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with Pd, Pt or Rh are used for preparing cycl ohexane from benzene. However
t he cat aI ysts are very expensive because of the use 2 5 of Pd, Pt or
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In all the processes described in the literature for the hydrogenation of
aronmatic 3 5 conpounds, the strongly exothernic hydrogenation reaction
requires careful tenperature and residéhce tinme control to achieve conplete
conversion at high selectivity. In particular, it is necessary to suppress
any significant formation of methyl cycl opentane, which is pronoted by high
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react i onregsnenated ahfiustipblecp. cycl oal i phatics are taken off at a side
of ftake or fromthe bottomof the colum or at the side offtake and from
t he bottom of the col um. 0 The reactants are preferably passed in
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of the colum. Accordingly, the node of operation is matched to the
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whil e the cycloal jphatic is o ned via 3 0 a side offtake. If no
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product is taken off fromthe bottom 3 5 O course, a node of operation in
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energy i FAMPLF3EGARGEXICBIINFM. At the side offtake, the product is
preferably taken off in liquid form 5 It has surprisingly been found that
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| ower pressures and Z o tenperatures and that the cycloaliphatics are
obtained in high purity in one apparatus. In the process of the present
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from 80 tthet agelectigiyhefeony89.8Ysis @ghicved. n t he boiling state, the tenperature
of the reaction mxture in the process of the present invention can be
regulated in a sinple manner by the pressure. 2 5 In the process of the
present invention, the pressure is set so that the hydrogen parti al
pressure in the hydrogenation is in the range fromO0.1 to 20 bar,
preferably in the range from5 to 13 bar. In the process of the present

i nvention, the catalytic hydrogenation is carried out over a 3 0

het er ogeneous catalyst in a reaction colum; in principle, all catalysts
suitable for this application can be used. Specific exanples are: shaped
bodi es nade of catalytically active ion exchangers as described in Chem
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Exanpl es of netallic nmaterials as support naterials are pure netals such as
Iron, copper, nickel, silver, alumnum zirconium tantalumand titanium or
al l oys such as steels or stainless steds, e.g. nickel steel, chrom um
steel and/or_ nol ybdenumsteel. It is also possible to use brass, phosphor
bronze, Monel and/or nickel silver or conbinations of two 3 5 or nore of

the aboveRinyi o8ehpder datSbesButERIuBS hdrog@lafith CatdBkRlApplied & /-ALOMHUM
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resins, anéexpeasié.or mel anmi ne-al dehyde resins. It is also possible to use
carbon as 5 support. Preference is given to using structured supports in
the form of wgven neshes, knitted nmeshes, woven carbon fiber fabricgs or
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nunber 1.4301 or 1.4767. ~g_ As is known to a person skilled in the art
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Bef ore application of the active netals and any pronoters, the structured
or nonolithic 10 supports may be coated with one, two or nore oxides. This
can be adhiadl abe phrysdssal yscribed iax thep lieerdtyres port tler ihydrogeleaton ef earemttic
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exanpl e el ectron beanm), which is |likew se described in EP-B 0 564 830. 2 o
The structured supports can, either before or after application of the
active netals and pronoters, be shaped or rolled up, for exanple by neans
of atooth roller, to produce a nonolithic catalyst elenment. The catal ysts
used according to the present invention can be produced industrially by 2 5
application of at |east one nmetal of transition group VIII of the Periodic
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Table in an anmobunt of from0.01 to 30% by wei ght, based on the total weight
of the catalyst, applied to a support, where from 10 to 50% of the pore

vol ume of the support is nmade up by maek-opores having a pore dianeter in
t-he range from50 nmto 10,000 nmand 2 0 from50 to 90% of the pore vol une
of the support is made up by nmesopores having a pore dianeter in the range
from2 tg El'ggrdflfggnéﬁ’ib%rlga& Q%ﬁ%lﬁétﬁnﬂﬁ‘tﬂ@%ﬁd}i&l il @i?esa%qgrﬁeﬁ‘tﬂ)nEQ ilt?:gs/é’es of
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whi ch hathe Brigryarkekarothis egsem dhe pﬁepar@@nt der oxame.nbigh-pyeith cyrlehexget es
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the terns "nacropores” and "nesopores” are used as defined in Pure Appl.
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salts of 's of transition groups I, VII and VIIl of the Periodic
Table are the nitrates, nitrosyl nitrates, halides, carbonates,
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abou% 30 ':%P 3 t 600C, 3 0 preferably from about 150 to about 450C. The
gas Pred dﬁr ably consists of from50 to 100% by vol une of Hz and from
0 to 50% by volunme of N2. The netal salt solution or solutions is/are
applied i t
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5 about ¢Rken offfrB g bodtess. by wei ght, prefer ably from about 0.01 to about 5%
by wei ght nore preferably fromabout 0.01 to about 1 % by weight and in
part] from about, 0.05 to.about .1 .,% 1 The tota al
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n2/ g, nopedocisivea thsl sidd offinkabodist the Bbttom odiitiaicolBmniiyd glsapdssibie penording tar
from abo ut 3 n2/g, of the catalyst. The netal surface area is
determ ngﬁ I%eg%\[eg&g&g%the chem sorbtion nethod described by J. Lenmaitre et
al. in Characterl zation of 5 Heterogeneous Catal ysts", Ed. Francis

Del anney, Marcel Dekker, New York 1984, pp. 310-324. In the catal yst 1 used
according to the present invention, the ratio of the surface areas of the
active netal/nmetals and of the catal yst support is preferably |ess than
about 0.05, with 10 the lower limt being about 0.0005. Support materials
whi ch can be used for producing the catal ysts used according to the present
|nvent| on are ones V\:hl ch are Imacroporous and have a mean pore d| arret er of
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-12 di oxi de, magnesi um oxi de, zinc oxide or mxtures of two or nore
thereof, with particular preference being given to using al uni num oxi de and
2|rcon|untd|OX|de Further details regarding catalyst 1 and its production
nay be found. in DE-A |96 24 484.6, the relevant contents of which are
hereby fully incorporated by reference into the present 5 application.

Suppor t dﬁt@t&ainglta mglpa:{sﬁﬁtaavaﬁldfﬁ S¢hettRE tt]l?é &gﬁﬁaﬁi&ea@ arb@ddat af tlleas%ml ch
are use 0 the prese inventio re re erre

embodi mePAKF OF 4 ﬁteyéqtt%n A dhef W@Hnﬁ?@e‘ﬁ&é%g uR 0O 4n fean
pore di agatt@h aatd/c&t thbeﬁ&i'g}o inpwYiifito fheeésitmial )Atlﬂieaéldé Qﬁﬁdkeptl’fe praduanés a
surface arf . gﬁ- g? d%ﬁg%S n2/g, preferably not nmore than 10 n2/g,
particul%F‘§ { &F&P 8 19 e than 5 n2/g, in particular not nore than 3
n2/g.5 The mean pore diameter of the support used there is preferably in a
range fr e area
of the sgrﬂsgrs%rphging& eg{rqg ?lz)énﬁbglgg@sr ng@gmng'ﬁ%xm ri%tg)loc?;u nic f/‘re?))lrée e?al(réabl y

f r om 0. 5tolugng.oxylpnes, andnalphmu@ar ke hydreggmteg] tqse Vﬁlrx/ #nd atsa élghe&naaﬁtwr rom

0.5 to 3yiely th@éortésgo&ﬁﬂ@@ydloalﬂahht%swIﬁbarﬁtof th cék@%ft rRay Brvefss | bed
blnDdallt of the p % %ﬁ i anet er i@rrbutlon W t ous di stri butj ons
i'mg 0

and the or“r"é‘&’&tﬁ“ﬁ’d r BYOSFSER PEPUNEE . St ‘Ph‘ét Y Sﬁ IRECSRGEr Phg

cat aloy st tefrperanyrevand thandle cycl tiphatiGtare 6btathkd 9n higheuriel vaktapparatuent s of

whi ch are hereby i ncorporated by reference into the present application. 20
Catalyst 2 The catal ysts 2 used according to the present invention conprise
one or nlr therproedss offthe prasenttinventipnoths hydrogenptiomés Prsifrably camiag| eutaat aact i ve
conponen%&gsup@ofk 50/BROUH 2 RSpERtird8g<30fedierein. Preference is given to
usi ng rutheni um paIIadluntand/or rhodi um as active conponent(s). The

catal ysts 2 used according to the present invention can be produced

i nduss ri Bl 4 pakicuRE |pfbﬂéﬁedlterﬂlﬁdﬁﬁer@ Nie A HogendTRINA cafriddr @S tai BssefeOsP VI I |
of the Peﬁggplc Ta?le a_oy O ruthenium and optionally at |east
one net al 132t IR Emps VI1 of the Periodic Table to a suitable
support. The application can be carrled out by steeping the support in

aqueous H%tﬂlno aﬂr%{e?éﬂ 13} tth?ﬂgdrf)gerﬁn?&?&&?}féd 5@%‘??%&&5%%% El% Sr%lté’{)fr%%toby

spraylng propriate I Ons on e suppor
sui t abl e2 prederaldiiftoan b do 1 bat, andfor 8t 4 emperaturg e the rango frows 54 h@%e@ar
sal ta 5ol plet@asly &ogh 80'® rsoecates, nitrosyl nitrates, halides, 3 5
carbonates, carboxyl ates, acetylacetonates chl oro conplexes, nitrito
conpl exes or am ne conpl exes of the corresponding netals, with preference
bei n? gi $imoe tiae tsysaemlilt rimtﬂ@e bemlg Nstdte, o&yltempématreﬁ)f the feactién Innxtulneg ixcalseehof
cat al yst r Y e to the
suppor t ,Srtop‘i%ss # e]prgsa tHl nt10 anbe rg latgofnz%gim Ipl I%gﬁneb% Qhepfx% €.
sinultaneously or in succe55|on 5 The supports which have been coated or

z@natnegtevwobe gbfftrrg ; tdseRin e I hO Bredbifte I RSCHH R luye fyd Jsgﬁ paatﬁrab' y

at from 100 to, 15 esire & supports can e cal cine rom 2

t o 600C, Pispare i Hieyhydreganation tSoln4“!}9(1:an8F omdhl &¢28 d’rr?f§ra§b’ems@6§éﬁﬁf‘ent |y
acti vat efloR)s fori8diaient in a gas stream conprising free hydrogen at from 30
to 600C, preferably fromI00 to 4S0C and in particular from 100 to 300C.
The gas stream 10 preferably consists of from50 to 100% by vol une of H2
and fr ondOtheqprdgess o theopresent ahvexgion) ﬂleacatallyﬁmhjrdrygamhtim is cazrieccpal evertrae
appl4ied p . ar.fil on,
£ o A ppidpoEc b RatlaL HE LREIRRYLAR! YERrhGRR L SR bR REZEN 07
frontZOOMM&wGMEnﬁﬁmhﬁéﬁﬂéach appllcatlon or inpregnation. The order in which
the netal salt solution is applled can be chosen without restriction. The
nmetal salt solution is ap e the upport . or suppQrts in such an anount
That. t hoSBR, SRS HBnieREd itodies gands 6) e FalE RS g SXERDRERat v

fr om 0. Odestribeddith Chyen. E‘hgmﬂie@thtol 1rm(r1993p); @ﬁ@saﬁpyo QB@,nwlﬁicﬁ)matycbeﬁ%th:yfom ght,

ol | 81”#%{ h{%ﬁggso sé”ctd‘lef% tf?é/r &ﬁ#&%m&fﬁ&% dithil fal?'%{lttgctlﬁ o [ the

cata yst SUI’ ace ea on era Yy from

0.01 to @amnl¢ of qalytically aadtiye pwhepest hbdigs fsrrnﬂmomsomﬁgtsatmv tp anternalsr in

prefer ab!h)étllfle[tﬂm t@cr%l ave T RATAP A %atﬁ%%é'a)ﬁatcata%rsﬁ sn]ﬂ})%rtg%ﬁ{ Stlkf Afe area
|s det erm ned ﬁ t%ﬁ: em sorbti.on netho escnég . Lemnitre et al

" Char act WML afabysts pygdvred by Mantg) lpsteams o elrrgr:%metné they corresRondiar cel
Dekker, New York (1984), pp. 310-324. In the catalyst 2 used according to

t he present invention, the ratio of the surface areas of 3 0 the active
nmetal or netals and of the catal yst support is | ess than about 0.3,
preferably | ess than about 0.1 and in particular about 0.05 or less, with
the lower Iimt being about 0.0005. The support materials which can be used

for produ0|ng the catalysts 2 used accordlng to the present i nvention
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usi ng activated carbon, silicon carbide, alum num oxide, silicon dioxide,
titani um di oxide, 2 5 zirconium di oxi de, nagnesi um oxi de, zinc oxi de or

m xtures thereof, nore preferably al urbnrum oxi de and zirconi um di oxi de.
Further details regarding catalyst 2 may be found in DE-A 196 24 485.4, the
rel evant contents of which are hereby fully incorporated by reference into

the pr esgihe RRkIchifre Rruchurds FidckiRg ﬁxea@ﬁrlra%ohetgaﬁ@ldgg fo?%x&ﬂﬁl%'tﬂéiy?eysed

in the process of he present | nvention #gucture pro

be. f oundSHIeTRX363, DX QUELAPAR:ar Mopiz/Ad® orctrgs dnd oot Len

fully i noafepaésheeahie afeeicﬁmnﬁﬁylrm@eﬁédeawcﬁwyedapplﬂgaesmmme
| ow- boi | i ng by-products forned 1n the reaction are distilled off via the

top during the 3 5 reactive distillation, possibly as azeotrope with the

st ar t3 ngtnmabsoi missblean diselicstelyatsged. ifoncnxx:hatngersewbiqhme sybedded ihrpogkets of

anal ogou r a f via
%vdé’flﬂ&ﬁés gﬂfﬁéll@& QE 1&%8'blr;fegﬂaxhﬂ%gdfh%’rb%e ?%EI%L@@Q BB Wil 1

the botto era exot herm c reaction

is utili heshr@frswh@tbarlq b@ln@ﬁgmB&}rmemEéﬁén%rﬁd) fithese balsgﬂs/@retleﬂallférm\rhm ves
such as HRLHSHEh Loluhvd. epﬁm@m&&m@mﬁef doBRlingtsach heatdipits Eiﬁd@yoﬂié' fshndaiir at ed

hydr ocar bgon pr ces of resent In the
process &% f%&yﬁfeeﬁi i B:ﬁ‘g s(lé% aénﬁqgﬁﬁ é§%]lo ?gﬁe tﬂ%"ﬂ%‘@“&ll
monorycl kenterits pOWHHCrd neraby)mbrp@ﬁawmbﬁfefaemeenrohbe presaithpplidatived or
substituted by at |east one al kyl group, am no group or hydroxyl group or a
conmbi nation of two or nore thereof, either 10 singly or as m xtures of two
or nore {thisradsof pospiblef torwsb|hetesogenkqus Chtalydte pernprisifg a¢tiveamgkipls. dretive metals

subj ect t rink I ally
&1 Co- . R;%xrléehocea?gfe dsS&'Ln% d ﬁﬁ& F)lecéll MBE&ls (;i“{fanﬁltﬁ% C?r(;;l\f) \)//Hf gfr'-’@ﬁ P?ﬁ@dlg ;q?ﬁléer Tore,

I cul ar
aromati c eanaﬁﬁ@etah um é-’n ‘pagf eraggrsr) %lﬁémwa?@m Retladiyma repbalte pickelb Py 15
al soo@t  h@B&diuener § whisturd OF @6o Ur nib@Uhsicof. kLticlar fleferéddeyib givdi ahsiggd/ or
al koxy rggbcal are bound [o an aromatic ring can be hydrogenated according
to the prUSEHIMASERYS VA2t o form the corresponding cycl oal i phatic
conpounds, mnth it also being possible to use mxtures of two or nore of
these conpo dl%et TQFtrﬁt'is?{ffnt gl%u§§’ TROUNGf Sia{hebﬁerf&iho%gﬁll | Gl agl' Xr?yc' e
aromatic co ounds contain at one

group whilispwisg bb@endjmtmnarplemfmen@e isigingn te peing pmppeegnd/ebmﬂmnanof t h| s
typesps phenol. The aromatic conpounds preferably have one hydroxyl gr oup
per aromatic The aronatic conmp ds.can_be substituted he

aromat i c @ﬁrrg[aarprrrerr@ge 0y S¥ & uﬁl&zemﬁr%wm ARfcorAh Byanfage g,se of
prefer ab|rtjthéiimﬁ51£k- }éﬂﬁro@dnhﬁbn anddlds tEdtJ(&m{patrﬁ(ﬁ te ﬁiesmgmﬁbﬁﬂﬂyuinafd yxpensiver ?bl y
Cil1-C1 radic in_par et [ Qpy
outyl , i efioebpatop el iatpb Feliufiin s RN 1 GoBes coRE g LRERIRLY' ;¢
gi ven t o s@keddBcaakwskgrodedional s such as nmethoxy, ethoxy, propoxy,

i sopggpoxy, butoxy, isobutoxy, tert-butoxy radicals. The aromatic ring or
rings and al so the al kyl and alkoxy radi cal s, may be substituted by, hal ogen
atons, i dhsapthepiynpeatalysiovhigh isprgfcsatlyysedin the procsss el the pressp iavertiontis

substi E UtpBRE8 i tm Tthe c@nﬂfﬁp unﬁ@ M!ﬂ!hte f‘foﬁrﬁrbfbiﬁ‘ bey drranemalyﬁicaalcycmlde nngtma]ybﬂe .
resen I nventi on ntaln eas 0 era r.om
PoTac "t nEBcne of i POmbens o SR P i fertt St b St aRTufhrokinktife

sane arormhtadyknavgnasapekmnhkﬂledmthegamﬁnmndhemm Preferred 3 5 conpounds
are ?Dno)alkylphenols in which the alkyl radical can be in the o-, m or
pposition relative to the hydroxyl group. Particular preference is given to

t rans- al Exapipdasaifanetallisgnatefials pe upnertamatgrials laye prreriaetals syple pe ironecoPPRE |

r ad:c cal bﬁﬁ&fe?[sﬂ'%%b’ be{r?ﬁPlfuhp ralrﬂeohﬁmlqaﬁerunp And (tRAEuRNGk %ﬁoy@a‘ﬂch%' SE41Y or
prefera er uty reference i s given .to
tert-but yfabﬂenortee Pof- ﬁc?ﬁif’fc Sy rrgrqneweb Mse S et ged s Loisaekn o ng
to the pressibie td nyenﬁassmhasr;ﬂnor brohze Moid] and/o3 nivhplhdilvet oatuintEnatigaktoiolwo The
aronggrc comp Opﬁﬁ koc’ onainm&m%f one hydroxyl group and preferably al so
stognb he 7Y of- UASUBSti tuted C 1-C 1 o- al kyl radi cal and/or
al koxy r dixiaowplesi of acmnboundeuds aave aaleminuine oxideg (4h0s)al slicomadioxidep(SiPal,i t y
of ar om%&oﬁlh&gﬁoﬁmér B, ecofd1 i‘t@‘énd’/bﬁstéa{hté" kyl ene radical, preferably a
nmet hyl ene group i nki'ng a y ene group, preferably nethylene group,
can bear one or nore al kyl substituents which may be Cl-CZO al kyl radicals
and are preferably C -d o-al kyl radicals, particularly preferably nethyl,
ethyl, 10 propyl, isopropyl, butyl or tert-butyl radicals. Each of the
aromatic rings may have at |east one hydroxyl group bound to it. Exanples
of such conpounds are bi sphenols which are linked in the 4 position via an
al kyl ene radical, preferably a nethylene radical. 15 20 In the process of
the present i nvention, partrcular preference |s grven to hydrogenatrng a
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Specifically, the present process is particularly preferably used for
hydrogenating the foll owi ng aromatics: benzene, tol uene, xylenes, cunene,
di phenyl met hane, tribenzenes, tetrabenZenes, pentabenzenes and
lrexabenzenes, triphenyl net hane, al kyl -substituted 15 napht hal enes,
napht hal ene, al kyl -substituted ant hracenes, anthracene, alkyl-substituted

tetral i ngxan@dldsedf 3YrtheticABEppatS hatdtiald AR pREBELCERIC 8s ipdly@H8EY, tdlyesters,
hydrogenatlnﬁ1 benzenle to. cycl Opei({%ne in the reser]sm!plrocess. At hoygh 't he
hydr ogen®PIYSHeEs t RelYXIkat | PEYOKINSe SUeh i e85 ouPONFPHICPRe HBAIYRIGRAONSG
cont ai ni @glyga&mefbetHweldei ﬁblliyﬁ?]taﬁéhmgbiy@t}@f kétoAsR pblyethee billorias&Rtly irbsins,
cocurrent rough. a col u t ydr nation .the present invention is
o of er abrAehuds Raat i APier ISl ERAE tefhar i )5 RS oy 68 38

t hrough aupmirumm equi pped with one of the abovedescribed catal ysts in
countercurrent to the liquid aromatic or aromatics. Here, the liquid phase
can be passed through the colum fromthe top downward and the gaseous
phase 2 $refesace i giysn tte rsigneiFustureth supgattsoidethst foun ofswpyar meshsisy kaisted i ed

out in tweshés, WRIven Sdadtis fibdfibfiad of Yatbor eftdr | fBRE of Mwdvie ' 1BHREY polymer
applicatign.is_us in at |least one stage. As hydrogenati on gases, i.t is
possi bl ¢ IS BOSSIRe SHVER WiF BIRSRF I VeR BESR ol WFRY SR TRSRh WSS

har nfal asdust Fonfspiapateedtbrpsi phosphof bifonex g @ickel, Marel e amiriuen, sitiver, gases
3 0 fromyefornprs .can .. Pref nee 1S 0] 0, Usin r rogen
as hydr ogr]ﬁec(r?\(gflglg‘% r’grg_gl&lﬁ‘gﬁﬁgﬁ%?&kgggna@ﬂ%ﬁl éotgeh %%ﬁgersgésagn(f}elsﬁsa%gta? %ﬁ}/ an be
carri ed ¢empératurehessistdbelvemiummicksbsteds aid alsgtitapdm. or diluent, i.e. it is
not necessary to carry out the hydrogenation in solution. As solvent or
diluent, it j.s possible to use any suitable solvent or diluent. The choice
i s not cib s Bkawisg PpesiRje 48 uspeveshvaathey matel ofeinorgaaicymaterials, don exampple, o
honoge nequses eleshdsGhaddl dfitetaiic afaterild such as b&;dwAdeEsI®L. ed. - 18 The anount
of solvent or diluent used is not subject to any particular restrictions
and can be chosen freely according to requirenents, but preference is given
t 0 ampbuniSynthkiic wites add twoven fdbricd tase € pglymely aremi sphiblestol het wsed acdording to
aronaticahgnﬁgdﬂggﬁ?ﬁggqﬁ&%ﬁo When using a solvent in the process of the
present inventlon, e product fornmed in the hydrogenation, i.e. the
respective cycloaliphatic(s), is used as preferred solvent(s), if desired
in aglgli t iNEhJIPhOHRBE of htRApacking Hré Hﬁﬂio%larl_'y”;t)&fér&dcs%@&, the@ritltandGigh
product formed jn the p oces§ can Qe xed..into the arqQpatic still to be
hydr ogenaf%ér.seqt@nwgr%ﬁgég%f), e iy SIS cant pHAtIaBe s

conpar ed It @ fintie pagialaoly gréferrpd embodinient, Use iy add ofraetdilis] sthicaired upportdi nes
Chem ool gk RSP A0 AR T VB S Tl ke RN b1,
i n respedieatifg ihairwag subseguputhcaohiogr Ehesei prapérties arer displayed, iarmarticatuc by
energy 134 WiRld iRthe cl:dée g@ whﬁ(%lﬂoc{?l al&?@oh?ritu&ﬁ%t:cﬁﬁﬂht@g gt GO IRHELDbH0e a
carryling out _reaction an Istillation in separate apparatuses can be made.
I n addi t isBerifi¢ Aemixinglempersture gad frasanronglyadherng myghogidie satage byt Prs to

be hydr ogenatied ifahegireseatd ofrkypéh. aSUthgih S8 eohititenti @ndbé, Ofodi skamiphs

corresponding cycl oal i.phatics .at, 2 0.significantly | r. Qressures d
Fenper at G p ARGy R ireiisdisr c§ A or GRE o et ESinae

hi glh af:jt W%?Aﬂesseﬂuem %’fdhme'& ofghfﬁ@w;mn&sdrﬁéﬁahd%ledp@:alt RA630, TTHEGS,

cyc [ r r Y res.
cycl 231 1 Brer adt &7 TREREHlE ot Platokally Gerk I o R by iR RESHIES

t he hydr dan4P0 o 148 Gbéorcmpeniaiobiromad theue s &P hevrs apd| subsqauentycoplingdat t he
addi ti on rgém dmipdrataFey chemcals. 25 Figure 1 shows a sinplified flow

di agram of a distillation apparatus for carrying out the process of the
present invention in which the cycloaliphatic is obtained at the bottom of
Ij _het _co: uiin a plefrréd gmbedizqmt] akes h&_anblgeﬁeo:‘iis eptalykt 8ch ﬁxtmldﬁag:tadrmfve? mesh

is a I rrY: o] e 0 pr.es
Mvehd oéih?% %ﬁ%ﬁﬁ‘i@mﬁsﬁéﬁﬁ‘?’éﬂ%ﬂﬁi "?akﬁ%i?? o breld Gadbtfhaner e
figures wid propesy af shelpregers deventinnithe distidlation packing egmpvisgs giitheniumpioating he
et | oo threale Wi Gana perb{ofEe REAZEREn 1] ik RaIQFRER mtel T ag0ECe!
reactive %B147PT1 ati on over a het er ogeneous catal yst 5, as descri bed above,
ina v - 19 reaction colum 4. The feed point 1 for benzene opens into

t he upper part 3 of the reaction colum 4 and the feed point 2 for hydrogen
opens into the lower part of the reaction colum 4. In this way, the
reactants flow in countercurrent through the reaction colum 4. Benzene
reacts over the heterogeneous catalyst 5 to form cycl ohexane with

simul taneous 5 distillation. Cyclohexane is the |ow boiler of the system
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35 The invention is illustrated by the follow ng exanples. Exanple Catal yst
A +-20 This catalyst is a coommercially available catal yst conprising 0.5%
of rut heni um on A1203 spheres havi ng r8sopores and macropores correspondi ng
t© catalyst 2 according to the present invention. 5 Catalyst B: The
catal ytic packing of this catalyst was produced fromwoven netal nesh which
had previously been coated with rutheniun1 The production nethod is

descri bed i.n, EP-A 0 564 83 t he eI ev ontents of, |ch a her eb
o o Do e SRV 40 & mfion KA PribS greGon RadHPT etk ftds AP PP PIBo At ¢ he

process giomoetera plarliay oﬁpmm(aémfoﬁmﬁﬁfataﬁﬁd Bhehpretrolidre can bé,t for esdmple) ess
st eel reg Lonfla was,_f | N t|rr n super osed
distillafl %1}1 I%eé v aﬁ&/ aik%pﬁe eTﬂ{ n{ (Eiaﬁgrsrl\l{a%he n%mﬁl etasusb of PWo ol um
sect iSonscesiting rhagn@mupwaucalcm Stroptiwrh and @adimt c¢1n@ge| wetalsaiughas eepper,rsilvere

exper | el QAW hilhanaB oo st RRAuEANBlah daRRGAR FORBRRT |

experi nment vm B, whi I'é 't he upper gl on of the

col um wi¥ ﬁFé‘&liﬁH@&d@Fﬁﬁe@%ntz B1- 750 distillation packing. The benzene

was netered into the upper m)st section of the distillation colum by neans

of apu The ered 2 o into the distillation flask. lLn.this
P ouetore ariEaRon Phipretihanr Elscntry BemdrS e pedied o Rompldiss ™ The

hyd nmge nsuppdrtbynap bedoated wWithronegtweoremerpaxiddse Thisfchn be acltieveedrphysicalby) ferol umm

and cond S 'bg gu tg’%ierec%'ﬂ#ﬁé}ﬁs%ndﬂpae&%ﬂffd?ﬁ d%lape tt%\éﬁron%o %“baCk
I'n res

di vi der e renalni rea
t hr ough suppettdmateripl imdns ovidizing ntmcgsphﬁﬁowgiﬁr ahlghrs'am rconditlnnsas&n@bime

}/ol une. éitéﬁeﬁ@a@er %ﬂ&aﬂ@& EHHIRR. A i Mnt E'lr&)n]ﬁllirﬁsa%&hﬁmh?ﬂkd %gl? IFedher disitgned
or a system pressure i nfl ow 0 ans
wer e conPRR B 9Kk i B %@“a $10, ‘?‘He’if SYaRt SETERG o e e Eshye Rifient

so tizat achipoBrdlEtperieaiceifdshdplesdnt applivatipassi bl e. As an al ternati ve,
conparative experinment in the downfl ow node was carried out using 3 5 the

sanme apparatus. The experinental conditions and experinental results are
shown i ninTsdrhe cases, itNisHaled essiblef te. ise~hightdcwign, vapor- depdsitiorn (for G@amplep, a,

A&, N ¢ibciron beam), Whith ¥ likdwise described in EP-B 0 564 830.

20  The structured supports can, either before or after application of the active metals and
promoters, be shaped or rolled up, for example by means of a tooth roller, to produce a
monolithic catalyst element.

The catalysts used according to the present invention can be produced industrially by
25  application of at least one metal of transition group VIII of the Periodic Table and, if
desired, at least one promoter to one of the above-described supports.

The application of the active metals and any promoters to the above-described supports can

be carried out by vaporizing the active metals under reduced pressure and condensing them
30 continuously onto the support. Another possibility is to apply the active metals to the

supports by impregnation with solutions comprising the active metals and any desired

promoters. A further possibility is to apply the active metals and any promoters to the

supports by chemical methods, for example chemical vapor deposition (CVD).

The catalysts produced in this way can be used directly or can be heat treated and/or

35 calcined before use, and can be used either in a prereduced state or in an unreduced state.

If desired, the support is pretreated before application of the active metals and any
promoters. Pretreatment is advantageous, for example, when adhesion of the active
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components to the support is to be improved. Examples of pretreatments are coating the
support with adhesion promoters and roughening by mechanical (e.g. grinding,
sandblasting) or thermal means such as heating, generally in air, or plasma etching.

In a preferred embodiment, the present invention provides a process of this type in which
the catalyst comprises, as active metal, at least one metal of transition group VIII of the
Periodic Table either alone or together with at least one metal of transition group I or VII
of the Periodic Table applied to a support which has a mean pore diameter of at least
50 nm and a BET surface area of not more than 30 m?/g, with the amount of active metal
being from 0.01 to 30% by weight, based on the total weight of the catalyst (catalyst 1).
More preferably, the mean pore diameter of the support in this catalyst is at least 0.1 um
and the BET surface area is not more than 15 m%/g (catalyst 1a).

The present invention further provides a process of this type in which the catalyst
comprises, as active metal, at least one metal of transition group VIII of the Periodic Table
either alone or together with at least one metal of transition group I or VII of the Periodic
Table in an amount of from 0.01 to 30% by weight, based on the total weight of the
catalyst, applied to a support, where from 10 to 50% of the pore volume of the support is
made up by macropores having a pore diameter in the range from 50 nm to 10,000 nm and
from 50 to 90% of the pore volume of the support is made up by mesopores having a pore
diameter in the range from 2 to 50 nm, where the sum of the pore volumes adds up to
100% (catalyst 2).

As supports, it is in principle possible to use all supports which have only macropores and
also those which have both macropores and mesopores and/or micropores.

For the purposes of the present invention, the terms “macropores” and “mesopores™ are
used as defined in Pure Appl. Chem., 45, p. 79 (1976), namely as pores whose diameter is
above 50 nm (macropores) or whose diameter is in the range from 2nm to 50 nm
(mesopores). “Micropores” are likewise defined as in the above reference and the term
refers to pores having a diameter of <2 nm.

The active metal content is generally from about 0.01 to about 30% by weight, preferably
from about 0.01 to about 5% by weight and in particular from about 0.1 to about 5% by
weight, in each case based on the total weight of the catalyst used. The contents preferably
used in the preferred catalysts 1 and 2 described below are indicated individually in the
discussion of these catalysts.
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0. A . A@ The supports which have been coated or impregnated with the metal salt solution are

subsequently dried, preferably at from 100 to 150°C, and if desired calcined at from 200 to
600°C, preferably from 350 to 450°C. In the case of separate impregnation, the catalyst is

25  dried after each impregnation step and if desired calcined, as described above. The order in
which the active components are applied can be chosen without restriction.

The coated and dried and if desired calcined supports are subsequently activated by
treatment in a gas stream comprising free hydrogen at from about 30 to about 600°C,

30 preferably from about 150 to about 450°C. The gas stream preferably consists of from 50
to 100% by volume of H; and from 0 to 50% by volume of Na.

The metal salt solution or solutions is/are applied to the support in such a manner that the
total active metal content, in each case based on the total weight of the catalyst, is from

35 about 0.01 to about 30% by weight, preferably from about 0.01 to about 5% by weight,
more preferably from about 0.01 to about 1% by weight and in particular from about 0.05
to about 1% by weight.
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Greater preference is given to a support which has a surface area of 1.75 m%*/g and this
bimodal distribution of the pore diameter. The pore volume of this preferred support is
preferably about 0.53 ml/g.

35
Examples of macroporous support material which can be used are macroporous activated
carbon, silicon carbide, aluminum oxide, silicon dioxide, titanium dioxide, zirconium
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The mean pore diameter of the support used there is preferably in a range from 0.1 to
200 pm, in particular from 0.5 to 50 um. The surface area of the support is preferably from
0.2 to 15 m?%/g, particularly preferably from 0.5 to 10 m*/g, in particular from 0.5 to 5 m%/g,

15  especially from 0.5 to 3 m%/g, of the support. This catalyst, too, has the above-described
bimodality of the pore diameter distribution with analogous distributions and the
corresponding preferred pore volumes. Further details regarding catalyst 1a may be found
in DE-A 196 04 791.9, the relevant contents of which are hereby incorporated by reference
into the present application.
20

Catalyst 2

The catalysts 2 used according to the present invention comprise one or more metals of
transition group VIII of the Periodic Table as active component(s) on a support, as defined
25  herein. Preference is given to using ruthenium, palladium and/or rhodium as active

component(s).

The catalysts 2 used according to the present invention can be produced industrially by
applying at least one active metal of transition group VIII of the Periodic Table, preferably

30 ruthenium, and optionally at least one metal of transition group I or VII of the Periodic
Table to a suitable support. The application can be carried out by steeping the support in
aqueous metal salt solutions, e.g. aqueous ruthenium salt solutions, by spraying appropriate
metal salt solutions onto the support or by other suitable methods. Suitable metal salts for
the preparation of the metal salt solutions are the nitrates, nitrosyl nitrates, halides,

35 carbonates, carboxylates, acetylacetonates, chloro complexes, nitrito complexes or amine
complexes of the corresponding metals, with preference being given to the nitrates and
nitrosyl nitrates.
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If a plurality of active metals are applied to the supports and the application is carried out
in succession, the support can be dried at from 100 to 150°C and optionally calcined at
15 from 200 to 600°C after each application or impregnation. The order in which the metal

salt solution is applied can be chosen without restriction.

The metal salt solution is applied to the support or supports in such an amount that the
active metal content is from 0.01 to 30% by weight, preferably from 0.01 to 10% by

20  weight, more preferably from 0.01 to 5% by weight, in particular from 0.3 to 1% by
weight, based on the total weight of the catalyst.

The total metal surface area on the catalyst is preferably from 0.01 to 10 m*/g, particularly
preferably from 0.05 to 5 m?/g and more preferably from 0.05 to 3 m?*/g, of the catalyst.

25  The metal surface area is determined by the chemisorbtion method described in J. Lemaitre
et al.,, “Characterization of Heterogencous Catalysts”, Ed. Francis Delanney, Marcel
Dekker, New York (1984), pp. 310-324.

In the catalyst 2 used according to the present invention, the ratio of the surface areas of
30 the active metal or metals and of the catalyst support is less than about 0.3, preferably less
than about 0.1 and in particular about 0.05 or less, with the lower limit being about 0.0005.

The support materials which can be used for producing the catalysts 2 used according to
the present invention possess macropores and mesopores.

35
Here, the supports which can be used according to the present invention have a pore
distribution in which from about 5 to about 50%, preferably from about 10 to about 45%,
more preferably from about 10 to about 30% and in particular from about 15 to about 25%,
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100 100 1.0 cm3/g The mean pore diameter of the supports used accordmg to the present invention
is from about 5 to 20 nm, preferably from about 8 to about 15 nm and in particular from
about 9 to about 12 nm.

The surface area of the support is preferably from about 50 to about 500 m%/g, more
15  preferably from about 200 to about 350 m%*g and in particular from about 250 to about
300 m%/g, of the support.

The surface area of the support is determined by the BET method by N, adsorption, in
particular in accordance with DIN 66131. The mean pore diameter and the size distribution
20  are determined by Hg porosimetry, in particular in accordance with DIN 66133.

Although it is in principle possible to use all support materials known in catalyst

production which have the above-defined pore size distribution, preference is given to

using activated carbon, silicon carbide, aluminum oxide, silicon dioxide, titanium dioxide,
25  zirconium dioxide, magnesium oxide, zinc oxide or mixtures thereof, more preferably

aluminum oxide and zirconium dioxide.

Further details regarding catalyst 2 may be found in DE-A 196 24 485.4, the relevant

contents of which are hereby fully incorporated by reference into the present application.

30  Further details regarding the catalysts used in the process of the present invention, their
structure and production may be found in DE 199 17 051.7, the relevant contents of which
are hereby fully incorporated by reference into the present application.

The low-boiling by-products formed in the reaction are distilled off via the top during the

35 reactive distillation, possibly as azeotrope with the starting materials, and discharged from
the reaction system. In an analogous manner, any high-boiling by-products formed are
separated off via the bottom.
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Cio-alkyl radicals, particularly preferably methyl, ethyl, propyl 1sopropy1 butyl, sec-butyl

or tert-butyl radicals.

The amino group bound to the aromatic ring can likewise be substituted by one or two of
the above-described alkyl radicals.

Particularly preferred compounds are aniline, naphthylamine, diaminobenzenes,
10 diaminotoluenes and bis-p-aminophenylmethane or mixtures thereof.

Specifically, the present process is particularly preferably used for hydrogenating the
following aromatics: benzene, toluene, xylenes, cumene, diphenylmethane, tribenzenes,
tetrabenzenes, pentabenzenes and hexabenzenes, triphenylmethane, alkyl-substituted

15 naphthalenes, naphthalene, alkyl-substituted anthracenes, anthracene, alkyl-substituted
tetralins and tetralin, and also aniline. Preference is given to hydrogenating benzene to
cyclohexane in the present process.

Although the hydrogenation of the aromatics can be carried out with the hydrogen-

20 containing gas and the liquid aromatic or aromatics being passed in cocurrent through a
column, the hydrogenation of the present invention is preferably carried out with the
hydrogen-containing gas being passed through a column equipped with one of the above-
described catalysts in countercurrent to the liquid aromatic or aromatics. Here, the liquid
phase can be passed through the column from the top downward and the gaseous phase

25  from the bottom upward. The hydrogenation is preferably carried out in two or more
stages. The catalyst described in the present application is used in at least one stage.

As hydrogenation gases, it is possible to use any gases which comprise free hydrogen and
contain no harmful amounts of catalyst poisons, for example CO. For example, off-gases

30 from reformers can be used. Preference is given to using pure hydrogen as hydrogenation
gas.

The hydrogenation of the present invention can be carried out in the absence or presence of
a solvent or diluent, i.e. it is not necessary to carry out the hydrogenation in solution.

35
As solvent or diluent, it is possible to use any suitable solvent or diluent. The choice is not
critical as long as the solvent or diluent used is able to form a homogeneous solution with
the aromatic to be hydrogenated.
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109B&' () bb\dheséAdreely according to requirements, but preference is given to amounts which lead
to a 10-70% strength by weight solution of the aromatic to be hydrogenated.

5
When using a solvent in the process of the present invention, the product formed in the
hydrogenation, i.e. the respective cycloaliphatic(s), is used as preferred solvent(s), if
desired in addition to other solvents or diluents. In this case, part of the product formed in
the process can be mixed into the aromatic still to be hydrogenated.
10

The present, novel process has numerous advantages compared to processes of the prior
art. The reactive distillation combines chemical reactions and fractional distillation of the
starting materials and products in one apparatus. This offers process engineering
advantages in respect of the way in which the reaction is carried out and reduces energy

15 consumption. In addition, capital cost savings compared to carrying out reaction and
distillation in separate apparatuses can be made.

In addition, the process of the present invention enables the aromatics to be hydrogenated
selectively and in a high space-time yield to give the corresponding cycloaliphatics at
20  significantly lower pressures and temperatures than those described in the prior art. The
catalysts have a high activity even at relatively low pressures and temperatures. The
cycloaliphatics are obtained in highly pure form. Even at low pressures, cycloaliphatics can
be obtained in a high space-time yield. Furthermore, the hydrogenation can be carried out
with excellent selectivity without the addition of auxiliary chemicals.
25
Figure 1 shows a simplified flow diagram of a distillation apparatus for carrying out the
process of the present invention in which the cycloaliphatic is obtained at the bottom of the
column.

30 Figure 2 shows such a simplified flow diagram of a distillation apparatus for carrying out
the process of the present invention in which the cycloaliphatic is taken off via a side
offtake.

The figures will now be discussed in more detail for, by way of example, the preparation of
35 cyclohexane from benzene.

In the process of the present invention as shown in Figure 1, the reaction is carried out by

means of reactive distillation over a heterogeneous catalyst 5, as described above, in a
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column 4. In this way, the reactants flow in countercurrent through the reaction column 4.
Benzene reacts over the heterogeneous catalyst 5 to form cyclohexane with simultaneous

5 distillation. Cyclohexane is the low boiler of the system, distilled into the bottom of the
column 6 and is discharged through the line 8.

Since benzene and cyclohexane form a low-boiling azeotrope, the concentration profile in
the process of the present invention is set so that no benzene is present in the bottom of the

10 column 6 and a region of high concentration of benzene or benzene/cyclohexane is present
on the heterogeneous catalyst 5.

The by-products formed in the reaction are low boilers and are, possibly as azeotrope with
benzene or cyclohexane, condensed out in the top condenser 9. The predominant part of

15 the benzene-containing stream taken off at the top is returned as runback 10 to the reaction
column 4 and a small part 7 of the stream taken off at the top containing the by-products is
discharged. Furthermore, low-boiling impurities present in the benzene can likewise be
separated off in a simple manner before the reaction zone with the heterogeneous catalyst 5
and be discharged via the part 7 of the stream from the top of the column.

20
Unreacted hydrogen 11 obtained at the top of the reaction column 4 leaves the reaction
column 4 together with the relatively low-boiling components, and is, optionally after
discharge of a substream 12, recirculated by means of a compressor 13 to the bottom 6 of
the reaction column 4.

25

When the process of the present invention is carried out by means of an apparatus as
shown in Fig. 2, the desired cycloaliphatic product, here cyclohexane, is taken off via a
side offtake 14 located in the lower part of the column 3b. In this embodiment, the high
boilers are obtained via line 8 at the bottom of the column 6. In contrast to Fig. 1, the upper

30  part of the column in Fig. 2 is denoted by 3a; otherwise the reference numerals in Fig. 2
correspond to those of Fig. 1.

The invention is illustrated by the following examples.
Example
35

Catalyst A:
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109B& ( ) Tlusl&%t(ﬂ a cottéB&aly availhBfdRatdyst 2¥ihpNéag 0. ﬂ@%&ltﬁém{nﬂ%n Al,0,
109B&' ( 109 - 109 - 5SWb=VAo 1098 &2
10YB&’ () sa@res@@g&qgsoporfﬁ TRACTARRECS, HQSTESPQL &t({ yatalyst accordlng to the

present invention.

5  Catalyst B:
The catalytic packing of this catalyst was produced from woven metal mesh which had

previously been coated with ruthenium. The production method is described in
EP-A 0 564 830, the relevant contents of which are hereby incorporated by reference into
the present application.

10
Carrying out the process

The experimental apparatus comprised a heatable 2 liter stainless steel reaction flask which
was fitted with a stirrer and a superposed distillation column (length: 1 m; diameter

15 50 mm) made up of two column sections. The lower part (0.5 m) of the distillation column
was in one experiment provided with the above-described catalyst A and in another
experiment with the catalyst B, while the upper region of the distillation column was
provided with a Montz B1-750 distillation packing. The benzene was metered into the
uppermost section of the distillation column by means of a pump. The water was metered

20 into the distillation flask. In this way, countercurrent flow of the reactants of the catalyst
was achieved.

The hydrogen and by-products formed were separated off via the reaction column and
condensed in a partial condenser. The condensate flowed over a runback divider into a

25  reservoir. The remaining off-gas stream was passed through a cold trap and subsequently
through a gas meter to measure the volume.

The apparatus was equipped with a pressure regulator and designed for a system pressure
of 20 bar.

30
All inflowing and outflowing streams were continually measured and recorded during the
time of the experiment, so that a time-dependent mass balance was possible.

As an alternative, a comparative experiment in the downflow mode was carried out using
35 the same apparatus.

The experimental conditions and experimental results are shown in Table 1.
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We claim:

5 1. A process for hydrogenating unsubstituted monocyclic or polycyclic aromatics or
monocyclic or polycyclic aromatics substituted by at least one alkyl group, amino
group or hydroxyl group or a combination of two or more thereof to form the
corresponding cycloaliphatics by means of gaseous hydrogen in the presence of at
least one catalyst in a reaction column in which the reactants are passed over the

10 catalyst(s) fixed in the reaction column, wherein the cycloaliphatics are taken off at
a side offtake or from the bottom of the column or at the side offtake and from the
bottom of the column.

2. A process as claimed in claim 1, wherein the reactants are passed in countercurrent
15 over the catalyst(s) fixed in the reaction column.
3. A process as claimed in claim 1 or 2, wherein the hydrogenation is carried out at a

pressure of < 20 bar and a temperature of < 200°C.

20 4. A process as claimed in any of claims 1 to 3, wherein the hydrogenation is carried
out at a pressure of < 13 bar and a temperature of < 150°C.

5. A process as claimed in any of claims 1 to 4, wherein a heterogeneous catalyst is
used.
25
6. A process as claimed in claim 5, wherein a ruthenium catalyst is used.
7. A process as claimed in claim 5 or claim 6, wherein a ruthenium catalyst in the
form of a bed in the reaction column and/or in the form of distillation packing in
30 the column, preferably in the form of ruthenium-coated distillation packing

comprising inorganic or organic threads, is used.

8. A process as claimed in any of claims 1 to 7, wherein the hydrogenation is carried
out at a pressure in the range from 1 to 20 bar, preferably from 5 to 13 bar, and/or
35 at a temperature in the range from 50 to 200°C, preferably from 80 to 150°C.
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from benzene, methylcyclohexane is prepared from toluene, dimethylcyclohexane

10 is prepared from xylene, or cyclohexylamine is prepared from aniline.



