1 Method for continuous catal ytic hydrogenati on The
invention relates to a nethod for continuous catal ytic
hydr ogenation, and in particular a nethod for
preparing alicyclic carboxylic acids or their
derivatives, in particular carboxylic esters, by
sel ective hydrogenation of the correspondi ng aromatic
carboxylic acid(s) (derivatives) in at |least three
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US 3,027,398 discloses the hydrogenation of dimethyl terephthalate in the presence of
supported Ru catalysts at 110 to 140°C and 35 to 105 bar.

In DE 28 23 165, aromatic carboxylic esters are hydrogenated to the corresponding alicyclic
carboxylic esters in the presence of supported Ni, Ru, Rh and/or Pd catalysts at 70 to 250°C



of 70 mm and a BET surface area of approximately 30
ne/ g. Further supported ruthenium catal ysts for
preparing alicyclic polycarboxylic esters by
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clainmed in the patent docunments WD 99/32427, WO
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an object of the present invention, therefore, to provide a hydrogenation method which can be

carried out with as little catalyst as possible relative to the conversion rate to be achieved.

It has now been found that the required catalyst volume in the hydrogenation, in particular in
the nuclear hydrogenation of aromatic carboxylic esters to the corresponding alicyclic
carboxylic esters, can be minimized when the hydrogenation is carried out in at least three

series-connected hydrogenation units, at least the two first hydrogenation units being operated



The present invention therefore relates to a nethod
for the continuous catalytic hydrogenation of

hydr ogenat abl e conpounds usi ng a hydrogen-cont ai ni ng
gas in the presence of solid catalysts disposed in
the fixed bed, which conprises carrying out the
hydrogenation in at |east two series-connected

hydr ogenati on units and oper%tlng at | east one of the
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A hydrogenation unit here and in the text hereinafter, is taken to mean a hydrogenation
reactor, or a plurality of series-connected reactors, or a plurality of parallel-connected reactors,
or a reactor group which consists of parallel- and series-connected reactors, that is to say a

reactor or a reactor arrangement which can exercise the function of a reactor in the inventive
method.

The inventive method has the advantage that the catalyst volume to be used in hydrogenation
reactions can be minimized in relation to the conversion rate. In this manner, the procurement
costs for replacement packings of catalyst and also the reactor size can be restricted to that

which is necessary.



By neans of the sinple series connection of at |east
two | oop reactors, the space-tine yield, conpared
with the nmethods described in the prior art, can
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¢) determining the ‘required total catalyst volume by combining the calculated catalyst

volumes, in each case only those combinations being performed which lead to the desired
end concentration of the starting material to be hydrogenated used,

d) preparing a curve from the total catalyst volumes determined in c) plotted against the
conversion rate,

€) determining the minimum of the curve prepared in d) and

1) determining the catalyst volumes, of the individual hydrogenation units, to be assigned to

the minimum,



the mninmum 5 By carrying out the nethod using the
catal yst volunes thus cal cul ated, the required
catalyst volune relative to the conversion rate can
be kept as | ow as possible. The kinetics:-of the
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If, during the optimization/fitting, only relatively large deviations are achieved, the model

must be appropriately adapted. If appropriate, further data necessary for the model must be
generated by further experiments. Depending on the reaction system under consideration,
adsorption constants and/or further parameters (pressure-dependent gas solubilities or the like)

can be obtained or be necessary.

Using the kinetics thus obtained, in step b) the catalyst volume required for the reactor types



can be obtained or be necessary. Using the kinetics
thus obtained, in step b) the catal yst volune required
for the reactor types 6 contenplated for use can be
cal cul ated for preset reactor input and out put
concentrations for the reactors used (and thus a
defined or preset conversion rate), with otherw se
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reaction systems), and the total volumetric flow rate (without recycle stream) of the starting

material (of the starting material to be hydrogenated).

Hereinafter, the procedure of step b) is to be described by way of example with reference to a
3-stage method (two loop reactors and one tubular reactor in the straight through-flow
passage) for nuclear hydrogenation of diisononyl phthalates (DINP), without the inventive
method being intended to be limited to this embodiment. For the first reaction stage (loop

reactor), at a fixed inlet concentration (100% by mass DINP), the end concentration was



passage) for nucl ear hydrogenation of diisononyl
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shown as bl ock diagram in Fig 1. It nust be
enphasi zed that the variant shown here al so applies

Arvirabd of theihvamle nethdd having three hydrogenation units is shown as block diagram

in Fig 1. It must be emphasized that the variant shown here also applies mutatis mutandis to

methods having more than three hydrogenation units. In the embodiment of the invention
shown in Fig, 1, the first two hydrogenation units are operated in the loop operating mode and
the third hydrogenation unit is operated in the straight through-flow passage. Other
embodiments are possible in which all three hydrogenation units are operated in loop

operating mode, or in which more than three hydrogenation units are present. If the



met hods having nore than three hydrogenation units. In
t he enbodi nent of the invention shown in Fig. 1, the
first two hydrogenation units are operated in the | oop
operating node and the . third hydrogenation unit is
operated in the straight through-flow passage. O her
enbodi nents are possible in which all three
hydrogenatl on units are operfated in loop operati ng
epnation units
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which do not comprise harmful amounts of catalyst poisons, for example carbon menoxide or

hydrogen sulfide. The use of inert gases is optional, preferably, hydrogen at a purity greater
than 95%, in particular greater than 98%, is used. Inert gas fractions can be, for example,
nitrogen or methane. Preferably, sufficient hydrogen is present in the hydrogenation units so
that it is present in excess, in particular in an excess of 200%, preferably in an excess of from
5 to 100%, and particularly preferably in an excess of from 10 to 50%, based on the



As hydrogenati on gases, use can be made of any desired
hydr ogen-cont ai ni ng gas m xtures which do not
conprise harnful anpbunts of catal yst poisons, for
exanpl e carbon nonoxi de or hydrogen sulfide. The use
of inert gases is optional, preferably, hydrogen at a
purity greater than 95% tiparticuIar greater than
98% is used. Inert gas fractions can be, for exanple,
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In the inventive method, as aromatic di- or polycarboxylic acids or their denvatlves use is

w:-

preferably made of benzene-, diphenyl-, naphthalene-, diphenyl oxide- or anthracene-
polycarboxylic acids, their anhydrides and/or the corresponding esters. The alicyclic di- or
polycarboxylic acids or their derivatives obtained by the inventive method consist of one or

more Ce rings, if appropriate linked by a C-C bond, or fused.



conpounds having at |east one free acid group (or if
appropri ate one anhydride group) and at | east one
ester group. |If polycarboxylic esters are used in the
i nventive nmethod, these preferably conprise 2, 3 or 4
ester functions. In the inventive nethod, as aromatic
di - or polycarboxylic acids or their derlvatlves use
is preferably nade of benzéﬂe- di phenyl -
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carbon atoms. The alcohol component can have one or more hydroxyl groups. If more than



particular their esters. Furthernore, use can be nade
of nonocarboxylic acids or their derivatives, in
particul ar esters, which are formed fromsaid
nonocar boxyl i c acids by substitution by alkyl,
cycl oal kyl or al koxyal kyl groups of one or nore
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ester, phthalic acid di-n-butyl ester, phthalic acid
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In these reactions, instead of the polycarboxylic acids, the corresponding anhydrides can also

be used.

On a large scale, aromatic esters, in particular the full esters, are prepared by route c)



carboxylic acid derivatives, in particular mxtures of
carboxylic esters. Such m xtures can be obtained, for
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hydrogenation; 2-propylheptanol (2 isomers), prepared by aldol condensation of valeraldehyde

and subsequent hydrogenation;

Cy¢-alcohol Ihixtures, prepared from a mixture of at least two Cs-aldehydes by aldol
condensation and subsequent hydrogenation;

Cis-alcohol mixtures, prepared from dihexene, hexaethylene, tetrapropylene or tributene by
hydroformylation and subsequent hydrogenation.

Further alcohol mixtures can be produced by hydroformylation and subsequent hydrogenation
from olefins or olefin mixtures which arise, for example, in Fischer-Tropsch syntheses, in
dehydrogenations of hydrocarbons, metathesis reactions, in the polygas method or other
industrial processes. Furthermore, olefin mixtures comprising olefins of different carbon

numbers can also be used for preparing alcohol mixtures.



C9- al cohol m xtures, prepared from C4-ol efins by

di neri zati on, hydrofornylation and hydrogenation. For
preparation of the C9-al cohols, starting materials
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It must be noted that in the nuclear hydrogenation of aromatic di- or polycarboxylic acids or

their esters from each isomer used, at least two stereoisomeric hydrogenation products can
form. The mass ratios of the resultant stereoisomers to one another depend on the catalyst
used and on the hydrogenation conditions. All hydrogenation products having any ratio(s) of
the stereoisomers to one another can be used without separation, or else after a separation.

Generally, the hydrogenation products are used without separation.

In the inventive method, solid hydrogenation catalysts are used which preferably comptise at
least one metal of the first, seventh and/or eighth subgroup of the Periodic Table of the
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In the inventive method, preferably use is made of ruthenium catalysts which are claimed in

the patent documents DE 102 25 565.2 and DE 102 32 868.4.

In the inventive method, the hydrogenation units preferably each consist of a hydrogenation

reactor. This can be a tubular reactor, tube-bundle reactor, or preferably a shaft furnace.
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The hydrogenation can be carried out in the absence, or preferably in the presence, of a
solvent. As solvent, use can be made of all liquids which form a homogeneous solution with
the starting material and product, which are inert under hydrogenation conditions and may
readily be separated off from the product. The solvent can also be present in a mixture of a

plurality of substances, and if appropriate water.

For the hydrogenatiqn of aromatic carboxylic acids or their derivatives, use can be made, for



phase reactors in cocurrent flow, the hydrogenation
gas being distributed in a manner known per se in the
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The hydrogenation temperatures, in particular in the hydrogenation of aromatic carboxylic
acids or their derivatives, are preferably from 50 to 250°C, more preferably from 80 to 200°C.

The hydrogenation temperatures in individual reactors can be identical or different.
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@t bibanavatapy HeRa bilwanes example as a block diagram in the figure Fig. 1. This

diagram has three reactors or reactor units of which two are operated in the loop operating

mode. Of course, the inventive method can also be carried out using more than three reactors

(or reactor units), or all three reactors can be operated in the loop operating mode.

In the variant of the inventive method according to Fig. 1, hydrogen (1a), starting material (2)
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In the variant of the inventive nmethod according
detegmined. hydrogen (1 a), starting material (2) 20 and'

a part (8) of the Iiquid hydrogenation output (7) from

ﬁpe reactor (3) are fed into the
¢ hydrogenation reactor is a tubular reactor and is operated continuously, optionally in

straight through-flow passage, or in loop operating mode. In all expenments the liquid phase

and the hydrogenation gas flow cocurrently from top to bottom.

The tubular reactor is packed with 1350 ml of ruthenjum catalyst (1% Rw/TiOy). This catalyst
is prepared from the TiO; support Aerolyst 7711 and an aqueous ruthenium nitrate solution as
described in DE 102 32 868.4. The catalyst consists of cylindrical rod extrudates having the

circle diameter of 1.5 mm and a length of 4 to 6 mm,
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"DINP concentration 1n the feed (%) 100 59.7 19.9

(based on fresh DINP or hydrogen-

ation output of the previous reactor)

Hydrogenation output (/h) * 9.592 3.197 1.053

DINP concentration in the hydro-|59.7 19.9 <0.05

genation output (%)

LHSV (h™) ** 7.06 2.35 0.78

* Volume of the hydrogenation_ output, calculated assuming a density of 0.975 g/ and



In both experinents, diisononyl phthal ate, abbreviated
form DI NP, of Oxeno O efinchem e OnrbH having.the
trade nane Vestinol 9 is used. As hydrogenati on gas,
use is made of hydrogen at a purity of greater than
99.9% In both exanples the liquid hydrogenation

out put of one hydrogenation stage is the feed product
of the next hydrogenation stage. The individual

hydr ogenati on stages are carried out one after the
igndsrmgthemfngosesrre react or using the sorre cat al yst and

tion out of
the IGralg?rS Xf éeélgbﬁﬂi ?rg.%fer% ?fgxyarag%l @‘ tp%pre ous reactor per
ktepaflcatblyst pentiosr achi eved, is coll ect ed and used for
t he second stage. In addition, t he hydrogenati on
out put of the second stage is collected as feed

’ﬁhaitenget@lgodﬁctr(h}tdl‘t@;ﬁahmxf dhtyiit ke thif@fta@ﬁta& € purity of greater than 99.5%
arl, e essur the.reaction tenperature
SR W Kovariontte Roaitiely quaas i n ol

hydr ogenation steps. Exanple 1(according to the

entlon 0} tion.s arr ed out, | three
RG0S Rk 1 Pl S BB o b i B i good it o
thp ae:ats&ge staﬁmlg dom DpeViabf figh MNE, foxa.{l Gonkiflucuf Bydrd’g'eﬁﬁon taking

ht, th Th
B A5 AL e D A LRSS 1 SRR B s
(mmpmtlregcleﬁrehraglt@thbreact&abl e 1. |st stage 2nd st age 3r d

rature (C) 100 100 100 Pressure (wa) 10
‘i‘f?t °t°o$$;g§‘é (1 (S.T.P.)/h) 50 50 50 Girculation rate

$dc6ﬂﬂ)reé%€br3059@1/ﬁeed (1'h) 9.54 3.18 1.05 DI NP
centr inthe feed (% 100 59.7 19.9 (based on
stﬁacﬁf%’-é gp}‘hydr ogen. ation output of the previous

reactor) en Hydrogenation output (I/h) * 9.592 3.197

I\éeuagmn'&g]h y‘:}}%\?{}gg&ﬁ{] at Ibé)/%n 1 !gar\]re tfct]recher}}{sq gn%ntloned volu]ﬁcslaeh% flow rates,

the following catalyst volumes:

First reactor: 1.351
Second reactor: 4.07 1
Third reactor: 12.36 1

The (total) catalyst volume in the two loop reactors corresponds accordingly to 5.42 1. For the
overall hydrogenation, 17.78 1 of catalyst are required. The feed of 9.54 Vh of fresh DINP to
the first reactor, over the two loop reactors, gave a total LHSV of 1.75 h™.

Example 2 (comparison)
The hydrogenation is carried out in three stages. In the first two stages, the reactor is operated

in loop operating mode, and in the third stage in straight through-flow passage.

The operating parameters and the mass flow rates of example 2 are compiled in table 2.
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XIS ofthe hydi'-oéénanon output, caloulated assuming a density of 0.975 g/l and

ignoring the offgas losses
% LHSV: liters of fresh DINP or liters of hydrogenation output from the previous reactor per
liter of catalyst per hour

The target product (hydrogenation output of the third stage) has a purity of greater than 99.5%
by mass. The DINP conversion rate is virtually quantitative.

Taking into account the fact that the hydrogenation output of one stage is the feed material of -
the next stage, starting from 9.54 I/h of fresh DINP, for a continuous hydrogenation taking
into account the differing densities of DINP and DINCH, gave the following feed streams
(without recycle streams) to the reactors:

First reactor: 9.54 1/h

Second reactor: 9.592 I/h

Third reactor: 9.643 Vh

Maintaining the LHSV identified in table 2 gave, for the just mentioned volumetric flow rates,
the following catalyst volumes:. ' V




Tabl e 2: 1st stage 2nd stage 3rd stage Tenperature

(© 100 100 100 Pure (MPa) 10 10 10 O fgas
(1(S.T.P.)/h) 50 50 50 Circulation rate (1/h) 30 30 0
Feed (1/h) 9.54 1.28 1.20 DINP concentration in the
feed (% 100 59.7 10.1 (based on fresh DI NP or

hydr ogen ati on output of the previous reactor)

Hydr ogenati on output (1/h) *49.592 1.29 1.20 DINP
concentration in the hydro- 59.7 10.1 <0.05 genation
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the follow ng catal yst volumes: 24 First reactor
1.351 Second reactor: 10.09 1 Third reactor: 10.96 1
The (total) catalyst volune in the two | oop reactors
corresponded accordingly to 11,44 1. For the total
hydr ogenation, 22.4 1 of catalyst are required. The
feed of 9.54 |/h of fresh DINP to the first reactor,
over the two | oop reactors, Zives a total LHSV of 0.43
h"'. As can be concluded fromthe results of exanple

fative exanple, it is possible by neans of
the inventive nethod to determ ne the m nimum

necessa catal yst volune for hydrogenation reactions
odnfsr gheseontimipus eatris byrogeratiaropfShydragkrstrblet ¢empounds
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cat

o T BTN RIS RRLE e (PRUL B K B preet reactor
obt ai Wawieed gypubgonerafratiarini ng t he ki netics of t he
hydEP&@é?ﬁh‘u%ﬂhé féqQ?edQ@t%f ba@éi’yspwlumpﬁy Ekteh Al leoﬁlgfgd catalyst

requi red catal yst vol une he reactor types used
for prdwess ineaeh ease only psmse awablmpmelrtgm@éemeﬁar(m@nlgad to the

C) deydsdi &l Bfhcdnftidn® the's@flink RhiRlial GPleRy¥sfendiOd LR by
conmbi ni ng the cal cul ated catal yst volunmes, in_each

cas® yRpaing pewee Euntheretel f@ﬁb’S"d@l“ﬁ‘th friermiedninc) itieth against the
b ead {Rvdhienradesi red end concentration of the starting
material to be hydrogenated used, d) preparing a curve

f r off dehEmingehe migimum of the coTve pesBarefp & #ined in c)

pl oft @ferAtBzHSt calaly® voRBRY, RF Sk HAividdhiSwdrogenation units, to be assigned

to the minimum.

2. The method as claimed in claim 1,
wherein

all hydrogenation units are operated in loop operating mode.

3, The method as claimed in claim 1,
wherein

 the last hydrogenation unit is operated in straight through-flow passage.

4, The method as claimed in one of claims 1 to 3,
wherein

the hydrogenation is carried out in an apparatus which has more than two hydrogenation

units,



e) determning the m ninmumof the curve prepared in d)
and f) determ ning the catal yst volunes, of the

i ndi vi dual hydrogenation units, to be assigned to the
mnimum 2. The nethod as clained in claim1, wherein
all hydrogenation units are operated in | oop operating
node. 3. The nethod as clainmed in claim1, wherein
the | ast hydrogenation unit 46s operated in straight

t hrough-fl ow passage. 4. The nmethod as clainmed in one
of claims 1 to 3, wherein the hydrogenation is

C Ar Theabtipidlas tlRimRA irAdP 3f AMimS1 W, ch has nore than two
hydr enation wunits. 26 5. The nethod as clainmed in
one"8f®laims 1 to 3, wherein the hydrogenation is

car thé Beiirapehatibmis %ﬂn&pﬁﬂﬁﬁ&l Tﬁpal/hﬂis GIhich 8% thidd BRrogenation units.

hydr ogenation units. nmet hod as clainmed in one
of clains 1 to 5, mhereln use is nmade of a catal yst

mﬂummuaa&emndnsaﬁ&m@momet al of the eighth
sub of the Periodic Table of the Elenents. 7.

The ? od as clained in claim6, wherein use is nmade
of @e s:saﬁaake )éﬁet cabilsERhiSHOSTRIPHSS Bt 1649 16 Hetd Nt 7these1ghm‘s%bgroup of the

dﬁiﬂé %%ned in one of clainms 1 to 7, wherein
us grigdi the Elemnty yst which has a titani um di oxi de
support. 9. The nethod as clainmed in at |east one of
C%.afhrgsme%hotd(a)s géimed in claim 6,

wherein

use is made of a catalyst which comprises ruthenium.

8. The method as claimed in one of claims 1 to 7,

wherein

use is made of a catalyst which has a titanium dioxide support.

9. The method as claimed in at least one of claims 1 to 8,

wherein

as hydrogenatable compounds, use is made of aromatic carboxylic acids or their

derivatives which are nuclear-hydrogenated.

10. The method as claimed in claim 9,
- wherein
as aromatic carboxylic acids or their derivatives, use is made of mono-, di- or

polycarboxylic acids or their derivatives.

11. The method as claimed in one of claims 9 or 10,
wherein
as aromatic di- or polycarboxylic acids or their derivatives, use is made of benzene-,

diphenyl-, naphthalene-, dipheny! oxide- or anthracene di- or polycarboxylic acids, their



wher ei n as hydrogenat abl e conpounds, use is made of
aromatic carboxylic acids or their derivatives which
are nucl ear-hydrogenated. 10. The nethod as clainmed in
claim9, wherein as aromatic carboxylic acids or
their derivatives, use is made of nono-, di- or
pol ycar boxylic acids or their derivatives. 11. The
nmethod as clained in one of Fdains 9 or 10, wherein
as aromatic di- or polycarboxylic acids or their
deranhpdrides syd/arsleiricerrespatdingestbenzene-,  di phenyl -
napht hal ene-, di phenyl oxi de- or anthracene di- or
pol ycarboxylic acids, their 27 anhydrides, and/or
ﬂheThem@lmdesplainaﬂmgcl@s@@r 0, 12. The nethod as cl ai ned
dﬂ§lg19 or 10, wherein as aromatic nonocarboxylic
aC| , use is made of benzoic acid, 1-naphthoic acid,
or - armmq:uiotdmmmartmylub actdheseris mﬂwdﬁbedm wid, i mephthoic aCld, or 2-
ester imed in at | east one of
clalﬁ@hgcﬁ%di mrggqgﬁﬁ”ﬁﬁgge%ronatlc carboxylic acid
derivatives, use is made of the carboxylic esters.
4...The 3, wherein when
v és Themeﬁ%% aégl?’ﬁnox tgeasgﬁn géﬂram\llszdtt?v%s are used, the
parWhaﬁnand/or fuII esters are used. 15. The nethod
as Cla%m ?o inc a01d d1 gv (t)(res use 1 n‘{"'ﬁgrﬁhé‘ ca%blgx haclegtgrgm
conponen s e oarshat ¢ Carb P esters ‘used have
branched or unbranched alkoxyalkyl cycl oal kyl and/ or

s Ko QERMAS Bl Bistm b S 25 carbon atons.

wherein

when di- or polycarboxylic acid derivatives are used, the partial and/or full esters are

used.

15. The method as claimed in claim 13 or 14,
wherein
the alcohol components of thé aromatic carboxylic esters used have branched or

unbranched alkoxyalkyl, cycloalkyl and/or alkyl groups having 1 to 25 carbon atoms.

16, The method as claimed in at least one of claims 13 to 15,
wherein .
the alcohol components of the aromatic di- and/or polycarboxylic esters used are in each

case identical or different.

17. The method as claimed in at least one of claims 13 to 15,
wherein

as aromatic dicarboxylic acid derivative, use is made of diisononyl phthalate or didecyl
phthalate.

18. The method as claimed in claim 12,



16. The nmethod as clained in at |east one of clains 13
to 15, wherein the al cohol conmponents of the aromatic
di - and/or pol ycarboxylic esters used are in each

case identical or different. 17. The method as cl ai ned
in at least one of clains 13 to 15, wherein as

aromati c di carboxylic acid derivative, use is nade of

di i sononyl phthal ate or didegyl phthalate. 18. The
method as clainmed in claim12, 28 wherein as aromatic
nordexitboxyl i ¢ aci d derivative, use is made of
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f obetdogtel oop reactors, catalyst volunmes are used which
deviate by a maxi mumof 5% from the catal yst vol unes
determ ned. 20. A conposition obtainable by a nethod

®s Thk aietirodias alriroeiicin of least @iewBclhins b tallB, 21. The
com%%%%yion as clainmed in claim20, wherein it has
alicyc}lc carboxylic acids and/or their derivatives.
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20. A composition obtainable by a method as claimed in one of claims 1 to 19.
21. The composition as claimed in claim 20,
wherein

it has alicyclic carboxylic acids and/or their derivatives.

22. The use of a composition as claimed in claim 21 as plasticizer in plastics.



