re3en @QP6THR WO 02/ 38526 PCT/ EPO1 /12001 Process for preparing acetic
aci d Description 5 The invention relates to a process formm@mmmﬂmm‘mceti c
acid by oxidation of ethane with high selectivity and in n

fl udi zed-bed reactors. The catal ytic gas-phase oxidati on of eishase to

et hyl ene and acetic acid has been known for a long tine. The reaction is

i nfl uenced NODR/BEP2F by the 10 choice of reacti on cdAT/ERME120G1 s i s
particularly true of the selectivity of the reaction. In general, acetic
acid is for 2 i bl e the main product is ethyl ene which
may, under ﬁ%@gﬂfgﬁmﬁ%ﬁggﬁggcggﬁi zed further to carbon dioxide. 15 D
E 196 30 832 A1, DE 196 20 542 A1, D E 197 45 902 A 1, WO 98/47850 and
WO 98147851 describe a process for preparing acetic acid by partial

oxi dati on ofpeichiptien usi ng MbaPdbX~Yd as catalysts in a fixed bed. The
catal yst has a high stability and a high selectivity in the oxidation of
ethane to acetic acid. However, difficulties are presented in the process
by the fgct ThHaghyéRtidi rol@esdatd proceks 3bhprépalifgasdticachd by dxidatiohsra! ¥
exothermc. Particularly in relatively |arge fixed-bed reactors, the heat
of reacti on ethanewith&igly seleetivity andinx high yiald in flyidizedrked wagtars. i n an
increase in the tenperature in the reactor and thus a reduction in the
selectivity of the reaction. 25 To circunvent this problem attenpts have
been nade t Theadatalyfit'gabiphaseasidation of ehahe telbgibrsdmd H6étidasid das
described, for exanple, in US 5, 300,684, where cooling tubes are |ocated

di rectly i nbess knayrifore lonrg timeackhe raastioariseflygnoed essantiafe bydéeel opnent

of the oc . 1.S : Iy . i f,
21t di 20025 ShdiseSordteablom ondiflo € RS Baftcuign g as 3k 88Bclint ofine |
oxi dati on ofreadtiomndnt gersarel, i acetici atidtis [formed orly @sobppusdwat] while! the
ield than in a fixedbed react t is

selectivity and a | ower, space-ti ) r. |

Cher of or e afaiB; BEAdUST  ig Bihylene. Whish oAV ddes SATB9; BECUMSIBEeSs DPor ¢ he 5

oxi dati on Ofoxﬁ{i]iaﬂﬁlrfﬂér?&%hfonaﬁibﬂd' n a fluidized-bed reactor which can be
g

operated with er selectivity and thus with a higher yield than the
processes described hitherto. In the present invention, it has surprisingly
been able to be shown that the 10 selectivity of the oxidation of ethane to

acetic 45! dieROBED 832 Wi DE 19620 LA AHADEYOPIAES002 ANOWO YBizBBOCal al Yt

bed. In particular, e sizes of <12 cmare advantageous. Particul ar
pref erence iandgVi2 98/478ibdescribeagiprocessdfainpeparing acstic racidl by martialgi ven

average partic Si z f the cat t d, the . .size of e, huhbles can be
set by cont P&‘fciai%ﬂa ?‘ﬁg uHENE) @iﬁzggb)&&i;a%ﬁﬁ%hés@'geg f_ﬁfﬁgdiﬁac#?'@an only
be achi eved dayalysiagfa Kigh@katsility Batitd Kigh SelrvlilginaheRXtatbA B bearef tol ess
than or equal to 80 Vim 20 The present invention accordi ngl y provides a

process for achHc aride tiowexer djfficutiex ateapliesanted iathe peoaess Hydhe adidhat in a

fluidiz b A Si Q ; i . ! i amet er
of | essﬁghaﬁﬁ%%gemc%'gﬁ C?gatg%n%/?omggﬁéégflﬂﬁ%%t'\’z@gwﬁ%&h&eﬁ@r g%wf@ gac@i ﬁi onal |y
cont ai ns smaélatvelpdargedixed-teavieagtars paetheat ®f seantionfcay berrdriioved 66ly
(err)nthe distri,butio_P %,the article sizes .

unsatisfactorily. This results in an increase in the temperature in the reactor

and thus a reduction in the selectivity of the reaction.

25 To circumvent this problem, attempts have been made to carry out the
reaction in a fluidized catalyst bed as described, for example, in
US 5,300,684, where cooling tubes are located directly in the fluidized-bed
reactor to remove heat. A further development of the process is described
in WO 00/14047. A disadvantage of the fluidized-bed process as described
30 there has hitherto been that the oxidation of ethane to acetic acid still
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25 shoul d be such that 10-60% of the particles have a dianeter of |ess than
60 (érr)mcular preference is given to a distribution of the particle sizes
$uch that catal yst particles are present in a dianeter range of 10-40
terryma particularly preferred enbodi nent, the dianeter of 20-50% of the
catal yst particles is less than 40 (err)m -3 The fluidized bed index to
be set (the fluidized bed index is thed4atio of gas velocity set to m ni nrum
fluidization velocity) has to be above 1. This nmeans that the fl uidized bed
has to be i ' t ; r ; : e ture of
2800, "t he mPareindcy i grioR soiecthil? SRES G ShacortiSiel fheh KEIRREF 50° T
is 5.85 mm dedeacfdrui di zed bed index is preferably in the range from1 to
12. As catalysts, it is possible to use all catalysts known to those
skilled in the art. Catal ysts which have been found to be advant ageous are
catal ysts of 10 the fornula (1): MaPdbX~Yd (1) where X is one or nore

el enent s selgegt i st i} i, VvV,
Te. "Wand RY Sajory"oa 06ieat SLnGTARSL AN ISNRI Bl rgWle dBrqcBss Tar e

consi stifig exidatiohSofrethae,tolacetiptacidin aCiyidized-t@d reactoRwhidhr carCbe Ag, Au,

Fe, Ru, Cs) , , wBa, Li, . Na Be . Nb, Zr. Hf i, P, Pb, Sb,
S Snj T ARArseliEh; Gee Selechyy cang dnuS W (hdTGperviaid ihadi s of i he
cor r espondi oS8 Hescrivb@hfthefigsed on a = 1 20 b is in the range from
0.0001 to 0.01, preferably from0.0001 to 0.001, c is in the range fromO0.1

to 1l and dis inthe range fromO to 1. X and/or Y may al so represent a
plurality of elenents, in which case the 25 indices ¢ and d may assune

di fferent vahes of Qlorf i &Rt iR EtbAsind A b RALLEHRA! the

preferably conprisés at one OW Ng conpositrons i

conbi naigon selddtivitk wh e oxidafioMof .ctiaiee twabdlic aoiNudepehds on the size of
Mbl . ooPdo. 000SVo. aSNbo. osSho. ol Cao. ol ] ]
Vbl 00Pdo. 0dbeussINNES PN Biieat fateys) Bed. I particular, bubble sizes of
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Mol . ooPdo. ogp@idmcd\fo«sempbo. o1 Cao. ol Mol . ooPdo. oooa5Vo. 55Nbo. osSbho. o1 Cao
01 Mol . ooPdo. 000~SVo. sSNbo. osSbo. ol Cao. ol 10

Mol . ooPdo. oooaVo. SONbo. | STeo. 01 Cao. ol Mdl. ooPdo. ooo~5Vo. 50Nbo osW. 0l

Pdo. ooos Apart fromthe reaction gases ethane and oxygen, the reaction gas

i xt . j At i ot
or ‘15" cAPbo A alsh 2U8fHY BATPR it VPG odifisl (e, G SRR GHg BRI T 00C

conposi ti on cahoe sthby eoptretiingethki volumerflow of fgasi @ubbie bizds rafactem
However, the reactor 1s preferably operated using an excess of inert gas,
wat er and/ orcagtdrnde gehieyed Bpsiseiccatalyat rarticles having.@ Beaprdiameiaie t o

acetic acid oxi dation of ethane to ethylene and thus
oHleds RafRERRE| 86 [Ifn,

results in a I ncreas Selectivity to acetic acid.

20 The present invention accordingly provides a process for the direct catalytic
oxidation of ethane to acetic acid in a fluidized bed comprising up to 70% of
catalyst particles having a diameter of less than or equal to 80 pum. The
fluidized bed preferably additionally contains smaller particles having a
particle size of from 10 to 60 um, and the distribution of the particle sizes

25 should be such that 10-60% of the particles have a diameter of less than
60 um. Particular preference is given to a distribution of the particle sizes
such that catalyst particles are present in a diameter range of 10-40 um. In
a particularly preferred embodiment, the diameter of 20-50% of the catalyst
particles is less than 40 um.



The process is preferably carried out at |ow tenperatures. Low tenperatures
increase the selectivity of the oxidation reaction in favor of acetic acid.
A tenperature range of from 100 to 500C at a reactor 25 pressure of from1
to 50 bar is preferred. The density of the catalyst particles can be in the
range from 500 to 6000 kg/n8. To carry out the process, it is possible to
use) for exanple, a fluidized-bed reactdr as is described in US 5, 300, 684.
30 The process of the invention has a high selectivity, and increased space
time yields | 30; ' ' ' ' o]
aceti v -5 N UAGEEUHAHoRTo BO N (B0 laiznl 12 Hakk G (i g
Furt her nor e,velamityst tom mihimum floiditationsvalecib) dialsde ber abdilec.ons Ineedns xi ng of

th tants ipt fluidized t d. This |ikew ds t
(he reactaniel B Highi ShEPd Ishe TR SALSED. AT A biraiaad 880 1© °"
spaces time gfeh ‘i’erﬂEePeﬁGFé &f 866, th@_rﬁingﬁﬂﬁw'hmﬂbﬁétiéﬁ%iﬁ Hta FEMER ally

when hi gh et hane cohversions are desired, the reaction cah be carried out
“in a mul 6i stcigrmetdrf 80zed-idEBS mar's of hevfluidizbetbed tretdxiis prefdratily onthef gas
into each stage. Bubﬁle rowmth 10 commences afresh in each stage, so that
the bubbl e JRP@efrOMA Jgrage smaller than in a single-stage fluidized bed.
The smal | bubbl es can al so be achi eved by neans of internals, e.g. neshes,
in the fluidized bed. To achi eve high ethane conversions at the sane tine
as a high selectivity to acetic acid, an additional divided introduction of
oxygen i nt o Asdatalystalit is5passibjedo cise dlecatdlyats: knpwnido those skilechiratheous
bubbl e sizes j | ui di zed bed, and .t he correspondi ng reactiqn r ters
were det er mb PRSI ERET e BRR ARG I PR RN R e NS T he
catal ythp gagehbmafa@yi dation of ethane in a fixed bed. 20 The kinetic
paranmeters determ ned therefromfor the reactions involved are sumari zed
in fig.1 aand 1 b. The catal ytic g&gpg@@g% o&Qdation of ethane is

catal yzed by two different catalytically active sites Z and X on the
catalyst. Zj i r I | i t ) Xi dative
dehydr ogenatvi’@enrao)f 'ist,eﬁrr\]%‘ég ,n??rﬁeél%gréb %élgﬁgagg@rﬁpltggév%% ggﬁ?éﬂg& gfcg’t hene 25
and of acetic aci d.Me Nb, B, PasTit VpfiepW ahe Resared yst whi ch becones acti ve
only in the presence of water. The activated formof X (X-OHOH) |l eads to

conversion of et hepeondop nisretdlémentgisstocted ff@ﬂhh@b@mpimdwtir{gwﬂmﬁ Wacker
reaction. The formati on of acetic acid thyus proceeds via two different

reacti odSpat hs - viAl Bde IpdPh 28 CokiBlabPokOoRhelih&rib AQ, Ao R¥IFSn Z 30
(step 2 in fig. 1 j 3 i i ' . tion at
position X (step 3(’1\?'%’%??’93}'?@)Lﬁqg@'nﬁge%%’awﬂf/ f ?’l-g’[ Iiwd“P\}\e‘ffbf:jles(sH 'tsg’ he
intermedi ates at tHdandt\dl ytically active surface in the steady state, viz.
Z, -6 Z-0H2, Z-O, Z-CH2H4, X-OHOH and X-O were determ ned anal ytically
and are gi VeFhe Indicdy &, i, cTarel daareethedgitaen ratov@dratios tdfi theveyrrespoadinged t o
sinmulate the fluidized-bed 5 reactor according to the bubbl e assenbl age
nmodel (BAM) l&MeRts, yherebasgedon @ein Eng. Sci. 24) 1351-1368 (1969)). The
model describes the fluidized bed as a tvvo-8hase system whi ch consists of a
bubbl e BRase whi dhis # |they rAAge fremyR00ahdtoal0&d: apr9érablycf|ﬁor@n9409%nt0phase;
10 the two-phase ?dwfture of such a reaction m xture conprising particles
in a fluidized bed"Wt'h gas being passed through it can be verified with

Lgfi gak?ﬁeeye. Slcnicé(?nr"péaraenréuel tsrér?\rb.?rt]gslean%om ains a high proportion of

dis in the range from O to 1.

X and/or Y may also represent a plurality of elements, in which case the
25 indices ¢ and d may assume different values for different elements.

The catalyst particularly preferably comprises at least one of the following

compositions in combination with oxygen:



catal ytic reaction takes place there, while virtually no reaction takes
place in the bubble phase owing to the | ow concentration of the catalytic
material. The 15 nodel of the fluidized-bed reactor therefore has to
describe the transfer of reactants and products between the bubbl e phase
and the emul sion phase and at the sane tine take account of the growth of
t he bubbles with increasing distance frm t he gas distributor, an effect
which is well known from fluidized beds. For this reason, the fluidized bed
was divided into 20 segnents Mdﬂal’ao&%{\%@ENB [,f esponding to the |ocal
bubbl e di anmeter. The bubbl e dianeter, thé velocity of the bubbles, the
expansi on of the bed and the Nﬁﬁﬁﬁpd'o%d%V&JNb%%ﬁ@c{bﬁCQ&mt he phases were
cal cul ated by the nethods of Werther (J. Werther, Chem Eng. Sci. 47 (9-11
), 2457-2462 (1992)) and Mur r MP100Pd.cotedpselNbo.odSbaan R0 Khesh. 21, 465
(1965)). For both bubble phas 5 d enyl sjnn S each segnent was

R o Chanrhe £ b Bo St raaa:

described as an ideal stirred renoval from

f1 ui di zeg-bed reactors, approMarasRdoboi;5¥BRDIEIShygCdden conditions can be
achieved; for this reason, the reactor was regarded as isothermal for the

pur poses of nodeling. 7 TNB”IQdDquvOQQIEI\éI-ﬁHHO-@G&bODanOtW\D phases is given
by the foll ow ng equations: EgmH. si hasenn. T r,k-1 CE, t.k ~+

KBE. KVB,k LCB.t.k CE.r.k ~+ ~W‘3?@]°r°,8???°'F5N~b&P%r°hr§5-,‘k J 5 Eg. 1 Bubble
phase: O - ~unf \uk un~l' ~CBMuolsoPddebbatVdesBIbkSbs¥EaoohCB. 1. k CE. 1.k Eq. 2
10 The equations can be sol veg{g;c or fach rea&bl on, conponent i and each
segnent k, for exanple by nea 169P 0#9@07\%(@% Pepres 01 The nmass transfer

bet weenyghe bubbl e phase and Wl [ Fpm hgh.is expressed by the
coefficient KgE i, kt can be dgpﬁ'rom' n'eogda g'gnti ’?glt-?o\'\%e?y&r}y 15 neans of a

correlation of Sit and G ace M®1lBoRdeSbdrsValsolbo 6sVWerPdsivesm Eng. Sci. 36,
327-335 (1981 )). The mninmum fluidization velocity unf is derived as
described in Wn et al (C. Y. Wn, Y. H Yu, AIChE J. 12, 610 (1966)). The

direct catalyti xi . dat i on,. of han cetic aci,d in fluidized bed can
50 bo. deacriARart reMBsABS 08dEPhahd AHRFONBeR: 1k tehcoh ddsiEire
devel oped henay fUhkenr eennprise awates haporiand iingrt gases Such-asi mitrogenforgur es

vel oped h ool shaapor Such |
s andSuolGeoaile, e ST ROLER 1) KRBIGY 2 Raciif (Bt ofposiod V<

shows the b@bove the explasiveimy in dhe fluisizeskbed seartpgiiowexarethenteaghey f eed

pﬁi nt Iﬁr dii§ fpesfepdbly dperated wHivgranesxcest &Onerm gay] widteNand/or_éthafdg. 3
SNOWS e C

lectivyit .and,fi,g. 4 shows.the. yield of
ncetc aci d 8t YRy, reseibieesans A BRI of i aiand, R 8B, S5 A el and
bubbl e di ansixpeasensfethet lozidatibh oofi Bthaneats ietiylemedind tnes rdsuits260@n Pt at
=16 bar bof eq8BaERYPind el 10 2B8nc abRO ¢ N2 = 40 1 8 20 1 32

The process is preferably carried out at low temperatures. Low

temperatures increase the selectivity of the oxidation reaction in favor of

acetic acid. A temperature range of from 100 to 500°C at a reactor
25 pressure of from 1 to 50 bar is preferred.

The density of the catalyst particles can be in the range from 500 to 6000
kg/m®. To carry out the process, it is possible to use, for example, a
fluidized-bed reactor as is described in US 5,300,684.

30

The process of the invention has a high selectivity, and increased space-
time yields can accordingly be achieved in the oxidation of ethane to acetic



5 Fig. 5 shows the conversion selectivity curves and fig. 6 the yield of
acetic acid as a function of the residence tinme for multistage fluidized
~ beds (see above); the points indicate the conposition at the outlet of each
stage (reaction conditions: T = 260C, Pto~ =16 bar, dp = 60 ,um feed
conposition C2H6 : 02 : H20 : N2 =40 : 8 : 20 : 32 (in the case of divided
i ntroduction of 10 oxygen in the first'§rage: 40 : 1.6 : 20 : 32)). Fig. 7
shows the conversion selectivity curves and fig. 8 the yield of acetic acid
as a functi iqf iad i far saqfhil . rosaRg! Br | ui di zed
bed and 5- s?ébag;g ?tlt Erlﬁa éljleggtg gﬁgﬁﬁeﬁt%ﬁgi @i egmitﬁn&t%ro uctr?%%tegf p%ﬁ@g@ﬁ?ﬁet he
poi nt s i ndi cieductior efoipshubble sizet arables| troublesemeh backmixig eafc theon 15

diti : = =16 ,b dp. - 6 ed., iti C2He : 02
“oho0 o JeaGtantS gn theChuiaizga Bha 1REbe 1BRuHR. (TTRGUGER bt e i of
oxygen in thacfddset slé@Rity ) the Jedctior? QesulBRg in ARXAERIRS iﬁ%@t&‘b&?éese”t

cal cul ations were carried out under the assunption of a reacto aneter D
of 4 m & pdimpyialdsf aeelig agd. ~m or 80 ~m (according to the Gel dart
classification A), a density of the particles of 3100 kg/nB and a porosity
of the fluidized reactor bed of 0.5 at the m ninum fluidization velocity.
The corresponding mnimum fluidization velocity was 3.3 m's 25 (60 Vim or
5.85 m's (atlns® pamjculaembriimentc specially swhenuhighdsthané coovedsiansoase i n t he

reactor in the.si t] - th I di b index ulunf ip the reactor was
kept const an‘?g5 't%dgabgf Iéég&ypf] §?magalaiﬁg%o(ﬁ‘ﬂi ol &@@ﬁ%@rﬂwg'zﬁgfﬂﬁfat ure,
different competrtwithdetiicatet grodutliend igad inf) elvh 3L IBUDIé o’ AT
velocity at the reactor inlet accordingly in the range from 4. mls 30 to

5.40 n8/18. ALOMAeNaes @fiesht ipreach aings, Sopthat dheiibubbies gizer isner iavgragso
orifices per . §a€e iZdiCo & I t t,| st age
fluidized- beS rltlaéz/i@f%ﬁﬁm%ﬁo l? S 1'VI gg@hl nt r%‘guc I gﬁbg?)ugog{/egeéﬁ grééhde:t age
was nodel ed achieved iy mednal of intediats degd mesitdsyrinwtheh fluldizeaivbeda S o
distributor._ In the. as% of a multi stagﬁqfl ui di zed bed wi th divided

i nt roduct i orPE¥eYRDIgBNethARE conversions,Abthe,samerime asqya &gl seleciivity tpas
stream bef or 2Cheigt lgiiged | I RET, ; ; to
stage, so th%teq?hgmfal ﬁ?ﬁf‘gggﬁgéﬁ I ndeci Iﬁrﬁ%‘?%@gsst:lqg(gﬁtsﬁyﬂdr)ormn@g@g% o 8.5.
The vol d&e fstagesaan be@agyantageoksat the fl ui di zed bed index u/unf in the

m ddl e stage of the fluidized bed is 8 1In the figures, the sinulation
results for an ideal isothermal fixed-bed 10 reactor under the sane
condi tions i i : LAt QL K ified
Fesi dence.t | i Ad¥ARalBby BUBRIG Sl it 2 NI B oithe dOHfedBRHIGECr | nea
as the nass refctien payamnettirsivierd dgtetrmedofromenfdagurext rédudtsr ststatned innl et
under the gi.ven reaction, conditions. 15 Exanple 1:. Influence, of the
particle si 28"%:?%6389? BE the, £ Yé'PiQﬂ?glnﬁﬁeeO%rB?P%ef gthanedp & fixpdibed.cr ent
par ticl eodi aymy Rihgtic paramEférs deftrhiidy H{@ref‘r@m_th?tH@%%c?Bné ﬂ'ﬁ/o%d\g?fe
particles) snmaller bubbl es havi n% a maxi mum di ameter of 4 cmwere forned,
whi l e in t hesuwaarized imégda and & Thel catalyticlgaisephasavoxidationdohethame of up

to 12 f h f 1 g t. d d

baciri xi ng. 1 CHBVEad b B Hirer g, Srial Tl PTes, 4l % BnecRanh Moo i el o
of acetic acdaﬂalgstezslsomiﬂenwhé@aw%xﬁjaai@d dteps 'bcédﬂ“ﬁdrﬁ@lg the Wiidaive and 4
show that at a bubble dianeter of dB = 1 cm the achievabl e yi el ds becone

t he sane as dahyseoganatine ofj etbanectiner padiaband mempletenexidationseof ethanes show

1 g8on Sty SORELELPTY & ASpSBAF U YA VAT PGBl Ao
becomes snaldrdy in theepresehde af watet. i theaactivaté&iDiornaof Xa)s OHDIE) frizetot | e

yield increase g i, .cé). The ,exa[?I e. shows that at a paxi num bubbl e size dB
of 1 cm vi rfA¥ Tﬁ}g’i‘ nethese qedic; ACide¥ige & MSChaRIBM csigdar et thet o
acetic acid e+ i el : ' [ |\ s di,zed- bed
eactor and TRSY TRRES T Gortatle o AEic BLR] Mtk gty i o

vi rtual | y ndiifferenbredationqfatings giat tharpariial dxidatioenofrethbhe at #vedpesitibrs Zon phase
occurs d, | di t.iopn,, backm xing (s reduced. It can thus be shown that

t he I_owgbel ééﬁﬁf’}}'ﬂn&@sﬁﬁﬁe"-@i H=enansm §'”%1'Parlt8a'§‘?6\6’e§°p?ﬁlr%ﬁqnpf‘b§t able to
undesi r abl e geaqie X NEstep3t e fib4)l ZPHle bRScYAr OIRLRY FallBEStd I s er
between the bubbl e phase and enlll sion phase which |eads to oxygen fromthe
bubbl es onl yniermediatesat they caialydicale astive sudacelimdlee steadydstate, oig. 2 hi gh
oxygen concentration in the bubbles |eads to increased carbon di oxi de
formation as a result of unselective further oxidation of the acetic acid
and thus to a reduction in the acetic acid selectivity. 10 Exanple 2:

Mul tistage fluidized-bed reactor An additional possible way of reducing the
undesi rabl e backm xing in the



fluidized bed is, apart froma reduction in the particle size, the use of a
mul tistage fluidized-bed reactor. As a result of the gas distributors at
the 15 begi nning of each stage, the average bubbl e size over the
fluidized-bed reactor is smaller than in a single-stage fluidized bed,
since bubble growth starts afresh in each stage. Figures 5 and 6 ShOM/the
results for various mnmultistage f1uidi ze®-bed reactors: 20 "3St" - 3- st age
fluidized-bed reactor with 20 t of catal yst/stage, height of the fluidized
bed per stagegH,l 206 Z-CH2R, "X -OI-?OFFﬁwxfbuh/@kéﬁété?ﬁﬁhé&aﬁélgﬁcdwyté”hdm t of
cat al yst/ st age, ht of the fluidized bed per stage = SSt, vert”
- 5-stage flarlecglmm@bleliactor with divided introduction of 25 oxygen and
15t of catalyst/stage, height of the fluidized bed per stage = 0.78 m For
conparison, the results for the single-stage fluidized-bed reactor (BAM
and the ideal fixed-bed reactor (PLF) are also shown in figures 5 and 6.

11_ At low Hﬁélaale:eeam\t@rrrﬁmedsn tmgwépwgre asé@rtmsdnwaéltrse fluidizeeiansd v
hi gher selectivity in the 5-stage fluidized bed with_divided introduction

of oxyge|5 t HEACIOs ageerding de themtmbi%@sse@bia@&md@l (BAM) (Ks Kater Qddt abl e to
the | ow OXY ORfdn c%%ﬁpi%@_ gbrlp 24 qsgqn{geea;g,geg hi gher et hane conversi ons,
sel’ec i es

the 5 differencés in Vit h the various fluidized- bed
reactors are low, (<29% . The highest acetic acid selectivity after the
fi xed-bed reactor of SHOe~ = 72.2 % is obtained in the 5-stage flui di zed

bed with divided d i f t  X~2HS= th
e'? ha\rl:ne coni/e.h%?em?ldg{ 15\%5‘5@ I?@? 8?”9&%)%%) a?l“%@(ﬁ’hﬁéﬂ sy%tgé? WP'C}’ i = 77.5
% 10 The resy Bﬁobléphagéﬂwc'h .§ht9w|ﬁ Baﬁa £8nd@h c.%til’*%ltfrlcﬁté}ﬁﬁlsfohngjrﬁ'séed bed

enabl es the space-tine yiel be incr sed sign cant | ared' to a
si ngest d@e ftheutwoa:drmSBesiruometof@L@hmareade mixture diomptising pamiolesdniaon of

par Cral predbiifiedy BRIV Gk bnh deSRE FipboR T oo B G M PR c L or o
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Owing to the good heat removal from fluidized-bed reactors, approximately

isothermal reaction conditions can be achieved; for this reason, the reactor

was regarded as isothermal for the purposes of modeling.
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feed point for different particle diameters of 60 ym and 80 ym.



nol ecul ar oxygen in a fluidized bed of catal yst particles, wherein the
particle dianeter of at |least 70% of the catalyst particles is |less than or
equal to 80 Vim 4. A process as clainmed in claim3, wherein the particle
di aneter of from10%to 60% of the catalyst particles is less than 60 ~, m
5. A process as clainmed in claim3 or 4, wherein from20 to 50% of the
particles have a dianeter of |ess thamr &@ ~ m 6. A process as clained in
any of clainms 3 to 5 wherein the catalyst particles are within a particle
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the Geldart classification A), a density of the particles of 3100 kg/m3 and a

porosity of the fluidized reactor bed of 0.5 at the minimum fluidization
velocity. The corresponding minimum fluidization velocity was 3.3 m/s
25 (60 um) or 5.85 m/s (at 80 um). To achieve comparabie fluid-dynamic
conditions in the reactor in the simulation, the fluidized bed index u/uys in
the reactor was kept constant at 8.0 for all simulation conditions (different
temperature, different composition of the gas stream fed in) by adjusting
the gas velocity at the reactor inlet accordingly in the range from 4.67 m%s
30 to 5.40 m%s. As gas distributor, a nozzle plate distributor having 800

- 2
orifices per m~ was assumed.



16. A process as clainmed in any of the preceding clains, wherein one or

more reactants or water are fed into various zones or stages of a single

Stage or multistage reactor. .An.Ar. A A?. Ae. A AE. A A9. AY. A . A . AR A" AS|
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Simulation calculations were carried out for two different particle diameters,

viz. 60 yum and 80 um. In the case of the 60 ym particles, smaller bubbles
having a maximum diameter of 4 cm were formed, while in the case of the
80 um particles, bubbles having a diameter of up to 12 cm are formed.

20 The effect of better mass transfer and reduced backmixing in the case of small
bubbles on the selectivities and the yield of acetic acid are shown in figures 3
and 4. In addition, figures 3 and 4 show that at a bubble diameter of dg = 1
cm, the achievable yields become the same as those in the fixed-bed reactor.

Furthermore, the results show that at constant conversion, the selectivity to

25 acetic acid increases with decreasing bubble sizes. In addition, when the
particle diameter becomes smaller, the yield of acetic acid Yyosc and also
the space-time yield increase (fig. 4).

The example shows that at a maximum bubble size dg of 1 cm, virtually
identical results in respect of the selectivity to acetic acid and the space-time
30 vyield are obtained in the fluidized-bed reactor and the fixed-bed reactor,
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It can thus be shown that the low selectivity and space-time yield is at least

partly attributable to undesirable backmixing in the fluidized bed and to slow

5 mass transfer between the bubble phase and emulsion phase which leads to
oxygen from the bubbles only slowly getting into the emulsion phase. In
addition, a high oxygen concentration in the bubbles leads to increased
carbon dioxide formation as a result of unselective further oxidation of the
acetic acid and thus to a reduction in the acetic acid selectivity.

10
Example 2: Multistage fluidized-bed reactor

An additional possible way of reducing the undesirable backmixing in the
fluidized bed is, apart from a reduction in the particle size, the use of a
multistage fluidized-bed reactor. As a result of the gas distributors at the

15 beginning of each stage, the average bubble size over the fluidized-bed
reactor is smaller than in a single-stage fluidized bed, since bubble growth
starts afresh in each stage.

Figures 5 and 6 show the results for various multistage fluidized-bed reactors:

20 o “3St" - 3-stage fluidized-bed reactor with 20 t of catalyst/stage, height of
the fluidized bed per stage = 1.04 m

o “58t" — 5-stage fluidized-bed reactor with 10 t of catalyst/stage, height of
the fluidized bed per stage = 0.53 m

o “5St,vert” — 5-stage fluidized-bed reactor with divided introduction of
25 oxygen and

15 t of catalyst/stage, height of the fluidized bed per stage = 0.78 m

For comparison, the results for the single-stage fluidized-bed reactor (BAM)
and the ideal fixed-bed reactor (PLF) are also shown in figures 5 and 6.
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pressure reduces the reaction rate compared to the other reactors.

15  The simulation of the 5-stage fluidized-bed reactor with divided introduction of
oxygen was repeated for a higher oxygen concentration which allows a higher
ethane conversion and thus a higher acetic acid yield. Owing to the higher
oxygen partial pressure, the reaction rate is increased. As before, the catalyst

mass is 15 t/stage. The results of the simulation are shown in figures 7 and 8.

20 In contrast to the results obtained with the low oxygen concentration
(figures 5 and 6), the conversion-selectivity curves in figures 7 and 8 show
more significant differences between the single-stage fluidized-bed reactor
and the 5-stage fluidized-bed reactor. As a result of the divided introduction
of oxygen, a significantly higher selectivity to acetic acid compared to the

25 single-stage fluidized-bed reactor is obtained at the same ethane
conversion (at Xczns = 16 %: SHoac,1-st = 65.4 % O SHoacs-st = 69.7 %). The
loss of selectivity in the fluidized bed compared to the fixed bed is relatively
small (SHoacpLr = 73.6 %). As before, the space-time yield obtained with
divided introduction of oxygen is reduced compared to the fixed-bed

30 reactor; however, it is at the level of the single-stage fluidized-bed reactor.
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Bubble diameter limited, dg = 1 cm
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Tm/ kg-s-m'3 Xeczne /% Xoz /% | Scona /% Shoac /% Scoz /%

3-stage fluidized-bed reactor

Stage 1 60 318 5.91 58.88 1.17 73.79 25.04

Stage 2 120 636 8.55 85.61 2.09 71.86 26.06

Stage 3 180 954 9.49 95.22 2.71 70.82 26.48
5-stage fluidized-bed reactor

Stage 1 30 159 3.88 37.98 0.30 76.67 23.03

Stage 2 60 318 6.56 65.11 0.88 74.90 24.22

Stage 3 90 477 8.23 81.65 1.59 73.42 24.99

Stage 4 120 636 9.14 90.64 2.20 72.36 25.44

Stage 5 150 795 9.62 95.30 2.57 71.73 25.69

Table 3: Multistage fluidized-bed reactor with divided introduction of
oxygen (the oxygen conversion Xog is calculated per stage)

10 (Fig. 5 and Fig. 6)

Tm/ kg'sm3| Xconws /%  Xoz2/% | Scows /% Shoec/% Scoz /%

low oxygen concentration

Stage 1 45 239 1.33 59.38 13.49 66.45  20.06
Stage 2 90 477 3.02 57.95 7.90 70.64 21.45
Stage 3 135716 4.88 57.39 5.13 72.16  22.71
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with divided introduction of oxygen, the fixed-bed reactor and
5 single-stage fluidized-bed reactor are shown here.
(Fig. 7 and Fig. 8)

Tm/ kg-s-m'3 Xoovg /%  Xo2 /% | Scona /% SHoac /%  Scoz /%
single-stage fluidized-bed reactor
7 058 1.52 7.25 0.16 79.33 20.51
14 115 2.90 14.18 0.11 77.15 22.74
28 231 5.33 26.91 0.08 74.00 25.92
42 346 7.37 38.02 0.07 71.82 28.11
56 461 9.09 47.56 0.07 70.29 29.64
84 692 11.71 62.35 0.16 68.35 31.49
141 154 14.85 80.11 0.63 66.17 33.19
211730 16.77 90.97 1.09 64.89 34.02
282 307 17.64 95.91 1.35 64.29 34.36
Plug Flow Reactor
2823 0.61 2.77 0.95 82.56 16.48
7 058 1.58 7.27 0.37 82.56 17.07
14 115 3.10 14.43 0.19 81.81 18.00
28 231 6.04 28.64 0.10 80.10 19.80
56 461 11.18 54.78 0.06 76.94 23.01
84 692 15.22 76.56 0.06 74.36 25.58
112 923 18.00 92.00 0.32 72.28 27.39
141 154 19.11 98.18 0.95 70.86 28.19
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8. A process as claimed in any of the preceding claims, wherein the
fluidized bed index is in the range of from 1 to 10.

9. A process as claimed in any of the preceding claims, wherein the
density of the catalyst particles used in the fluidized-bed reactor is in the
range from 500 kg/m® to 6 000 kg/m°.

10.A process as claimed in any of the preceding claims, wherein the
catalyst used has the formula (1),

MoaPdpX;Ys ()
where

X is one or more elements selected from the group consisting of Cr, Mn,
Nb, Ta, B, Ti, V, Te, Re and W,

Y is one or more elements selected from the group consisting of B, Al,
Ga, In, Pt, Zn, Cd, Bi, Ce, Co, Rh, Ir, Cu, Ag, Au, Fe, Ru, Cs, Mg, Ca,
Sr, Ba, Li, K, Na, Rb, Be, Nb, Zr, Hf, Ni, P, Pb, Sb, Si, Sn, Tt and U and

the indices a, b, ¢ and d are the gram atom ratios of the corresponding
elements, where, based on a = 1, b is in the range from 0.0001 to 0.01,
c is in the range from 0.1 to 1 and d is in the range from O to 1, where X
and/or Y may represent a plurality of elements.

11.A process as claimed in any of the preceding claims, wherein the
catalyst is

Mo1.0Pdo.0005Vo.25NDo. 12

Mo01.00Pdo.0005V0.45ND0.03Sb0.01Ca0.01

Mo .00Pdo.0005V0.45ND0.03SD0.01Ca0.01Ko.015
MO04.00Pdo.00075V0.45ND0.03Sb0.01Ca0.01
Mo04.00Pdo.00075Vo.55Nb0.03Sb0.01Ca0,01
Mo1.00Pd0.00075V0.45ND0 0650 01Ca0.01
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12.A process as claimed in any of the preceding claims, wherein the
reaction is carried out at a temperature in the range from 100 to 500°C.

13.A process as claimed in any of the preceding claims, wherein the
reaction is carried out at a reactor pressure in the range from 1 to
50 bar.

14.A process as claimed in any of the preceding claims, wherein not only
ethane and molecular oxygen but also an inert gas, carbon dioxide
and/or water vapor are present in the reaction gas mixture.

15.A process as claimed in any of the preceding claims, wherein the
fluidized-bed reactor has a plurality of reaction stages or reaction
zones.

16.A process as claimed in any of the preceding claims, wherein one or
more reactants or water are fed into various zones or stages of a single-
stage or multistage reactor.



