chc(r?fg oper at ecftep%cg%%g#%}r?ce V\F;Lﬁstﬁ% BFESBATS | tiFaNEhohhey

di fferent tenperatures (rte\ﬁﬁ;?ﬁne shel | -and-tube reactor). In order to

counter a Srpwlcgtaoaduci nghtegsated tintalnsetect ividacitor COt BhyeCob Ul . &t
hi gher space vel ociti espaskd ¢oengier aiveralbfpldre-)30 first reacti on zone was

decr eas®l mpoiRal8ch,t REXRMLe 1A* molhe f1QARAT RLHESEnddie a58ERQd Teaction
zone was adapted in acceedapse iyidih [;nggyf]{erren s to achieve a high
i i,eld of 149 g/1h was

space-ti jeld. In Exanple 1 a.space-ti
acl?hi evedrrg]thé-’/ §ﬁarﬁ9’bu’fe§ﬁ‘é°r;?c96ﬁceﬁ St ?gnf%?w ?r;gé}’y HEOGHTRARE ahdthe space
velocity over the 35 caf8P§Eer Autists{Babdhl 1/ 1h. A space-time yield of
149 g/ 1h &Carerbearberhi mwaxd i t hout Peodat ehiv lof hpdnscardbdniseapr thesimleh t he
present2d nvention. 40 Exenphe Rant fwabphp 2, the reactor was operated as a
two-zone ngfighlradid-gi1dle LgAC OF Ablar CORSA BBt hpRAGEa HINRCEE Vet caQ1d41h. a
of the plant [mol/h])
DMa, reactor, out Molar flow of maleic anhydride at the reactor
outlet [mol/h]
30 numa, plant, out Mmolar flow of maleic anhydride at the outlet of
the plant [mol/h)

Catalyst 1

35 In a 240 1 vessel, 11.8 kg of 100% orthophosphoric acid were
dissolved in 150 1 of isobutanol with stirring, and 9.09 kg of
vanadium pentoxide were subseguently added. This suspension was
refluxed for 16 hours and then cooled to room temperature. The
precipitate formed was filtered off, washed with isobutanol and

40 dried at 150°C at 8 kPa abs (80 mbar abs). The dried powder was
subsequently treated at 250-300°C in a rotary tube for 2 hours.
After cooling to room temperature, 3% by weight of graphite were
added and the powders were intimately mixed. The powder was
tabletted to form 5 x 3 x 2 mm hollow cylinders. The hollow

45 cylinders were heated in a muffle furnace, initially in air at
7°C/min to 250°C and subsequently at 2°C/min to 385°C. The catalyst
was held at this temperature for 10 minutes, before the



constant n-butane concentration of 2.0% by volunme and a conti nual 45 2004
i ntroduction of triethyl phosphate (TEP) in an anmount of 4 ppm by %ﬁrjﬁe
based on the total anpbunt of gas at the beginning. The conversion C was
851% during the trial The t enper at ur of the - 8 SEP 2004 27 two
reaction zones Tj wer e var| ed and thus the difference of the

t enper at ur 2P 8 ’(’% ﬁ'b‘ttcé’ﬁgt RER| e T2, ol Bxddtl : 1) T1Thetcatadastvwas al so
varied. 5 HerRtadkedq #35% andrswhhe MNTHbP catirospheEralpt &) 2mdacher diysgerd 0 t he
present i rwamnthedd, aa thns)areatpulretdréfﬂnerncexolaebmeﬂhatlflq: t Whe &£@£H)<RN zones
T2 - TL ofudsaenct o iehpspatufRXIHBAT Qictbgen second reaction zone
T2, hot spot obtai ned under these conditions till relatively weakly
pronounce lfo%gﬁd to T% g} spot and, 10 at 441C, was 21C | ower than

T1, hot spo ¥RE| Rad ‘2 budkefgnsatof. 8f 1 fkanid dotad Berevolumeas

obt ai ned. hd Refpéfat arkETistkSaee cardretofedd nhég ¢ w0 pheaphoous Aamesil- T1
was i ncreassdd ofval 0esl greandr at hiean A ilantiedust g BE and +onddiGHeag Ng
T2. I n Examplie 2C according to the present invention, T2 - T1 was, for
exanpl ;6C. The altered tenperature setting reduced the conversion in the
first rea '%3: zone and increased it in the second reaction zone. This is
refl ected 117 Ffowering of the tenperature of the hot spot maxi mum of the
first reaction 20 zone T1, hot spot and an increase in the tenperature of

t he hot splte exprrimentHl planseeancequeppedonitivone fe2dhahispaia alhe

t enper at urseactiokf eﬁBélCFRe'EﬁaB@heﬁ@Qif -a Ehell9LaS@OtuY QQH@goI-OD 12C, which

led 1o 2 rddacgasend g 8oyl LLeh PIpJmalBhe %@%ubg%a&guft%%’nagcr oase

Loweri ng W and |nc ea5|n

in the te%er at %’?gi%f ‘?Wﬁ‘ﬂlﬁ?ﬁf" & TPEFLOF cHithe FhezdRe

T1, hot sp eaﬁﬁgéﬂnl?lfcrté’é?@ PF\ i“he“ldélﬁﬁﬁlla%u?%a‘tﬁort [fabe b oThe RItanra¥asUM Of
t he secondRegatefofn A ¢ingleopasyfot to be achi eved. Thus, values of > 0C
were achieved for the tenperature 30 difference T2, hot spot - T1, hot spot-

| n Exangd erhéEhyihbSarbsn %3€, intrddudede i Hoil f% gunyof the second

reaction b th 0 |meof theflrst
reaction %2212 % 1%%%1 | (% % %\ﬂﬁ Ez rEg}cyg%l?]‘hE e Tosdas, alr

si gni fi ca‘:‘fgl %eéfm ‘ifttY*fes ared i NAFeExd ?Eh%’@hotsﬁ?‘éte

corr esponds ‘éa%S sige; ﬁ‘é‘i’%s‘é‘ diaidoforatdsye. sEietian sofis25he

dependenc®YoWei gt ol | TEPYipf was o @taphgdantiecyoiregubetednpareat ur e
di fferedkce between the two hot spot maxi ma T2, hot spot - T1, hot-spot as

det er i ne@hbnsEéBMrﬁi-%ubIhﬁeyd&er uh&%rééﬁﬁrslféb 3l e@dLiondVAdA L BET €asi ng
tenper at urngpdi f +RE SNGR & hesg:%racto;.rl E&? wasso% g t&érg.(ﬁ&:%?ség

t t [
T1, hot _Spot. %%&er&”c R e gt S

hi ghest3 Dyf’@laagr“f“ "e%’&f‘&? NERS \Ai?éﬁteq*zl%o% pEsdective  shratdpmithigc:he 8 SEP

2004 reactor tube. The reactor tube was divided into two reaction
zones. Both reaction zones had a length of 3.2 m. They were
surrounded by separately heatable/coolable heat transfer medium
circuits. Flow through the shell-and-tube reactor was from the
top downward. The upper 0.3 m of the reactor tube were filled

35 with inert material and formed the preheating zone. The first and
second reaction zones each contained 1.0 1 of catalyst 1. As heat
transfer medium, use was made of a salt melt. The pressure at the
reactor inlet was from 0.1 to 0.4 MPa abs (from 1 to 4 bar abs)
in all experiments.

40
Directly downstream of the shell-and-tube reactor unit, gaseous
product was taken off and passed to on-line analysis by gas
chromatography. The main stream of the gaseous output from the
reactor was discharged from the plant.

45



28 Exanple 3 Exanple 3 shows the long-termstability of the VPO catalygEPzwn
used wunder the conditions according to the present invention at high
space-tine yield. Even after over 3300 hours of operation at an n-butane
concentration of 3.0% by volune and g space velocity over the catalyst of
75 standard_1/1h, a constant, (P Sace time yield of 149-150 g/ 1h
conti nued®td SHRTRYGScVETE| FATTie ﬁPGcBéén%fHTQR§aBPe§énhyqﬁﬂﬁﬁﬂbpnnovql)'The
process ofatakyglr dsdmt plaventi on al so nakes possible stable operation at a
hi gh space-tine yield of 149-150 g/lh at high space velocity after over
3300 hour§1ﬂ@eQﬂﬁJ%ﬂbR@ w&é e ﬂskﬂ%ﬁ¥aﬁﬂ]§lé p%&@ T Rn8ks ¥$

erocity of

oper at e Wo- zZone n -tube r

ctor ace v

75 stangar dl&l?ll%tlgscgﬂét%ﬁl @ﬁfaﬁas%oﬂmﬂ@aﬁpﬁn IS Cff:.‘" 0%By vol une and
an 20 i ni t98REIGRY SQUERS o ERIRALES: Keluphokphabe eversll plantanount of 4
ppm by vol une, based on the total amount of gas at the beginning. The
terrperat uEgample tlhe two reaction zones were kept constant at T= = 415C and
T2 = 422C. 25 The results are shown in Table 4. As a further nmeasure of the
activi at theslectivit of and C2 formation is
reportéé %Até C'L é}‘f e rse&c OFnPes \RReHATe0nAS At HE5RP %0, 3 to 40. 6%
At the tlﬁjée:‘cjo a é“PﬁtF%ﬁ‘t‘fcﬂq dROST ATERrqing $pophedPresant: haveerien mnce
data wer eThiettamperetuges i of drotdl seaft abmored ware H28°C. Afhergamisgtream hour
after theatniheodeetinanngf TP hadthbepsdasidipaadet f l(i’éﬂ:rd?ﬁ%ebﬁﬂaﬁ@e nal ei ¢

Zﬂﬂygﬁ'de"&%&ﬁa"‘%“ ”@52 P2y vetame! e g’?‘FE.n 5?#'76} AeplBdf ©
A .55.?@&% a“ %P?Sﬁd?r% SHOSHRAES $TER) An' 3%

About 35 ‘i W&ngﬁ %‘E%ﬂﬁ'ﬁ RS Yﬂ%a‘f—’n]ter cRﬂ‘@éPPBﬁ“%fCOFEP“nE‘hént@?rper ature
of the hotm@pvt ofafi R ¥ vHame r besedau ithe ohel rawbuntsefi gammt an
ori gi nal | yhetiwyiand68C Im theered26£. oA wntfiakt efed@sicin @dna} a Mg

sel ecti vi §potihximamdo o590 128058 e3Q%8l. DhE. 2 AbrpeBRbe ¢ SHNBLLLAL

par ; | ;g?%fvgﬁta%h' ghy%@gafi PR ggg cMﬁrﬁ,c&mQ' ge SPIAC 4 'eskééisfsgmelfalt hteo
achi eve s?ﬁ% eC%(r}egé oads tc':’or?dl PPSﬁstl tlﬁ‘(?ﬁ'p #t?%ﬁ%&ﬂgh Eﬁ‘et he phosphor us
conmponent® er"ﬂ‘?é‘ﬁ#ngﬁ??lacreeﬁ!‘°ﬁﬂo§rb denponent is introduced, the 45

activity of the VPO catalyst rises, leading to a significant rise in the
t enper at uTre Rxfampleshdl Spaic, MmeXE A arieh @ ohtest r 4eaet lo@Nthé Ofsackl, hot
Spo%h 355¢émﬁdﬂﬂ9880efléﬁb|d&t%ﬂ?s€0@¥§rﬁHd%@agééfdbfth.&ﬁgﬁzggécég%n.d?ﬁrease
In e S (S O u I ese
X rcmtg&ﬂgféﬁfﬁ:&ﬁ%m faelmg@y#?) 9&4411%(:6 PgrgctljgsigFQ{aﬁt f)h%entﬁpn
i nventi or® peratures twd zone s el tube reactor). In
order to counter a yield-reducing rise in the internal reactor
temperature at higher space velocities, the temperature of the
30 first reaction zone was decreased compared to Example 1A*. The
temperature of the second reaction zone was adapted in accordance
with requirements to achieve a high space~-time yield. In Example
1G, a space-time yield of 149 g/1'h was achieved at an n-butane
concentration of 3.0% by volume and a space velocity over the
35 catalyst of 75 standard 1/1-h.

A space-time yield of 149 g/1-h can be achieved without problems
by means of the process of the present invention.

40 Example 2

In Example 2, the reactor was operated as a two-zone
shell-and-tube reactor at a constant space velocity of 50 1/1-h, a
constant n-butane concentration of 2.0% by volume and a continual
45 introduction of triethyl phosphate (TEP) in an amount of 4 ppm by
volume, based on the total amount of gas at the beginning. The
conversion C was 85+1% during the trial. The temperatures of the



5 makes it possible to achieve a high conversion, a high selectivi tyagiﬁ,aﬁm
high yield of desired product and therefore a high space-tinme yield " at

hi gh space velocity of hydrocarbon over the catalyst. Thus, a space-tine
yield of 150 g/l h can be achieved w Pout probl ems hn t he g?ﬁ Pﬂase osent
oxXi datlon of n-butane 10 over VPO catal ysts,in accordance w e pr

i nventi on: woﬂﬁesa&ﬁf)ﬂhz%?%érll &nd T3 MST¢ Narsedi and) dpsnthe (i fiaveacel

‘t housand °%ﬁ'é’reattieﬁ§eﬁ6\a‘?%efa§fathésm hgft tspotsmakina regedd g COMTH, fdONS.

Tar get ed &et twary adlsot erted al yst activities, the amounts of catalyst and
the tenperatures of the individual reaction zones 15 nmake it possible to

h d es continually
wth' ﬁir%*‘a‘%.r#s%‘és%rm*% SFEELET, ol Bxambih I GeCeb i nhebd il of ¢ he

erature
second orP gedﬁg%? ¥4 td SRMPERRT SR d&fI#SFe%%théﬂ%ﬁheftm upst r eam
reaction rz%?fi%'-lolnuFPhﬁ M e, Tit RE Prlodiass set . t e fregsepbti maseimunonf 2Re
provi des seddngxirbhet iemctdnen Tp1a¢ ey @btainedpesteOittdae d8aii@ibnshi gh

space-ti ngagyiselidl woighiwikesakbe PRsubickit ¥o Rbar ¥ iy iat 0N evengin the
case Ofofluiglyati qRss e éhfov%fat F}‘ qual ity Re 52% , éfggefg%aqrt’hngm
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The temperature difference between the two reaction zones T, - Ty
was increased to values greater than 2°C by reducing T; and
15 increasing T,. In Example 2C according to the present invention,
T2 . T, was, for example, 6°C. The altered temperature setting
reduced the conversion in the first reaction zone and increased
it in the second reaction zone. This is reflected in a lowering
of the temperature of the hot spot maximum of the first reaction
20 zone Ti,hot spot and an increase in the temperature of the hot spot
maximum of the second reaction zone T2,hot spot- The temperature
difference T2, hot spot - T1,hot spot dropped to -12°C, which led to an
increase in the yield Y of maleic anhydride to 53.0%.

25 Lowering T; further and increasing T, further enabled a further
decrease in the temperature of the hot spot maximum of the first
reaction zone Ti, hot spot and an increase in the temperature of the
hot spot maximum of the second reaction zone T2,hot spot to be
achieved. Thus, values of > 0°C were achieved for the temperature

30 difference T2,not spot - T1,hot spot- In Example 2E, this was +9°C,
i.e. the hot spot maximum of the second reaction zone T2,hot spot
was 9°C above the hot spot maximum of the first reaction zone
T1,hot spot- The yield Y of maleic anhydride rose significantly to
54.2%. Compared to Comparative Example 2A*, this -corresponds to a

35 yield increase of 3.4% relative.

Fig. 3 shows the dependence of the yield Y of maleic anhydride on

the temperature difference between the two hot spot maxima T, hot

spot = T1,hot"spot @S determined in Example 2. The yield increases
40 steadily with increasing temperature difference T2,hot spot = T1,hot

spot -

With increasing temperature difference between the two hot spot
maxima T2,hot spot ~ T1,hot spot: the yield Y of maleic anhydride
45 increases continually. The highest yields Y are obtained when

T2,hot spot = T1,hot spot > 0°C.
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Example 2

Example 3 shows the long-term stability of the VPO catalyst used
under the conditions according to the present invention at high
5 space-time yield. Even after over 3300 hours of operation at an
n-butane concentration of 3.0% by volume and a space velocity
over the catalyst of 75 standard 1/1+h, a constant, high
space-time yield of 149-150 g/l-h continued to be achieved in the
process of the present invention.
10
The process of the present invention also makes possible stable
operation at a high space-time yield of 149-150 g/l-+h at high
space velocity after over 3300 hours of operation.

15 Example 4

In Example 4, the reactor was operated as a two-zone
shell~and-tube reactor at a high space velocity of 75 standard
1/1+h, a constant n-butane concentration of 3.0% by volume and an

20 initial introduction of triethyl phosphate (TEP) in an amount of
4 ppm by volume, based on the total amount of gas at the
beginning. The temperatures of the two reaction zones were kept
constant at T; = 415°C and T; = 422°C.

25 The results are shown in Table 4. As a further measure of the
activity of the catalyst, the selectivity of CO and CO, formation
is reported. At the conditions set, this was in the range from
40.3 to 40.6%. At the time t,, the introduction of TEP was stopped
and the performance data were determined at intervals of about

30 one hour. After only one hour after the introduction of TEP had
been stopped, a decrease in the maleic anhydride selectivity was
observed. After about 11 hours, the maleic anhydride selectivity
had dropped from the original 57.7% to 54.3%. The selectivity of
CO and CO, formation rose significantly from 40.3 to 44.3%. About

35 12 hours after stopping the introduction of TEP, the temperature
of the hot spot maximum of the first reaction zone had risen from
an originally stable 462°C to over 490°C. A controlled reaction at
high selectivity and yield was no longer possible.

40 Example 4 shows that particularly at high-load operation with a
high space velocity over the catalyst, the addition of a volatile
phosphorus compound is essential to achieve stable reaction
conditions. Without introduction of the phosphorus component or
when insufficient phosphorus component is introduced, the

45 activity of the VPO catalyst rises, leading to a significant rise
in the temperature of the hot spot maximum of the first reaction
zone Tj,hot spot, @ Significant rise in the conversion C and a
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decrease in the selectivity S. A runaway reaction is also
possible under these circumstances.

Examples 1 t0 4 show .hat the process of the present invention

5 makes it possible to achieve a high conversion, a high
selectivity and a high yield of desired product and therefore a
high space-time yield at a high space velocity of hydrocarbon
over the catalyst. Thus, a space-time yield of 150 g/l:h can be
achieved without problems in the gas-phase oxidation of n-butane

10 over VPO catalysts in accordance with the present invention. This
high value is reliably maintained even after several thousand
operating hours as a result of the stable reaction conditions.
Targeted setting of the catalyst activities, the amounts of
catalyst and the temperatures of the individual reaction zones

15 make it possible to optimize the yield of maleic anhydride. Thus,
the yield rises continually with increasing temperature
difference between the hot spot maximum of the second or
subsequent reaction zone and a hot spot maximum of an upstream
reaction zone. Furthermore, the process of the present invention

20 provides a flexible reaction procedure in respect of the desired
high space-time yield, which offers the possibility of
optimization even in the case of fluctuations in the gquantity,
quality or purity of the starting materials or progressive
catalyst deactivation.

25

30

35

40

45
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- 8 SEP 2004 34 we claim 1. A process for preparing naleic anhydrid%ﬁ§¥
het erogeneously 5 catal yzed gas-phase oxidation of hydrocarbons havi A0
| east four carbon atons using oxygen-containing gases in the presence of a
vol ati |l e phosphorus conpound over a ggtalyst conprising vanadi um
phosphorus and oxygen in a shell-and-tube reactor unit having at |east two
successive 10 cooled reacti on zones, wherein the tenperature of the first
reaction ¥8nBl2¥"¥rom 350 to 450C and t he tenperature of the second and
further reaction zones is from350 to 480C and the tenperature difference
bet ween the hat pestegeair pRep@itng ad cibeagRpdesde Wﬁtzt@f‘o&éﬁ%u‘s&g

| east 2@ 15 gaté‘l?ﬁé@‘?%% ?ﬁagé 3 FFfh t18nChal H%érﬂpé’%%:go%'snfx me_-} rea‘éFia

di fference bet.ween est _reaction zon

s bt Teast SESTEccarlion Shond wELES dnyBRBOCPRELINANH HegRS SLn S o1 n at
| east one hoPTEPBRCIDE RUNPHRLIHE RAOSBRETES ComPRIMdeAver cactatalystne i s

hi gher than akbmpois ypptvamadium, iphgsphorossandantygen ianges. 4. A process as
claimed in angh@ilcéred-r’asxbé t@aStohgriei ﬂa{rbﬁg &5 1@6‘3&0%6 baf-dezed vk

zone

but 5. I er n
i 2 e S A e ARSI
process as cI FREL-9™h 2 1 tPo eFﬁ peraterggeh éﬂl%l y

cat al yzed gas®pfaRe and &FFBﬁrﬂéﬁf@&rlPPeaow lt‘atfl‘a?mplaégsw é&ﬂfcfam 0.1to
1 MPa abs. 35tHe venpegrdsseadiffeziemed betwewn afhec haitfEst fenctionwheegen t he

gas- phase oxi dadiftie icboQRet at &£bHildbn2 26h801 € NAAJ%askhec conversion of
hydr ocagbons per pass is from75 to 90% and nul eic anhydrl de and possibly

oxygenat eg hy r {?geb bél r od cts gre r m) ed fronbt he reactor output. 40
8. A procéss i red g TcFaf & EeMnERS| PR 2tYLE - phase
oxidation is b %ﬁeéﬂ’evmbﬁﬁw?%ltrb@ulhﬁf:r‘-%ﬁt %??é’tl@é?n%%l%mi ¢ihehgaebest bons

per pass is fFeREBPT GOHO%S natl éeestah?cydrl de and possi bly oxygenated
hydr ocar bon by-products are 45 renoved fromthe reactor output and at | east

part obothe AepPidUsd)att FEMR Al ch8aRt1 R & Otmébelﬂrkrte%ta‘é@ ond SEP
2801 35 hydr A6eI AR5 mallthih) JPANIALECHEE s> SRR BH600 feadsi oal EEhE O 21 e

to the reacti nzon t arrn > ~anh de¢ as
claimed in an§ Ga’"’llna??‘r@r}ia“:{o §% Waﬁjé?aerjﬁ’g %83683? TeAcHIPPe 8128~ phase
4. A process as claimed in any of claims 1 to 3, wherein the
25 hydrocarbon used is n-butane.

5. A process as claimed in any of claims 1 to 4, wherein the
volatile phosphorus compound used is tri(C;-C4-alkyl)
phosphate.

30

6. A process as claimed in any of claims 1 to 5, wherein the
heterogeneously catalyzed gas-phase oxidation is carried out
at a pressure of from 0.1 to 1 MPa abs.

35 7. A process as claimed in any of claims 1 to 6, wherein the
gas-phase oxidation is operated in a single pass, the
conversion of hydrocarbons per pass is from 75 to 90% and
maleic anhydride and possibly oxygenated hydrocarbon
by-products are removed from the reactor output.

40

8. A process as claimed in any of claims 1 to 6, wherein the
gas-phase oxidation is operated with recirculation, the
conversion of hydrocarbons per pass is from 30 to 60%, maleic
anhydride and possibly oxygenated hydrocarbon by-products are

45 removed from the reactor output and at least part of the
remaining stream or at least part of the unreacted



oxi dation of hydrocarbons having at |east four carbon atonms using
oxygen-contai ni ng gases in the presence of a volatile phosphorus cofpShfnd(:
conprising (a) A quantity-regulated feed unit for the hydrocarbon, for 10
t he oxygen-containing gas and possibky for the phosphorus conpound, (b) a
shell-and-tubgyagg.érr uni t . whi S _at successjve cool ed

: ordni £ §Ch h o bIeast t Wwo (
reaction zones?and nakes ‘it éS ST 46 PS8R RIS OfEnptFatures in the
i ndi vi dual red8F+oTRHEFeSHtes thergagti®rugPReS or separating of f the maleic
anhydride fornmed and possibly oxygenated hydrocarbon by-products forned.
10. An appar ahtisapsa k4 tis"Eeri prepLd MO maDBeE irh d@0aghet d srand-jhuRgyuni t
conprisgs a Myktizofifs Shebl sap¢-fdiGogefd6h 01y Ra1$-24 éstELase
oxidation of hydrocarbons having at least four carbon atoms
using oxygen-containing gases in the presence of a volatile
phosphorus compound, comprising
{a) A guantity-regulated feed unit for the hydrocarbon, for
10 the oxygen-containing gas and possibly for the phosphorus
compound,
(b) a shell-and-tube reactor unit which has at least two
successive cooled reaction zones and makes it possible to
set different temperatures in the individual reaction
15 zones and .
(c} a unit for separating off the maleic anhydride formed and
possibly oxygenated hydrocarbon by-products formed.

10. An apparatus as claimed in claim 9, wherein the

20 shell-and-tube unit comprises a multizone shell-and-tube
reactor.
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