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Reactive Distillation 5 The present invention relates to a process WOBAB gws
hydr ogenating monocyclic or polycyclic aromatics which may be sub e
by at least one alkyl group, am no group or hydroxyl group or a combination
or two or nore thereof to give the coktresponding cycloaliphatics. In
particular, the present invention relates to a process for hydrogenating
benzene to cycl ohexane by neans of reactive distillation in a reaction
colum in which the reactants 10 are passed in countercurrent over the
catal yst(s) fixed in the reaction colum. There are nunerous_processes for
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hydrogenation catal yst used, a hydr ogenatl on activity of the catal yst
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2005 by relatively high temperatures, has to be suppressed. Typical cyclohexane specifications
require a residual benzene content of <100 ppm and a methylcyclopentane content of
<200 ppm. The content of n-paraffins (n-hexane, n-pentane, etc.) is also critical. The
5  formation of these undesirable compounds is likewise promoted by relatively high
hydrogenation temperatures and, as in the case of methylcyclopentane, complicated
separation operations are necessary to remove them from the cyclohexane produced. The
removal can be carried out, for example, by extraction, rectification or by use of molecular
sieves, as described in GB 1 341 057. The catalyst used for the hydrogenation also has a

30  strong influence on the extent of formation of undesirable methylcyclopentane.

In view of this background, it is desirable to carry out the hydrogenation at the lowest
temperatures possible. However, this is limited by the fact that, depending on the type of
hydrogenation catalyst used, a hydrogenation activity of the catalyst sufficiently high for

35  achieving economical space-time yields is attained only at relatively high temperatures.

The nickel and platinum catalysts used for the hydrogenation of benzene have a series of

disadvantages. Nickel catalysts are very sensitive to sulfur-containing impunt:



benzene, so that it is necessary either to use very pure benzene for the
hydrogenation or, as described in GB 1 104 275, to use a platinum qamRyzﬂns
which tolerates a higher sulfur content in the nmain reactor so as to
protect the after-reactor which is charged with a nickel catalyst. O her
possibilities are to dope the catal ys*t’wth rhenium (GB 1 155 539) or to use
5 ion exchangers in the production of the catalyst (G 1 144 499). However,
the production of such catalysts is conplicated and expensive. The
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catalysts for this application:

In SU 319 582, suspended Ru catalysts doped with Pd, Pt or Rh are used for preparing
cyclohexane from benzene. However, the catalysts are very expensive because of the use
5 of Pd, Pt or Rh. Furthermore, the work-up and recovery of suspension catalysts is

complicated and expensive.

In SU 403 658, a Cr-doped ruthenium catalyst is used for preparing cyclohexane. The
hydrogenation is carried out at 180°C, and a significant amount of undesirable by-products

30  is generated.

US 3917 540 claims catalysts applied to Al,O; as support material for preparing
cyclohexane. These catalysts comprise, as active metal, a noble metal of transition group
VIII of the Periodic Table, and also an alkali metal and technetium or rhenium. The AL, Os

35  supports are in the form of spheres, granules or the like. A disadvantage of such catalysts is
that a selectivity of only 99.5% is achieved.



catalysts are in the formof particles having maxi mum di nensi ons of 0.635 cm
(% inch) and have an active netal content of at |east 5% the prépaMiR 3805
of -A12Q8 is conplicated 5 and expensive. In addition to the above-described
particul ate catal ysts or suspension catalysts, nmonolithic supported
catalysts in the formof ordered packihg provided with catalytically active

| ayers which can be used for hydrogenation reactions are known fromthe
prior art. 10 For exanple, EP-B 0 564 830 describes a nonolithic supported
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and tenperatures of preferably from 150C to 220C. 20 WD 96/ 27580 descri bes
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20
WO 96/27580 describes a process for hydrogenating unsaturated cyclic and polycyclic
compounds by means of catalytic distillation, in which the reactor is operated at a pressure

at which the reaction mixture boils under a low hydrogen partial pressure.

5 WO 98/09930 discloses a process for the selective hydrogenation of aromatic compounds
in a mixed hydrocarbon stream by means of catalytic distillation in the presence of a

catalyst.

In the processes of the two last-named publications, pressures of from 13.8 to 17.2 bar and
30 temperatures of from 135 to 190°C are necessary to achieve a satisfactory space-time yield.
According to both publications, the desired product is always taken off or obtained at the

top.

In all the processes described in the literature for the hydrogenation of aromatic
35  compounds, the strongly exothermic hydrogenation reaction requires careful temperature
and residence time control to achieve complete conversion at high selectivity. In particular,
it is necessary to suppress any significant formation of methylcyclopentane, which is

promoted by high temperatures. The by-products such as methyleyclopentane formed in

ted by high tempe as m



the prior art. For this reason, the preparation of, for exanple, high-purity
cycl ohexane requires a subsequent distillation step, which is asqoplqug%
with capital costs. 5 It is an object of the present invention to provide an
econoni cal process for preparing cycloaliphatics by hydrogenation of the
correspondi ng aromatics, in particul a®by hydrogenation of benzene to give
cycl ohexane, which nakes it possible to obtain cycloaliphatics of high
purity with high selectivity, in a high yield and under mld reaction
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of f t ake r Qfmlfhe bottom of the colum is controlled by means of the reflux
ratio in the

20  The reactants are preferably passed in countercurrent over the catalyst(s) fixed in the

reaction column.

If the cycloaliphatics desired as product are taken off via a side offtake, the lower-boiling
components (low boilers) are taken off at the top of the column. Correspondingly, the

components having boiling points higher than that of the cycloaliphatic (high boilers) are

L

obtained at the bottom of the column. Accordingly, the mode of operation is matched to

the respective by-products which are present in aromatics or are formed during the

reaction. For example, low boilers are taken off at the top and, correspondingly, high-

boiling components are taken off from the bottom, while the cycloaliphatic is obtained via
30  aside offtake.

If no high-boiling by-products or secondary components are present, the desired product is
taken off from the bottom.

35  Of course, a mode of operation in which the cycloaliphatics are obtained as desired
products via the side offtake and at the bottom of the column is also possible according to

the present invention.



colum and/or the energy input into the colum. At the side offtake, the
product is preferably taken off in liquid form 5 It has surprising] YMARQ005
found that aromatics, nonlimting exanples of which are benzene, toluene,
xyl enes and aniline, can be hydrogenated selectively and at a high
space-tine vyield to the correspondi ng tycl oali phatics by neans of the
process of the present invention at, conpared to the processes of the prior
art, significantly |lower pressures and 10 tenperatures and that the
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20 preferably from 80 to 150°C.

Since the system is in the boiling state, the temperature of the reaction mixture in the

process of the present invention can be regulated in a simple manner by the pressure.

5 In the process of the present invention, the pressure is set so that the hydrogen partial
pressure in the hydrogenation is in the range from 0.1 to 20 bar, preferably in the range

from S to 13 bar.

In the process of the present invention, the catalytic hydrogenation is carried out over a
30 heterogeneous catalyst in a reaction column; in principle, all catalysts suitable for this

application can be used.

Specific examples are: shaped bodies made of catalytically active ion exchangers as
described in Chem. Eng. Technol. 16 (1993), pages 279 to 289, which may be in the form
35  of Raschig rings, saddles and other shapes known from distillation technology. A further
example of catalytically active shaped bodies similar in configuration to internals in
distillation technology are the KATAPAK catalysts and catalyst supports from Sulzer and
the MULTIPAK catalysts produced by Montz. In terms of their geometry, they correspond



51t is also possible to use catalysts, e.g. ion exchangers, which are
enbedded in pockets of wre neshes and roiled up into bales haV| aM R 2005
di aneter of fromabout 0.2 to 0.6 m with the height of such a balg é d@
about 0.3 m One or nore of these bales is/are installed in the
distillation colum. Further informatifon regardi ng such catal ysts nay be
found in US 4 21.5 011 and in Ind. Eng. Chem Res. (1997), 36, pages 3821
to 3832, the relevant 10 contents of which are hereby incorporated by
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Particular preference is given to using ruthenium alone. An advantage of the use of
ruthenium as hydrogenation metal is that, compared to the significantly more expensive
hydrogenation metals platinum, palladium or rhodium, it enables considerable costs to be

saved in catalyst production.

[N

The ruthenium catalyst which is preferably used in the process of the present invention is
placed in the column either in the form of a bed or as catalytically active distillation
packing or in combinations of the two. The form of such a bed or distillation packing is
already known to a person skilled in the art from the prior art.
30
Examples of metallic materials as support materials are pure metals such as iron, copper,
nickel, silver, aluminum, zirconium, tantalum and titanium or alloys such as steels or
stainless steels, e.g. nickel steel, chromium steel and/or molybdenum steel. It is also
possible to use brass, phosphor bronze, Monel and/or nickel silver or combinations of two
35  or more of the abovementioned materials.
Examples of ceramic materials are aluminum oxide (Al,O3), silicon dioxide (SiO»),

zirconium dioxide (ZrO-), cordierite and/or steatite.



pol ytetrafl uoroet hyl ene, pol yketones, pol yether ketones, polyether sulfones,
epoxy resins, aldehyde resins, urea- and/or nelam ne-al dehyde resi n?r@‘m Zhﬁﬁ
al so possible to use carbon as 5 support. Preference is given to Us
structured supports in the formof woven neshes, knitted neshes, woven
carbon fiber fabrics or carbon fiber f&tts or woven or knitted pol ymer
fabrics. Possible woven wire neshes are woven neshes nmade of weavabl e net al
wires 10 such as iron, spring steel, brass, phosphor bronze, pure nickel,
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particularly preferred since they withstand high cross-sectional
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nunber 1.4301 or 1.4767. 1 7 MAR 2005 -8

20  Monoliths made of woven packing are particularly preferred since they withstand high
cross-sectional throughputs of gas and liquid and display only insignificant abrasion.
In a further particularly preferred embodiment, use is made of metallic, structured supports
or monoliths made of stainless steel whose surface has preferably been roughened by
heating in air and subsequent cooling. These properties are displayed, in particular, by

.5 stainless steels in the case of which an alloy constituent accumulates at the surface above a
specific demixing temperature and forms a strongly adhering rough oxidic surface layer by
oxidation in the presence of oxygen. Such an alloy constituent can be, for example,
aluminum or chromium from which a surface layer of Al,O3 or Cr;05 is formed. Examples
of stainless steels are those of material numbers 1.4767, 1.4401, 1.4301, 2.4610, 1.4765,

30  1.4847 and 1.4571. These steels are preferably thermally roughened by heating in air at
from 400 to 1100°C for a period of from 1 hour to 20 hours and subsequent cooling to

room temperature.

In a preferred embodiment, the heterogeneous catalyst is a ruthenium-coated woven mesh
35  which at the same time acts as distillation packing. In a still more preferred embodiment of
the process of the present invention, the distillation packing comprises ruthenium-coating
metal threads, with particular preference being given to using stainless steel number 1.4301

or 1.4767.



As is knowmn to a person skilled in the art fromthe prior art, it is also
possi ble to use a pronoter or a plurality of pronoters for the cat al yst.

The pronoters can be, for exanple, alkali metals and/or alkaline daf tNAR 2005
metal s such as lithium sodium potassium rubidium 5 cesium magnesium
calcium strontium and barium coinag§'netals such as copper, silver and/or
gold, zinc, tin, bisnuth, antinony, nolybdenum tungsten and/or other
pronoters such as sul fur and/or selenium Before application of the active
nmetal s and any pronoters, the structured or nonolithic 10 supports may be
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| i kewi sticliassiupapd/phsgipmg 564 830. 20 The structured supports can, either
before or after application of the active netals and prorroters be shaped
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possibility is to apply the active netals and any pronoters to the supports

by chem cal nethods, for exanple chem cal vapor deposition (CVD). The
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in an unre support is pretreated before
appl ication of the active netals and any pronoters. Pretreatnent is
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corrponents to the sup JDOI"[ [s to be | rrprove pretreat hents are
coat i ngPrPRaters, be shaped or rolled up, for example by means of a tooth rol er, to produce a

monolithic catalyst element.

The catalysts used according to the present invention can be produced industrially by
5 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 pretredted before application of the active metals and any

or example, when adhesion of the active



support w th adhesion pronoters and roughening by nechanical (e.g. grinding,
sandbl asting) or thermal neans such as heating, generally in air, P17 MhRSﬂWS
etching. 5 1n a preferred enbodi nent, the present invention prOV|des a
process of this type in which the cagﬁlyst conprises, as active netal, at

| east one netal of transition group VI11 of the Periodic Table either alone
or together with at |east one netal of transition group | or VIl of the
Periodic Table applied to a support which has a nean pore dianeter of at
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Pure Ap Chem (1976), nanely a ores whos ter is above
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referab used in re erre aysts 1
and 2  desde tpey Ht?érmreérf@ww B%ﬁeéﬂdamﬁari i the sangg fromn tSPhém @ DQWsrpandf t hese

catal ystém 0 tB %Ro?ﬁ@fporé-oofﬁhﬁ ¢BE eligRe i§ %a@by@tkfy the9pBred hwhink ansyte be
descri bglame er in tﬁe range hfeorgezsg tnlmonwklle:?e a6856um o\f 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

5 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
30 (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
35  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.



way of exanple on the use of rutheniumas active netal. The details provided
bel ow are also applicable to the other active netals which can be used, as
defined herein. 5 Catalyst | 10 I5 The catal ysts 1 used according t?7tW%R 2005
present invention can be produced industrially by applying at |east one
nmetal of transition group VIII of the Periodic Table and optionally at

| east one netal of transition group t r VIl of the Periodic Table to a

sui tabl e support. The application can be carried out by steeping the support
in agueous netal salt solutions, e.g. aqueous rutheniumsalt solutions, by
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group VIII of the Periodic Table are applied as active netal to the

support, the netal salts or 20 netal salt solutions can be applied
si mul t ahBoGarlyser! peedsircerkiag o therissait ppsntin wandte praducadesdussatiedyor

i mpr egngy Frﬂnwat Radthme mRital o S nkital ds@mp)vmroe theSRRIERGIERB L Yand rogﬁi@nalpf gf erably
| ci_ned 00C

at fro o1 and if desir a om 200 to

pr ef ergbﬁir OPFH%ﬁtg@gtfta theperoupy o A gEkE PS’F“’%‘&;FQL '8 % WHRRIGTURRIR, the

catial yst is .5 dried after each |npregnat|on step and if desired cal cined,
as desct, bed above, e active co ts lied
can be. hoSeRA s P eliry el Br oL e SRR R iy YaButhEy

cal ci _nedosuplpommtkan&rm sl srjuteots| Yy apreymgtagpropyiatetmetal spdttolutivna agasthet r eam
conpr i s%g,gto & SyMUAG LM B AR 3heie Blud S BOOMH0AC o FANBIBh ARy from

about 1 I%qas stream prefera y consi st to
100% byl WOl ane V8H afgheReriodiemabletase doopippieh.olitingy | ohtraes, fmhéeSné@r&pn@taﬁ

soljuf i ' Oébrgéx‘ﬁﬂéybéé@ﬂlﬁcét%ﬁése cRIBRY b&ﬁipltsﬁbst H@rﬂ%%ﬂﬁﬂéxe‘s Rr SHEkE @ Bﬂéisrott hat
t he &@ actlv metal confent, in .each cas%égased on the toﬁ ght of
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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
.5 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 N».

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.



to about 3 n2/g, of the catalyst. The netal surface area is determ ned

means of the chenisorbtion method described by J. Lemmitre et at. 17nMAR 2005
"Characterization of 5 Heterogeneous Catal ysts", Ed. Francis Del anney,

Mar cel Dekker, New York 1984, pp. 310-324. In the catal yst 1 used according
to the present invention, the ratio oflthe surface areas of the active
netal /nmetals and of the catal yst support is preferably |ess than about 0.O05,
with 10 the lower limt being about 0.0005. Support materials which can be
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The oreathe pox& 1thdbeingabaird.0005. pore size distribution are determ ned by Hg
porosinmetry, in particular in accordance with DIN 66133. The pore size
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500 nm to about 50 um. The BET surface area of the support is preferably from about 0.2
20 to about 15 m*/g, more preferably from about 0.5 to about 10 m*/g, in particular from

about 0.5 to about 5 m*/g and more preferably from about 0.5 to about 3 m*/g.

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 pore size

5 distribution are determined by Hg porosimetry, in particular in accordance with
DIN 66133.

The pore size distribution of the support is preferably approximately bimodal, with the
pore diameter distribution having maxima at about 600 nm and about 20 um in the bimodal

30 distribution representing a specific embodiment of the invention.

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
preférably 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



Further details regarding catalyst | and its production may be found Rg ZAU
196 24 484.6, the relevant contents of which are hereby fully mcorbng d 05
by reference into the present 5 application. Support materials which can be
used for producing the catalysts la which are used according to the present
invention and represent a preferred etBodi nent of catal yst 1 are ones which
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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
5  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 [ 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.



In the case of catalysts in which a plurality of active nmetals have @
applied to the support, the netal salts or nmetal salt solutions cah AR 2005
applied sinultaneously or in succession. 5 The supports which have been
coated or inpregnated with the netal salt solution are subsequently dried,
preferably at from 100 to 150'C. If désired, the supports can be cal cined

at from 200 to 600C, preferably from 350 to 450C. The coated supports are
subsequent|ly activated by treatnment in a gas stream conprising free hydrogen
at froninm3thet@se @@Q@talﬁtsefren\&)ﬁﬂ}yame@OGt haiv5CtainBavienbdear Apptieiao fheom 100

to 300C, Th as _stream 10 fer onsists of from.50 ,to 10 %by vol unme
of H2 a%c?p?&’o Onfe&)alﬁ?‘;)o P oY 853 ?élluﬁﬁqs F‘i‘“ij p?RPlllgﬁl??ugfmea?(’:‘P W8 HBt al s
are appsuceesston. t he supports and the application is carried out in
succession, the support can be dried at from 100 to 150C and optionally
calcined at 15 from 200 to 600C after each application or inpregnation. The
ordér i hhevsippertshehikthave bean tcogigh Lati iorpregnatgshwitbdthe ametol sathasbrtioni arbout
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surface ar ea i's determ ned by the chem sorbtion nethod described in J.

Lemai tre* et al., "Characterization of Heterogeneous Catal ysts", Ed. Francis
Del anney, I\/arcel Dekker, New York (1984), pp. 310-324. In the cat al yst 2

used acwg Qféé&%%e‘%ﬁ?@}e é;g)\f@?%%su@ @mr atd B ﬁ@ﬁloﬁqgfc%f%d%@as of

30 the act yst su | ess than about
0.3, pr@f%&c‘aﬁﬂ@nl 3’@§‘*PH% Ca’bé’ﬁtdrt?dlatafﬁﬁn|1r90r§8r1t3ioc@naé}fi %‘89%11500@)‘51%?1 dess,

Wi tily t hgomoxeer tol domPL etmt @gc}a@wka@oroeﬂﬁnprxh@cwpmﬁé ordatigriatls thinghal can be
used for fdum n%)i g b sts sed @accor ding to the present invention
possess® 3111%8%1[989% 2154 © ‘65% SSEWI@% HEMECUPhe supports which can be used
according to the present inventi on have a pore distribution in which from
about 5 %. pr.ef | ¥
ety ThOmRRR sy BOUoRGE SBRR & HeLARPH: shybd AL touRRAERES o
25,/ 1 FetiyaRnetghsontant 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.

5 The metal surface area is determined by the chemisorbtion method described in J. Lemaitre
et al., “Characterization of Heterogeneous 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%,

. . n < o
more preferably from about 10 to about 30% an bout 15 to about 23%



5 of the pore volunme is nmade up by macropores having pore dianeters in the
range from about 50 nmto about 10,000 nm and from about 50 to abogq ﬁﬁﬁbmm5
preferably fromabout 55 to about 90% nore preferably fromabout 70 to

about 90% and in particular fromabout 75 to about 85% of the pore vol une

is made up by nesopores having a poreldi-ameter of from about 2 to about 50
nm where in each case the sum of the pore volunes adds up to 100% The

total pore volune of the supports used according to the present invention is

from ablsﬂthe fbr®Fotuenel isSmadB g, bypmatepatek yhak ingMdie HidrBetdrs 2n aiB/rehg@Ndomn
parti cul.ar

f.rom abqut 0 10 1.0 cnB/g...The ne ore.di er of the
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par t5 cufram fhogh? abeboutZBWonmpowhrelin ead0Caspthg surnfoftthepegppdunes adds upuof ace
area of}é@% support is determ ned by the BET nmethod by N2 adsorption, in

particular in accordance with DIN 66131. The nean pore di aneter and the size
distribution 20 are determned by Hg porosinmetry, in particular in

accor damgetom tpBrdd N6 b3 he ﬂp?@@ygﬁdiakcérﬁiﬂg% REd etk trvRABSH Rl fForh abstge al |
al yst Pé%gg t%gp whi ch Qave t he above-defi ned
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si liccon] .oagr_ﬁ'rgj _erge axlxdaﬁip@uémm&m&_,ogshé supPorts h_wéii Aeordind @nthél medira]mhd}mtion5
zi rconi um di oxi de nesi um o , _zi,nc gxide or m xtures thereof, nore
or of or abl §Om ZPOM SR BRHETAREOD FRBHAON &ith,oadl | iR g er S HE Y ar di ng
cat al ysaboit fray attyert flduund i n DE- A 196 24 485.4, the relevant contents of
whi ch are hereby fully incorporated by reference into the present

application. 30 Further details regarding the catal ysts used in the process
of the Ppheserace apemiba, suphedtris pseferabhyutommabowr ¥ te tabowt ARY mHeE, ravrad i n DE

199 517 Prferdbly trhfn BbAVERY 1 ARG RMHSD 97/o Whi Gh paﬁ[c%la*ﬂeffcﬁl?)/abf)&t' by0 khg@sor at ed
by reference |&é§%the present application. The | ow boiling by-products

formed 7 BHE RN ™Mare distilled off via the top during the 35 reactive
distillation, possibly as azeotrope with the starting materials, and

di scharged fromthe action system .ln an an ou nner, .any.. .
i gh bor T RGTBY Broah it iaPHe drramined B uROAESPRGed ST pefPlian ins v
2005 - 1particular 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,
.5  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

reactive distillation, possibly as azeotrope with the starting materials, and discharged from

(O8]
ut

the reaction system. In an analogous manner, any high-boiling by-products formed are

separated off via the bottom.



The energy liberated in the strongly exothermc reaction is utilized_for
distillation. Both benzene and its substituted derivatives such as t & MAR00S
or xylene can be converted into the corresponding saturated hydrocarbons by
means of the process of the present 5 invention. In the process of the
present invention, it is in principle 6GSS| ble to use all nonocyclic or

pol ycyclic aronatics whi ch are either unsubstituted or substituted by at

| east one al kyl group, am no group or hydroxyl group or a conbi nation of
two or rftheentizggidefatedahtiiestrdb@]séxughermds reastion istutitiesd fofr distlatién.nor e t her eof ,
preferably singly. The length of the alkyl group is subject to no
particul ar restrictions, but the al kyl groups are generally Cl-C30-,

prefer athyh Gtab8-andiits srmbsﬂiﬁutndl derivaiivaS4suah Iay [tolgrenel p5 xyue tche heoroayebed rrat ic

conmpoun i I I

| east o(r:lhz st W{& %qulg unsu 5Ft%fgtfae rlét ‘Cio-a kyltﬂgg%:g%eg &ftge}gx@s ﬁﬁo

radi Bal iayemtibpund to an aromatl c ring can be hydrogenated according to the
present invention to form the correspondi ng cycloaliphatic conpounds, wth
it also being possible to use mxtures, of . two or nore of these conpounds.

20 The 4R GhEPIOEEss MHPRRIPEECH RV AHEORDIH STICPHRCIRIE POsTipleye use al mapracyelic or
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part i culpaeferatist GyC,s- Btlhvymcumré?pylzs alkd gpowapy| | butyI i sobutyl, tert- butyI
radi cal s; anong al koxy radicals, preference is given to Cl-Cs-al koxy

radi cal s such as net hoxy, ethoxy, pr opoxy, i SOpropox but oxy, i sobutoxy,

t er t - butfoxeraRiP.caPAtiTIReMPOgHd I%Wﬂcﬁgatdﬁasrﬁ%@shyélﬁ@(}’ |%eun red peefRspblyand

al koxy raadi £ adast bRy subSti Sty dngﬁmtmyd oalggeny Bt ahd?fop@l'kbkﬁ wdadal htdior i ne
30 atong, bear ot her. suitable inert (zUbStclltUteEl{l oundf whi ch
can b TR EEAGE B e CR 4D R S S S W BT SRGPHR §o 1Bt ai
at | eastthoo@resporidingcede@lphbtyc Eomopouhds,ovidh itiatsopaditd pedstile o, us€lmi&tires af Kyl

radi cal which on the sanme aromatic ring as the hydroxyl
gr oup ortwarogﬁnosfgg%trhg?errepgﬁ@g ‘conmpounds are (nono)al kyl phenols, in which the

al kyl radical can be in the o-, m or p- position relative to the hydroxyl

gro A i SoM&Ncli® dif y I erred
Foosl T LEHLRE RORGeT 8 By piiahleapplap (612115

carbon AAYRHIAFRINPANGS CPRAL & Fgst Pne sy gépttpewbwhuﬁ \I’Puﬁl‘ééﬁ &R [arOmRtF er ence
i's givenide tfe dimpld¥ABRPOId of this type is phenol. The aromatic compounds preferably

have one hydroxyl group per aromatic ring. The aromatic compounds can be substituted on

the aromatic ring or rings by one or more alkyl and/or alkoxy radicals, preferably C;-Cjo-

Ul

alkyl and/or alkoxy radicals, particularly preferably C,;-C,g-alkyl radicals, in particular
methyl, ethyl, propyl, isopropyl, butyl, isobutyl, tert-butyl radicals; among alkoxy radicals,
preference is given to C;-Cg-alkoxy radicals such as methoxy, ethoxy, propoxy,
isopropoxy, butoxy, isobutoxy, tert-butoxy radicals. The aromatic ring or rings and also the
alkyl and alkoxy radicals may be substituted by halogen atoms, in particular fluorine

30  atoms, or bear other suitable inert substitutents.

The compounds which can be hydrogenated according to the present invention preferably
contain at least one, more preferably from 1 to 4, in particular 1, C;-Cyg-alkyl radical which
may be located on the same aromatic ring as the hydroxyl group or groups. Preferred
35  compounds are (mono)alkylphenols, in which the alkyl radical can be in the o-, m- or p-
position relative to the hydroxyl group. Particular preference is given to trans-alkylphenols,

also referred to as 4-alkylphenols, where. the alkyl radical preferably has from 1 to 10

caroon aiom

carbon atoms and is partlc larly pref ferably a tert- hu‘rvl radical, Preference is mven fo 4~



-16 tert-butyl phenol. Polycyclic aromati c conpounds whi ch can be used
according to the present invention are, for exanple, (3-naphthol and

a- naphthol. The aromati c conpounds in which at | east one hydroxyl groZurMAR‘nczﬂm
preferably also at |least 5 one substituted or unsubstituted G -Cto-al kyl

radi cal and/or al koxy radical is/are_hgund to an aromatic ring can al so have
a plurality of aromatic rings which are linked via an al kyl ene radical,
preferably a methyl ene group. The linking al kyl ene group, preferably

met hyl e ro an _bhear..one or.nore stlt ents whic e
G- os e tRuniic 2Bk Brostiico rumaBinb B ot RS s drbaifion o e
parti cupssént ipveatien atyl, Yorretimple, fatapiithol addDoprapipibl. | sopropyl, butyl or
tert-butyl radicals. Each of the aromatic rings nay have at | east one
hydr oxyl group bound to it. Exanples of such conpounds are bi sphenols which
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am nes glfdhByianBsthylheradfapr omati ¢ conpounds can be substituted on the
aromatic ring or rings or on the amno group by one or nore al kyl and/or

al Koxy radicals, preferably G -C2o-alkyl radicals, in particular methyl,
et hyl , [mtﬂaqucesetomh@/prepmnﬁ«gntlonspmlo@awref&uﬁwly 1i/éilofbulﬁmolgeriaﬁhﬁr abut oxy
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| east og&nmnlag_ group is bound to an aromatic ring

20
In a further, preferred embodiment of this process, p-tert-butylphenol, bis(p-
hydroxyphenyl)dimethylmethane or a mixture thereof is hydrogenated.

The process of the present invention can also be used to hydrogenate aromatic compounds

5 in which at least one amino group is bound to an aromatic ring to form the corresponding
cycloaliphatic compounds, with it also being possible to use mixtures of two or more of
these compounds. The aromatic compounds can be monocyclic or polycyclic aromatic
compounds. The aromatic compounds contain at least one amino group bound to an
aromatic ring. The aromatic compounds are preferably aromatic amines or diamines. The

30  aromatic compounds can be substituted on the aromatic ring or rings or on the amino group
by one or more alkyl and/or alkoxy radicals, preferably C;-Cyq-alkyl radicals, in particular
methyl, ethvl, methoxy, ethoxy, propoxy, isopropoxy, butoxy, isobutoxy, tert-butoxy
radicals. The aromatic ring or rings and also the alkyl and alkoxy radicals may be
substituted by halogen atoms, in particular fluorine atoms, or bear other suitable inert

35 substitutents.

The aromatic compound in which at least one amino group is bound to an aromatic ring

may also have a plurality of aromatic rings which are linked via an alkylene group,



may al so have a plurality of aromatic rings which are linked via an al kyl ene
group, 1 7 MAR 2005 - 17 preferably a methyl ene group. The |inking 2l MAR e85
group, preferably nmethyl ene group, can have one or nore al kyl substituents
whi ch may be Cu-C2o-al kyl radicals, preferably G- Co-al kyl radicals,
particularly preferably nmethyl, ethyt]7propyl, isopropyl, butyl, sec-butyl

or tert-butyl radicals. 5 The am no group bound to the aromatic ring can

| i kewi se be substituted by one or two of the above-described al kyl

radi cal %mfe?@dﬁ' iaCME@lgleYl_e r&lE rmdnﬂgﬁgcmgd&;eagr%uﬁ,nbﬂek&@oly Qﬁ@t‘ﬂ%i&)ﬁ& YRHGEL
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t ol uene Xﬁlepzs .ﬁgnene, i phenyl net hane, tribenzenes, tetrabenzenes,
pent abe AP RfitAl abenzenes, triphenyl met hane, al kyl-substituted 15
naptgt hal enes, napht hal ene, al kyl -substituted ant hracenes, anthracene,

al kyl -substituted etralins and tetralin,. and als i.line. Preference is
G von ¢ eyhidRu Rl 08 a8l ekt B SR Bl onClsF sEREL

Al t hougthe tabevehdatrobmsinedkyloadioflst he aromatics can be carried out with the
hydr ogen- 20 containing gas and the liquid aromatic or aromatics being
passed in cocurrent through a colum, the hydrogenation of the present

i nvent i Bartipdaghy eesfained eampownisouare wiantinehe naplyidylegéte, c sharainebergeges bei ng

pasged 4intiéedluéhes ahd BR-LaHiRPEEhMnthaRE6: RixhiRe dRbe- described catal ysts
in countercurrent to the liquid aromatic or aromatics. Here, the liquid

phase can be passed t hrough the colum fromthe top downward and the gaseous
phase . Spektfeaily hehebpicbanm ppveds ds phiic uiytir pgaaablyolisdds fier Rfdbaddayingahs i ed out
in two PQ nor e %%ﬁggsszh% zg{algst descEjbed i ﬁhergg sent.s Tication is
used i natVEadP ‘shergene: AQURDY et FoRS Y ashrteny|mytiant, id %o use
any gastealwhialesc qreprabsezehes eandy desglemzand, tcipht¢milmethond)ariidylHsubstiounad s of
Catl%l ysﬁayﬂg{aﬁzggé’ ne{ﬁlrtha?é%”mllgylg@ostﬁﬁ{ed_eéﬂmlc&esOfa%ﬂgg&ﬁé, %ﬁﬂ/fl-r 1959‘[1':[&2: rmers
can be used. Préference 15 gi'ven to using pure hydrogen as yérogena i on
gas. Thetransr syetvielionanst alshangings Brgfeiepce it Bivan damyBegenttingebenggne ith t he

absence.RohRkARGACR: HtbsenfpRRbyent or diluent, i.e. it is not necessary to
carry out the hydrogenation in solution. 35 As solvent or diluent, it is

possi ble to use any suitable solvent or diluent. The choice is not
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

.5  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



critical as long as the solvent or diluent used is able to fotsn a
honpgeneous solution with the tic t be h ogenater ui~ aCO "..a,...1 DMAR 2005
bl..y..1"0., 1 7 MAR 2005 - 18 The anount of solvent or diluent used is not
subject to any particular restrictions and can be chosen freely according
to requirements, but preference is gir¥én to anounts which lead to a 10-70%
strength by wei ght solution of the aromatic to be hydrogenated. 5 Wen usi ng
a solvent in the process of the present invention, the product fornmed in the
hydr ogenation, i.e. the respective cycloaliphatic(s) is used as preferred
solvent her sol vents  or | uents., In this
case.pdnt aBpupnd GsH of Bttt AabEF Loty T wTRAE ¢
ar omat i be shoseh fteolybrEchylinnpereqtiecherits) bﬁhprqﬁecresca:ms givenve Ianmmtseslslchdfsid
numer ou & The reactive

g t ??,% %Qéﬁ&ﬁg&%ﬁéﬁﬂt %o?ut%n cft‘?ﬁé Srontd c%‘ Be ﬁgégﬁg?n%'

distill feactions and fFfac i%tillation of the
starfing materials and products in one apparatus. This offers process

engi neefyng Ay 8RLRARSIH fhe 2RSS b e b}&@emxvérmoﬂh égbr bt "6ARd BNtHeS

carried out and reduces ene 15 consurrptl on. tion, capital cost

savi ngsh¥&rpenatignt bec Her gﬁSﬁ@c%wet cycdesdiphetic(@nds %P@tﬁsl Prafarisd ﬁq{veéﬁcsér Hte
appar at bléﬁ&d%ﬁd&lﬁoﬂ@@@the{ Bolaelel bi anuer&@qn RO ERRS pat of MR RH&SRMormidavignt i on
enables .the aromatics ta behhé‘io enah V%'Ctlvely and in a high

space- t HFPT9R%ST ept b5 Bixed 1piRdhe F’@g‘ﬁéﬁ ithge gl ¥hat i cs at 20
sigmficantly | ower pressures and tenperatures t han those described in the
prior a catal ysts have a h| act|V|t even relativ | ow
pressurlfeﬂsle ggrtlt nove ucrees"g ha THET R cla(c)ig?m%%atl 2 ed %o% Caried’ {r%%l"ﬁrbqﬁl y pure
form EwenTlhe rdaequodle@&almescorrdyn¢sodienp¢ﬂinﬁmocaand lﬁecramahdmeﬂamon af thegh
space-t (OBi¥ ¢l r e 4 g ti@ns G I ethiQtlinoWM th
excel | enttqﬁlsé’l eca??r\l/allﬂtjyatn\?v u@s m (% o%ﬁg gﬂsm 5‘”8 i &%196%1“% Fi gure
1 shows2@Vagfagss irf respeot |0£\Ahfa w&g rlarwfafh éhedriegffetiqm létqaerpda?}ﬁaanétreewreé EOREH T yi ng

outyd hecomﬁ@asﬁ of atii€ioR eS8l Jobl Stih@NcopaBl b dahEirky 6LioMdcAb@tang 1S
obt ai ne&gfﬁ?ﬂ e bottom of the colum., 30 Fi gure 2 shows such a sinplified

fl ow di BN SCRAUE PPPUPTUSTH B MYSs for carrying out the process of

the present invention in which the cycloaliphatic is taken off via a side
of ft akeln 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.

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.

carried out by

means nf reactive distillation above. In a
means Oof reactive cistiliantor ano a

B



The figures will now be discussed in nore detail for, by way of exanple, the
preparation of 35 cycl ohexane from benzene. In the process of the PVeﬁﬁRtZU%
invention as shown in Figure 1, the reaction is carried out by neans o
reactive distillation over a heterogeneous catalyst 5, as described ahove,
inal7 MAR 2005 -19 reaction colum!4- The feed point | for benzene opens
into the upper part 3 of the reaction colum 4 and the feed point 2 for
hydrogen opens into the |ower part of the reaction colum 4. hi this way,

t he reaedaatitiscdllumw 4. The desalt @yiatul febenidne @pghs inhetheampt gt 8 oF tidredctionBenzene

reacts t he r neo atalyst 5 to f.ormcyclghexan ith .
i ¢ anogle' 5t abFIRIE PR 25 Biatiencons (G e Pud PR 8 B rdigt em
di stil | eduimt4 [bhies betyt tmredctadie flovoinwmon@rament thraighctharepetdon koough4t he

line 8. pahnce b 8’{%‘? tﬂ@ﬂet%%o?eﬂ@&é%@al}ts rSrﬂgafom%gQBilnLiﬁg @%ﬁ?ﬁﬁﬁ&ﬁeox%she
concentrat_l on proririe in t process 0 t he presen |,nvent| on 1s set sO
t hatS nodiséHeeare Gysloberanents the lewidobet pbtheotystehe digillsdintenthe twtigmaot digi on of

hi gh copgaptréildon i_knhetzans.N thbgnzgne/ cycl ohexane is present on the
het er ogeneous catal yst 5. The by-products formed in the reaction are | ow

boilers and are, possibly as azeotrope with benzene or cycl ohexane,
condensgehcebbnidie ahe clE1Bh&QNE EhEE R 18w-bbilehgPiRERFPII AN chrEhtr@fonlfrofikein

benzene- cont ai ni stream taken off at the top is returne s runback 10 to
Pho. T oali DRCESE B G eream e P B POdE e TS PRSihT SRSFPUS athct he. ¢ op
cort@i ncolgminhearlya poomusittsgh soncdheatiar gfetsbnzErer drhtehpaetyclobekdneiib pregent

i npuri tigiheqlrcttasreg]etneg% tatgﬁ sQe*snzene can |ikewi se be separated off in a sinple
manner Berdre the reaction Zone with the het er ogeneous catal yst 5 and be

di scharged via the part 7 of the streamfromthe top of the colum. 20

Unr eact g4l %%%&Ql%& Him QP EAHR GG o n LRL1WPRoiRrs Lﬁlﬁaﬁe%‘fs%ib%ﬁa%ﬂe&i% &uligaves
the reactio column 4 together wth the relativel ow"bol I'i ng %orrponents,
and i s, bepERdRBFYolTRRY, conrersad oyt ibthealog adensant 1he pedprénanaped dfy neans
of 85 CONRIIRESAk-cbAtdifing BRe PR tARMBF Afthe 10Pas FRAGEH QY nG®tINQ b tieFeihiRn t he
process Olf th4e§_%r eserﬁj i n:;erd}tl on is car r|§d ut by neans gf an a@%ar atus as
Shown T Ao+ it § HEa LBaT ¥ &l s, Br58) Fhrme i et B doR Len e e PRITSHGIERTS, | s
t aken oflfschirgeda Fusthden@tf toakboilibhgl iagatieds iprestiteinl thwesenpatet canf likdveise deurm 3b.
In this_e | At , hi_gh i 0 inaed,via |1 t <bott om
of tne: et et pshlfy Hofifle 803 R fybhg R el aom 1
Fig. 2 iksdbedisthedzadyvidte rarheeihs stredre foef bedoref thageluains in Fig., 2
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.

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:



correspond to those of Fig. 1. The invention is illustrated by the foll ow ng
exanples. Exanple 35 Catalyst A 1 7 MAR 2005 -20 This catalyst is a
comercially avail abl e catal yst conprising 0.5% of rutheniumon A1§073 MAR 2005
spheres havi ng nmesopores and macropores corresponding to catal yst

according to the present invention. 5 Catalvst B: The catal ytic packing of
this catal yst was produced from woven fretal nesh which had previously been
coated with ruthenium The production nethod is described in EP _A 0 564
830, the relevant contents of which are hereby incorporated by reference
into tHeupeasalasitis awpmr@qt:ialjﬁ.avald)abdsamtgdb’ﬁtgcmnrlsmw.é‘?mfe@ﬁlemh@ enper@mrent al
appar at Ugh&RMRATiAE dn&oPSRt Rl EmgcrbpdBE cohAIPRhERS t5t@ellyst @agddbRling kdsk Whi ch
was fitted with a’stirrer and a superposed distillation colum (Tength: 1 m
di anet erPraSNEHVERHCInade up of two col umm sections. The lower part (0.5 m) of
the distillation columm was in one experinment provided with the

above- de %rigzg catalyst A and in another experinent with the catal yst B,
whi | 8 tﬁzlﬂﬁ% - region of the distillation colum was provided with a Mentz
Bl- 750 ditetddtdiptid packpae bt fds cafabysbevuzgnedwas froed eveddnimétal inbeh whiyhehawost
section of .the distillation.colum b ns_of, a.punp., The. wat er.. was. net ered
301 nt o Erabtirg bR cp @it f PGk ey o iRy pRtu PRt BOER Phe

r eact antis?-4f0 déveS Wattlad seddvanivesntaghio€ wdukh dthéhetppgiriogepomated Hyyrefrrenhecint f or med
were se - vi-:a the reaction colum and condensed in a partia
condensgggﬁ#ﬁ%ug Agéﬁgate fl owed over a runback divider into a _5 reservoir.
ThelPemni ni ng of f-gas stream was passed through a cold trap and subsequently
t hr ough @ugas: SRR ploRedyBasure the vol une. The apparatus was equipped with a
pressure regul ator and designed for a systempressure of 20 bar. 30 Al
inflow ng and outflow ng streans were continually nmeasured and recorded
during tTe 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
_5  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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process for
or nonocyclic or polycyclic aromatics substituted by at

group,

10

15

20

30

35

A M

hydr ogenati ng unsubstituted nonocyclic or polycyclic aromati

am no group or hydroxyl group2®dr a combination of two or nore
thereof to formthe

We claim:

o

(8}

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
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.

A process as claimed in claim 1, wherein the reactants are passed in countercurrent

over the catalyst(s) fixed in the reaction column.

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.

A process as claimed in any of claims 1 to 3, wherein the hydrogenation is carried

out at a pressure of < [3 bar and a temperature of < 150°C.

A process as claimed in any of claims 1 to 4, wherein a heterogeneous catalyst is

used.
A process as claimed in claim 5, wherein a ruthenium catalyst is used.

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
the -column, preferably in the form of ruthenium-coated distillation packing

comprising inorganic or organic threads, is used.

A process as claimed in any of claims | 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

at a temperature in the range from 50 to 200°C, preferably from 80 to 150°C.

| east one al kyl
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correspondi ng cycl oal i phatics by nmeans of gaseous hydrogen in the presence
of at least one catalyst in a reaction colum in which the reactants MAR 2005
passed over the 10 catalyst(s) fixed in the reaction columm, wherein the
cycloaliphatics are taken off at a s;ge of ftake or fromthe bottom of the
colum or at the side offtake and frofthe bottomof the colum. 2. A
process as clainmed in claiml, wherein the reactants are passed in
countercurrent 15 over the catalyst(s) fixed in the reaction colum. 3. A
processV.as cAarovess asclgiaadnn hnpof 2laimb é e Bnwhireinhd hgdeigat pamiai presarei ed out
at a pressur f, nd.a. t r f : cess as
clainmed in aaﬁl§&6ftﬁ%ﬁgﬂh§ig&}aﬁf) g 1§1,n t&%ﬁé@%ﬁgﬂﬁyé rog%g’&’arf: Ll%gar?‘f‘¥ g®g§§ ?(? gﬂ out

at a pressurtarof < 13 bar and a tenperature of < 150C. 5. A process as
claimed in any of clains 1 to 4, wherein a heterogeneous catalyst is used.
_5 A process as clained in claim5, wherein a rutheniumcatalyst is used. 7.
A pBoceks asAdregseseds cleimpedinmmsy of ckias rh te, 9. \Whesreinngesipadhesnpipduetsataag yst i n
the form ofsegahed difvik ik (BELLE LRhitiR Bidla@bni N the formof distillation
packing in 30 the columm, preferably in the form of rutheni umcoated
distillation packing conprising inorganic or organic threads, is used. 8. A

processiias CAgro®Res hf cRiie®lin @h?ioﬁﬁ:lalmtsq o 1Whehatin dleHayaicogeapden i s
carried out.at ,a pressure,in,the ran%f fro 0 gxefron15

t to.20 bar refera
Lo 13 bar,  dHUPJENSBEAMeSHRIERET & HROATo Togh fieo sy Y i
pr efer abl y fis prap8dtfeomd &QEne, lor ¢ yMAR::30&bine i2Brep&ed Ao tBss as clained in
any of clains | to 8 wherein the hydrogen partial pressure during the
hydrogenation is in the range fromO0.1 to 20 bar, preferably from5 to 13
bar. 5 10. A process as clainmed in any of clainms 1 to 9, wherein undesired
by-products are separated off via the top during the reactive distillation.
11. A process as clained in any of clains 1 to 10, wherein cycl ohexane is
prepared from benzene, nethyl cycl ohexane is prepared fromtol uene,
di met hyl cycl ohexane 10 is prepared from xyl ene, or cycl ohexylamne is
prepared from aniline.



