1 Method for producing formc acid by reacting carbon dioxide with
hydrogen Description 5 The invention relates to a process for
preparing formc acid by reacting carbon dioxide with hydrogen in a
hydr ogenati on reactor in the presence ofl a catal yst conprising an
el ement of group 8, 9 or 10 of the Periodic Table, a tertiary am ne
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(1) | arge fioxigess afilalfe irelrgengianbtiescara iy Sexivlein thrinaofiits samsd.der abl e
additional costs and woul d be prohibitive for econom cal operation of
the pr 0CESPhe catalytic hydrogenation of carbon dioxide in the presence of amines (W. Leitner,
30  Angewandte Chemie 1995, 107, pages 2391 to 2405; P. G. Jessop, T. lkariya, R.
Noyori, Chemical Reviews 1995, 85, pages 259 to 272) appears to be especially
promising from an industrial point of view. The adducts of formic acid and amines
formed here can be thermally dissociated into formic acid and the amine used, which
can be recirculated to the hydrogenation.
35
The catalyst required for the reaction comprises one or more elements from group 8, 9
or 10 of the Periodic Table, i.e. Fe, Co, Ni, Ru, Rh, Pd, Os, Ir and/or Pt. The catalyst
preferably comprises Ru, Rh, Pd, Os, Ir and/or Pt, particularly preferably Ru, Rh and/or
Pd and very particularly preferably Ru.



(2) very little catalyst should be present in the thernal
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for the hydrogenation of CO2 to formc acid (P.C. Jessop, T. lkariya,
R Noyori Chem Rev. 1995, 95, 259-272; P.G Jessop, F. Jo6, C C Tai

Coord. Chem Rev. 2004, 248t 2425-2442; P.G Jesso Honogeneous

Hydr ogenat i &3Qof H@arﬂb%;g—ead—de,—iu:HQ(h@H%déMﬁﬂWﬁm©Heo&s NR;
Hydr ogenation, edito#: J.G de Vries, C.J. Elsevier, Volune 1, 200
W ey-VCH, 35pp. 489- ; . ! i o]
be separated off before the thernal r8¢&siséiPati on in order to prevent
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cat. A, vacuum
X HCOOH*NRj; » CO, + Hy + NR3

20 Decomposition of formic acid/amine adducts in the presence of a catalyst (x = 0.4 - 3)

The transition metal-catalyzed decomposition of formic acid has been described in
detail, especially recently: C. Fellay, N. Yan, P.J. Dyson, G. Laurenczy Chem. Eur. J.
2009, 15, 3752-3760; C. Fellay, P.J. Dyson, G. Laurenczy Angew. Chem. 2008, 120,

25 4030-4032; B. Loges, A. Boddien, H. Junge, M. Beller Angew. Chem. 2008, 120, 4026-
4029; F. Jobé ChemSusChem 2008, 1, 805-808; S. Enthaler ChemSusChem 2008, 1,
801-804; S. Fukuzumi, T. Kobayashi, T. Suenobu ChemSusChem 2008, 1, 827-834:A.
Boddien, B. Loges, H. Junge, M. Beller ChemSusChem 2008, 1, 751-758.

30 The catalysts used here are in principle also suitable for the hydrogenation of CO; to
formic acid (P.G. Jessop, T. lkariya, R. Noyori Chem. Rev. 1995, 95, 259-272; P.G.
Jessop, F. Jod, C.C. Tai Coord. Chem. Rev. 2004, 248, 2425-2442; P.G. Jessop,
Homogeneous Hydrogenation of Carbon Dioxide, in: The Handbook of Homogeneous
Hydrogenation, editor: J.G. de Vries, C.J. Elsevier, Volume 1, 2007, Wiley-VCH,

35  pp. 489-511). Thus, the hydrogenation catalysts have to be separated off before the
thermal dissociation in order to prevent the undesirable decomposition of formic acid.



(groups 8, 9, 10) and is suspended or honobgeneously dissolved in a
solution, a tertiary 5 am ne having at |east one hydroxyl group and a
pol ar solvent to give an adduct of formc acid and the tertiary
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EP 0 181 078 A teaches the targeted selection of the polar solvent on
the basis of three main criteria which have to be fulfilled
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25 (i) the polar solvent must not have an adverse effect on the hydrogenation; and
(ili) the resulting adduct of formic acid and the tertiary amine should be able to be
separated off easily from the polar solvent.

As particularly suitable polar solvents, mention is made of various glycols and
30 phenylpropanols.

According to the teaching of EP 0 181 078 A, the reaction output is worked up by firstly
separating off the gaseous components (first and foremost unreacted starting materials
hydrogen and carbon dioxide) at the top of an evaporator and separating off the
35 homogeneous catalyst dissolved in the polar solvent at the bottom and recirculating
them to the hydrogenation stage. The adduct of formic acid and the tertiary amine is
then separated off from the remaining liquid phase comprising the adduct of formic acid
and tertiary amine, free tertiary amine and possibly water and the remaining part of the
liquid phase comprising the free tertiary amine and possibly water is recirculated to the



(iii) replacing the tertiary amne in the adduct of formc acid and
the tertiary amne by a 20 weaker, less volatile nitrogen base in a
reaction vessel with superposed distillation colum and recircul ating
the liberated tertiary anmine to the hydPogenation stage; and (iv)
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solvent. In this case, the addition of the polar solvent in which the
adduct of formc acid and the tertiary am ne woul d ot herw se dissol ve
is omtted. The only solvent used here is the nonpol ar solvent which
di ssol ves the honpgeneous catal yst. Howder, this alternative al so

has the di sashtrrt @geendlant REpMEr ¥olooWPli 6adreehset ihé@ewﬁ’bﬁg@mwnéﬁdm]s@me
40descri beﬁ%tﬂ@g)?‘lgses %10 élaltalg# ﬁ?&o@%r#dtl%ﬁvgfs%rtgo%sﬁ& BS st? fPI%\ an adduct of

hydrogenatl car resence o
conpri si ngfamig %‘H%lat”p&t%réla”di'ﬁet‘?‘%ﬁ@FRQWnS‘{!)YQB'EPp Wﬁﬂt'lon('gt“tﬁﬂ%Of@“PQa“C

10), a ter ahdraoraaiiodydndabops)| but sleb veusphines \hatnag dliph&ty anamlr anstuatic
of fornmgc ggd rgcaﬁb@ﬁ‘ga&lé% (ridr iven Rtiorled E@l’éﬁralcothla% olyols,
catal yst is ﬁ)rl esent in 1% 5]%? g} orm an | ve conp eht

appl i ed t oSYPIANEEQ" raigiFs: herash. Y} Walsr Leing;ref 9"3%_”?3 ca’p%geneous Cata'VSt
Cl- C8-t ri aflieydleen indbe npopglamsahent,eavi thg atldachc? farmiGagidriand thy tEutEsy amine

aromati ¢ nifssQg@NInhAE waexslb@fa Aﬂ@nhasew.bh% &ﬁnﬁléte'\'tHéB&\Bthﬁi' &%9& 8re
and alsoccllc /or erid

1, 8-di azab ?f8?5 L{h@@gggﬁ dzeﬁgntgfori and "%69 nonpo a¥ tphlage comprlsing the
di azabi @ychenggenezps t and theinoapblar pelvent is ctcieHiated teethei hydrdgenation
made of t hetab@vwrtmpd|ama6éca4apﬂgn@ﬂtec§ﬁmbsof intiB a6i8 P AR Yeritdrg ahleSand

bei ng pref gzlr]m.p Q

hydr ogenat ?{)I’fﬁll S g(?g’F ﬁt ‘t{Ubi%E?éQO@ at’écfrhﬁ)m&ﬁg%pﬁ’é’ F%% ?’oﬁhﬁ-[%t-ﬁary@ "M—"e in
(from 40 t Be20eushdy apaker degseraletile éﬂttﬁgeﬂr%&ﬁemﬁf% thgoeddush ispiermally
t he resul t disgodatdd ot ordér focidriar eaen chakaghobsblt] e subssquent thermkl d&tod3®n
A teaches. iiredare! iR RimitH! HER IRfI5mithidle BXMIGES sich &1 PAGRIIhidMRIe
wor k-up wi epl acenent of Fi) a Y ne I n

Form ¢ act B%arld & AGTEF PRAPgot &Ry 14 FIVRENA AL T A
ni trogen bwsekeragragiesdlaessed in EP 0 357 243 A In the process
according to DE 44 31 233 A too, the very conplicated, three-stage

wor k- up of ,t ctlo oqut ut | vant ageous n.a

anal ogous. fopanagt BE e fies o e 53580 A8NEH L9GE SBimeh Gt hregtace
t he pré&&enwolknvreeitthe reaciopmbgir@édya process for preparing formc acid
by hydrogenati ng carbon d|0X|de whi ch does not have the

a_bov_errtantl e%eé%{%@ﬂ%%ﬂé a[glgsh thSseg 'aﬁél FQEIFCU%rtl{lgatflet O&Jr?{prs &aﬂ'ﬁ

signifi can ext ent 0 con ormic ‘acl

hi gh yield andtomogﬁn%m%ﬁyqtaﬂ e nRsteelar eplyentdo giedwasagesntinn ags:| ow
sinple or & Ireplating ithepteetiary pmira indhe aHduct o &drmitescid bhe the tertidrg apiinesf
art, |95Parti Gl Bie ﬁéé@%f«‘é WRIEREE R SRRERP i b B{&%‘ﬂh ragrea&.owessa with
output fromthe |y %:gg@lon react or gﬁ g cess sta

smal | er nunberfYBFPEFEtES aé'f"éﬁ%lg”@ra"g TeaY a“é?ﬁﬁ & hrated temﬁrya'i‘iﬂ'f‘?lt%?he
t he process shydiogendtpnm di@geabhed t o be carried out with a very | ow
ener gy consunptl on. In particular, an efficient soluti on to the

previ ousl y,.qQn atlsfact ed. probl e Ci r ul atj on of
Phe " cat ol y 40 e ARbr SafBale 93%%5?% St gt et bt anc
hydr og&hat i on f@%ltcalayﬁg theHberaledweaktdreiteagen bhse otk bape tfpladementistoge.

fromthe hydrogenation reactor shoul d, in partl cul ar, be carrl ed out

o AR U T 5 B ABEERAYCE950 1 B AR R s ae

conpl et el ythyp intedyelion Qf@rfﬁﬁ'éﬁtrél“QStﬁﬁcq o tb?é%télsl%”oceﬁﬁe obj ect is

achi eved by a process for preparing formc acid by reacting carbon

g'r 0x1 dgs (Dhs Virf BéPHERROEP 6 3b7 23 A HKE" AOSERL! @8 SERBIRY of 'usirlgoft) Sne
solvent In this case, the addition of the polar solvent in which the adduct of formic acid
and the tertiary amine would otherwise dissolve is omitted. The only solvent used here
is the nonpolar solvent which dissolves the homogeneous catalyst. However, this
alternative also has the disadvantage of the very complicated, three-stage work-up as

40  described above.
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It was an object of the present invention to provide a process for preparing formic acid
by hydrogenating carbon dioxide, which does not have the abovementioned
disadvantages of the prior art or has them only to a significantly reduced extent and
leads to concentrated formic acid in high yield and high purity. Furthermore, the
25 process should allow simple or at least simpler operation than that described in the
prior art, in particular a simpler process concept for working up the output from the
hydrogenation reactor, simpler process stages, a smaller number of process stages or
simpler apparatuses. In addition, the process should also be able to be carried out with
a very low energy consumption. In particular, an efficient solution to the previously only
30  unsatisfactorily solved problem of recirculation of the catalyst while simultaneously
ensuring a high activity of the hydrogenation catalyst should be offered.

The work-up of the output from the hydrogenation reactor should, in particular, be
carried out using exclusively the materials already present in the process, without

35  additional auxiliaries, and these should be recycled completely or largely completely in
the process.

The object is achieved by a process for preparing formic acid by reacting carbon
dioxide (1) with hydrogen (2) in a hydrogenation reactor (1) in the presence of
40



predomi nantly the tertiary amne and is recycled as stream (11) to
the extraction unit (I1) as extractant for the catalyst and a | ower
phase which conprises predom nantly the form c aci d/am ne adducts and
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i ntroduced I nto e ‘extraction uni sel ective extractant for
the catalyst and the remaining part of the tertiary am ne-conprising
streamis wheraiduced directly into the hydrogenation reactor (1).
25For 4ke purposes of the present invention, "fed directly to an

extraction_ unit (Il)"% means that the output (3) fromthe -

hydr ogenat f'@nthB‘gtc@ifmm %ei fjr%ﬁf"?{;q{bfqaﬁgéiﬂt) é’? %BF%(A}"%W%’P%P? walsd,
wi t hout f ufachdireoliy ik aneExtreelom wnit 1 aextthastdriowp wfithe pLipt (3) comprises the
embodi ment follblWRigHresRs Stepk: t he invention therefore conprises the
process steps 301), 2) and 3). In a further enbodi nent, the process

of the_invention conprises the steps 1), 2) and 4). The catal yst used

i n t he2hydi bgepdtacsan ef thenekalyst foakiha outnyt {hdrom Bweysiragenatien reactor (1) in
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25 of the polar solvent and the formic acid/amine adducts and is passed on to a
distillation unit (1l1) in which

2) a distillation is carried out to give an overhead stream (6) which comprises

predominantly the polar solvent and is recycled to the hydrogenation reactor (i)

30 and also a bottom stream (7) which comprises predominantly the formic
acid/amine adducts and the tertiary amine and is according to process step

3) fedto a phase separation vessel (IV) in which

35 a) a phase separation is carried out to give an upper phase which comprises
predominantly the tertiary amine and is recycled as stream (11) to the extraction
unit (ll} as exiractant for the catalyst and a lower phase which comprises
predominantly the formic acid/famine adducts and is fed as stream (8) to a
thermal dissociation unit (V) in which

40
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or cyclic dl-i phatic radicals, wth particular preference being given
to all three radicals being identical. Preferred phosphines are
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>P- CH2EGH2 - Be2[and-PL. (g tpthepempodipentdhe process of the invention comprises the steps
1), 2) and 4).

The catalyst used in the hydrogenation of carbon dioxide in the process of the invention
is preferably a homogeneous catalyst. It comprises an element of group 8, 9 or 10 of

35 the Periodic Table (in the IUPAC version), i.e. Fe, Co, Ni, Ru, Rh, Pd, Os, Ir and/or Pt.
The catalyst preferably comprises Ru, Rh, Pd, Os, Ir and/or Pt, particularly preferably
Ru, Rh and/or Pd, and very particularly preferably Ru.

The elements mentioned are present in the form of complexes homogeneously
40 dissolved in the reaction mixture. The homogeneous catalyst should be selected so
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35 and 1,2-bis(dicyclohexylphosphino)ethane.

As mentioned above, individual carbon atoms can also be substituted by >P- in the
abovementioned unbranched or branched, acyclic or cyclic aliphatic radicals. Thus,
polydentate, for example bidentate or tridentate, phosphine ligands are thus also
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The partition coefficient of the homogeneous catalyst based on the amount of

35  ruthenium in the amine phase and the product phase comprising the formic acid/amine
adduct is in the range of P greater than 0.5, preferably greater than 1.0 and particularly
preferably greater than 4, after the hydrogenation.
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40 octylamine,  tri-n-nonylamine,  tri-n-decylamine,  tri-n-undecylamine,  tri-n-
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Particular preference is given to using an amine of the general formula (Ia) in which the

radicals R' to R® are selected independently from the group consisting of C;-Cyz-alkyl,

Cs-Cs-cycloalkyl, benzyl and phenyl as tertiary amine in the process of the invention.

35
Particular preference is given to using a saturated amine, i.e. an amine comprising only
single bonds, of the general formula (la) as tertiary amine in the process of the

invention.
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The polar solvent to be used in the hydrogenation of carbon dioxide in the process of
the invention has a boiling point which is at least 5°C lower than the temperature
required for dissociation of the formic acid/amine adducts at the same pressure. The
polar solvent should be selected or matched to the tertiary amine so that the lower
25 phase is enriched in the polar solvent. Here, “enriched” means a proportion by weight
of > 50% of the polar solvent in the lower phase based on the total amount of polar
solvent in the two liquid phases. The proportion by weight is preferably > 70%. The
polar solvent is generally selected by means of a simple experiment in which the
solubility of the desired polar solvent in the two liquid phases is experimentally
30 determined under the planned process conditions.

The polar solvent can be a pure poiar solvent or a mixture of various polar solvents as
long as the abovementioned conditions in respect of boiling point and phase behavior
which the solvent has to meet are complied with.
35
The polar solvent to be used preferably has a boiling point which is at least 10°C lower,
particularly preferably less than 50°C lower, than the temperature required for
dissociation of the formic acid/amine adducts at the same pressure. In the case of
solvent mixtures, the boiling points of the solvent mixture used or of an azeotrope or
40  heteroazeotrope are at least 10°C lower, particularly preferably at least 50°C lower,
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30 In an embodiment of the invention, water is added to the output (3) from the
hydrogenation reactor (1) before the output (3) is fed to the extraction unit (l1).

The invention therefore also provides a process for preparing formic acid by reacting
carbon dioxide (1) with hydrogen (2) in a hydrogenation reactor (1) in the presence of
35
- a catalyst comprising an element of group 8, 9 or 10 of the Periodic Table,
- a tertiary amine comprising at least 12 carbon atoms per molecule and
- a polar solvent comprising one or more monoalcohols selected from among
methanol, ethanol, propanols and butanols,
40
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hydr ogenat P®Resedersr (1) 25and al so a bottom stream (7) which
conprises predomnantly the form c acid/ am ne adducts and the

tertia am ne ! | .
separ at on besTaEe '?@g%%"?%ﬁ%'%ﬁf”s@&?é%%ﬁ%i@é@é’ﬂaﬁ?aetﬁ@%%%ﬁa@oa"?%?ét "
to give an upp ReHoRMNE Ik oYHsFS S SpmedEHithaAmIng Whishtwas pegd)in the
anmine and is rlegyogerdtias isuseshas edtfgetdnd, tbhgveean ratadtda) which dohiprisesthe
extractant forpmble Gt alfysk ahthir AAWE" aRase M\A}élgﬁ GRAME! REYcled to_the
predom nantly %Ih fonrgin o achd/ Bm eladdu%s tag’% 1§ fed as stfeam 6:82
Po a thermal dnelessnation pear (D Gof 3o SRTtmete €oyyhich fipRiaes the major part
di ssocZ&t i on ief tharpdlardsabeant wod ghe dormis arcidéamin® pddints land dspasses ot e a
tertiary am nedigfitios uhiegilyieWhihed to the phase separation vessel
(I'V) and a stream (10) conprising the formc acid
2) a distillation is carried out to give an overhead stream (6) which comprises
predominantly the polar solvent and is recycled to the hydrogenation reactor (1)
25 and also a bottom stream (7) which comprises predominantly the formic

acid/amine adducts and the tertiary amine and is according to process step
3) fed to a phase separation vessel (IV) in which

30 a) a phase separation is carried out to give an upper phase which comprises
predominantly the tertiary amine and is recycled as stream (11) to the extraction
unit (II) as extractant for the catalyst and a lower phase which comprises
predominantly the formic acid/amine adducts and is fed as stream (8) to a
thermal dissociation unit (V) in which

35

b) a thermal dissociation is carried out to give a stream (9) which comprises the
tertiary amine and is recirculated to the phase separation vessel (IV) and a
stream (10) comprising the formic acid

40 or according to process step



19 4)is fed to a thermal dissociation unit (V) in which a) a thermnal
di ssociation is carried out to give a stream (10) conprising the
formc 5acid and a stream (9) which conprises the tertiary am ne and
the form c acid/am ne adducts and is fetd to a phase separati on vessel
(I'V) in which b) a phase separation is carried out to give an upper

phase which Cowéé%ﬁﬁ[}'ﬁgpﬁe ex{’ﬁluﬁipﬁ’(ﬁ}ﬁ‘rﬁ’bkﬁry amne and is

recycl ed as’ stream {( rac unit (11) as extractant
for the catalyst and a | ower phase which conprises predom nantly the
form c aci d) anatieeradtdisssciativg is safried As is yiveansttem (10) @okipesinglthe formic

di ssocigtion UQ&IH :fn\@ a Eﬁéﬁn (tQ %rﬂéﬂ' oPkedMAOE ﬁnglame aﬁnarfhgaonmm
am ne and wat er Ln -t %Crdy {frﬂq'@ |on react of are,n

sel ected so t hatY3mi HIUCANEHE 'sdioa aﬁ%ﬁ?f?fﬁav@ \(‘3§?e'd+ Ji7 whicD. 1t o
50% by wei ght, based on the total weight of the raffinate (5) from
the extracky onaYhake (dephratiof i8daAidedut ﬂf"rgwecﬂh alfdp)ér %@é&ﬂnﬂﬁﬂhy cérrn

he o Péct“’.el)ﬁ%ﬂ?% ity 85 kAGol e oS Renlen mseptieAm hﬁ?kkﬁea%frﬁétr%w
unit (19) conpeiitéd) epeeimgictant perr theotatalyst et & deweraphase avicht hemprises

catal yst. The pebbmmahty (5 folpicizerrbrmife tARIueKt HRE i 96H BRI dtrdahl X8) to a
conprises the ﬂﬁ@{rﬁél d%hha%n ﬁ\ﬁol ar solvent and the formc

aci d/ am ne adduc in relation to the extract (4) neans
that the extract (4) has a h| gher 25 concentration of tertiary am ne
and cat al y$he ttditiort bewstef bfteatyelrddenatiddehas bé@ar tardey canhaetheseffebethat the

ami ne yhi cﬁad.ﬁorpeee?ﬁaéntg I ftﬁeees?‘tsegmr@n@gkévee%y !%Uél:ﬁ}abﬂ Jf%é&ﬁn%wr of

in the formof ]{ am ne
rel ation t%CQJH&’%QPf Pin gpfee @ Vsﬁé%n@et ARne HB"“%@W n&kek ip 5 'Sh‘é’éyaeff'c'e”t
hi gher 30cresitewriationt ¢fdhe oatalyst imrmads passibleawidhaut éhd bydrbgeration Adtivitp ¢hereof
adduc: s t hgding la%ntﬁ%araﬁé hQG%geﬁéhoﬂrtﬂthﬁﬁ%ﬁ' HSﬁéndiH‘g BH%@beﬁﬁééwé?rﬁt a8
i nventi on, stre

e o b HARBhESRGh of RiRol PP ERIN dorit Bl A el hapes, wit
and t KO r elvgi fadieie asid-ameerastdusts teem @aﬁur(lal?tlnwnf@a produdh phase (naffinate) as
di ssoci at i @BuliRf the( Miditidh 3P watddsWaeaMs PrefeRDhDa8dedMInSEURAER GbuhBthat a
vorked up REEPIAh@d: (1R AffiRte PR fim WA 16 Bl 8{7‘%«:&%%“ b8led B the total

bottom streamis P g proces
carbon di 0‘9(?‘8@"?6 %?ﬁd?é‘?j ﬁ)rﬁmﬂh@ew ?@@@th(@n‘Scﬂbt%'a?%mrttﬂipl?k[lfﬂéef%@hly
be used i nfrerol 2 do J0%) biydweighdseed orf thentotd!t weightab’s thep affiridild €5) fomsStie

| ndustyg al &Nt LAblig. BRSABMoYd RS EBRAR BHiERaRHNP thetisiibfich &t 1)
long as t hesw |c?hr ﬁ'le maJ% zrt of ?he polar solvent and also the water are separated off from
the raffinate (5) and/or can also be water which is freshly introduced into the process.
The water can, when the output (3) is depressurized, be added either after
depressurization of the output from the hydrogenation reactor to atmospheric pressure

30  or else before depressurization of the output.

In a further embodiment of the invention, no water is added to the output (3) from the

hydrogenation reactor (I). The invention therefore also provides a process for preparing

formic acid by reacting carbon dioxide (1) with hydrogen (2) in a hydrogenation reactor
35 () in the presence of

- a catalyst comprising an element of group 8, 9 or 10 of the Periodic Table,

- a tertiary amine comprising at least 12 carbon atoms per molecule and

- a polar solvent comprising one or more moncalcohols selected from among
40 methanol, ethanol, propanocls, butanols and water,



20 nmonoxi de, i.e. have a proportion by volunme of < 1% of CO The
hydrogen to be used in the hydrogenation of carbon dioxide is
general |y gaseous. Carbon di oxi de and hidrogen can al so conpri se

i nert gases such as nitrogen or noble g However, the content of

t hese i s advant ageously bel ow 10 nol %based on the tot al amount of 5
carbon dio V- HeRGt

| ar ger amﬂnﬁgmaﬁrgqnlgy%reo\?mgﬁ@est |dHﬁ§ o 'ﬂ{ %ﬁﬁék%{]e%%gsgfkge@h%g?%hmauy
require usg'sﬁ?c'%eﬁ1 gher pressure in the reactor as a result of which
further cowpeessitetiagrenigy hasing eaquhr@jp@ntduhub!msoattlbas,t 8°0 lighiergtha that of
appar atgs rpaiEAIER: us@g'ghg hydr ogenati on of carbon dioxide is carried

out |ntheI| ut d refera t tenp ure of from?2

200C and a®t" 5‘|'°"p5‘8§ Cedpn&risfr\go&eopgart Pt l\)%&aftaﬁ'g'c aﬂ'fgam@ﬁp%%a‘ﬁﬁr éhe
i s preferaliijardemiragnd teCataiyst piormedinathe yeqution ér thiel hydetgehatirst redétar (1)
and pref er ahd 16 disshabgederrdnh @ rbadter aPadthiqel,arly preferably not nore
than 120C and very particularly preferably not nore than 80C. The

t ot al iressure is preferably at least 15 1 MPa abs and particularly
pr ef er 4| yWherdieast 3 MPa abs and preferably not nore than 15 MPa
abs. The partial pressure of the carbon d| oxide is generally at |east

0.5 WPa_angho b @plrimthe 'hfa%h 206 HRFLHaDa) MRS

MPa. The par ess re o ast
MPa and pr @'F‘i ‘5} él?fs?”tE“t lacoowmm@éﬂ@ 8|9‘@’/”918f°°ﬁ%?§epfhan 25 MPa
and preferably not nore than 10 MPa. The nol ar ratio of hydrogen

:)(r)el(‘:g Rlnyqif ?éeﬂgadtlan bhhel @y %‘?rob‘hﬁel X RH rga]tcn'é?% I’iﬁﬂ?e?ﬁtlér?reactor E) in
in particular mﬁ ??f]t?bcgo% Upﬁqg) “%He m%atfp’ft@%f" ng‘i"%ipﬁ%é)ﬂ’bihe
tertiary am nehydiogenstipe dgluses aﬁéxﬂf@cd@rﬁg@r@we on extracht (¢) whishgenmariaes the
Irogw 03(1) ;g ﬁom%jtﬁl paref & afl Yerﬁérgnw.r% BAd Sthel BatBREL 'aﬁH' arrd él@i‘j (tJto5the
0 y i NCi 0SSi

use al | react oﬁ%&v\i&%hbg?%g aS| ca aléosﬂlr%sra'bﬁr}%% ot @g?l RS & Sdict part
reacti¢hs at tflethgi Rl#r selvand eadhe farﬁac taﬁ@fajmver@daw@gwdes pegsechbh do a
st andar d react distliation ugiagH}) ingeHich and for [iquid-1i qU| d reaction

systens are indicat ed for exanpl e, in K. D. Henkel, "Reactor Types
and Their ndusté ﬁl'l I ications", in Ul mnn' s Encycl opedi a of
| ndust ri al 2chefti Ut t'°r2@08 Mg o - loceive/an ayeresasisizees. (Bkaiich pemprises

10. 1002/ 143560@@&11’.}1@413@337 thechalpt sslvéht 2ind Re aexyoled tb dine dadrebératiod reactor (1)
reactigns”. Exghplfs VH“tﬁ;‘&oH@%trQ@m”?ﬂt WRRR c&HhFrists! bFe%GnﬁrﬂJﬁlﬂy the formic

reactors, t ube_r.eact or s ol um reagct ors.

hydr ogenat i on %‘f'g%ﬁ\"@oﬂdcﬁ\cgsﬁ BR‘E%{F%E‘E&'?%? 'S@G?OTBQE&%W%ES%?“"D
continuously in the process of the invention. In batch operation, the
react or i szrhafegad awhiabe t&@ardfs veadell (Vg #hRAd optional ly solid
starting materials and auxiliaries and the reactor is subsequently
pressurized with carbon dioxide and hydrogen to the desired pressure
at 5 t¥e dakiradehesppErataiios. is garded oHE t9 @et PBUAPST RbARE othich chmprises

reactor is gen@r@abﬂn;nadeptmeuranzeﬂm@ruhdt.beectyaedlascmtednpha§ﬁﬁthtetyxtmﬁhon
are separat ed ({0 0ae ARALRAL fof ﬂqecegﬁé/ay%ug pRlse R@?ﬂ i
| I OXI

material s an |aries, |n

are int roducedpréaﬂ'?”'lqﬁ‘ﬂ Bds f OrCB‘Fraé ae rRfldy c"‘St aRd |ig cﬁ%ﬁ d‘spﬁé%?@ |(§) '
cont i nuousl y dihsohalrdigsdcitfiamutih@/)ireabiclor so that the liquid level in
the reggtor stays 10 the sane on average Preference is given to the

contl nuous, ydr ?ﬁe‘?ﬂ%} Id%goggtlo%a{sbga?ngcl out t% give a stream (9) which comprises the

tertiary amine and is recirculated to the phase separation vessel (IV) and a
stream (10} comprising the formic acid

40 or according to process step



The average residence tine in the hydrogenation reactor is generally
from5 mnutes to 5 hours. 15 The form c aci d/am ne adducts forned in
t he hydrogenati on of carbon dioxide in i?e presence of the catalyst
to be used, the polar solvent and the teftiary am ne generally have
the general fornula (1la) 20NRLR2R3 x, HCOCH (1l1la), where the

radi cal s t O; T afhG . gdescribed for the
tertiary E%)I nels(mf%goo%% wglﬁzﬁglﬁgﬂﬁgﬁlg&)gﬁ@mgref erably fromO0.7 to
1.6. The respective average conposition of the amne-formc acid
ratio in tae padoriol gisasaationns cheiedenpée givea ftegmm () senmprisipg the feemic
the facgor xl, agi@nare adetr&ahi @FdwhibP coPiBBS Ghe Q_kérti@ﬁi Shifd M {HaCformic
formc acid cont.&nt .bey édélfgffat' an %\1 th F?}%ﬁal coho{.}gc O—l Ml.ut bOB

agai nst phenol PATAAIE # 4194 16 iR E &8RP BYP LR SEHIGHRMBaphy .
The conposition of the formc acid/am ne adducts, i.e. the factor x,,

ng CPaI’IEEprF & Nthakbesapardtio Sis PEPGRS Dub tE Rfive Ehufppef Phab avHte comprisec?
adduct s havi ng : e > n

st May! by B M0 LT £5L, B0 gl 1) e Sl
sol vent® with e (Bkadsextraciapk femihife calalvsh 2Bl @ lewer ahase wWhigho samprises
phase. The out pretiof8lanfly dine titvenitryatidigeinat aduuctseand a8 féd )as sthdaph (8) to a

conpri ses the pahad SRLYEREH utin@nform ¢ acid/ am ne adducts, the
tertiary am ne and tﬁée% clata l;/sl?ﬁgnd to which water 35 has optionally

been added, is extracted with streans of free tertiary am ne
ori gi nat i ngefer dhe traéos of peroRizehgl(sis tertizrp aameiné amdvesteelis the dydrogenation

0T Lhe copar oo (l e, sréfcradppaciiad sb a o iator kel o (S PETh Gt RS PET n0.
coul i get s {bﬁ&fﬁ‘g'a?%ﬁeﬂsm‘rs%?)§?tﬂ§‘?’%"ﬁff‘)t 0 B B o feesirdiag, uni
of terti ar)aifi dfdained Rasticrlarlyapreteraby fiore Reo c3t%a by 2weighite based on the total

deconposi t weighdf therdtiirtaté (5) troanthe tdxtractioddinitgiduce the yiel d of formc
aci d. Residual anpbunts of hydrogen and carbon di oxi de are di sposed of
as of;%ﬁs. The extraction of the catalyst fromthe output fromthe

hydr og@hat T exEactt Gy obkained by thy exteasipe undlit spmpesesothe mpiosrpart of the
depr essur i edtanp@amifieand xhaatlyst. T uaffiodte qEP sbtainedaihnie ph@ation unit (1))

pressure, @&%&%@hﬁ@maﬁ?gﬁﬁgf%@&%sté,ﬁzamJrfarthg &i%@gﬁ%e ulk,

cl ose to anbient tenpera e extract 0 I'n the
extraction, which conprises the tertiary am ne and 10 the catal yst,
shoul d be ‘Majerghart'simpeaiationl ip the exteact ¢dctrieans ghasthar extizef ¢4)ehas a higher

112 iS00 535 b T8 S BB
punp are p’?é@? ﬁ@g‘eff%?idﬂ [T %E'Rgh%eef fotﬁ'ﬂ?ia@dﬁﬁﬁggéouf‘gq%go@écc??i‘i lﬁ‘IrT'E? g‘&fm of
151 n t he cloatferiic asideminga@disht i nvention, it has surprisingly been
found that a raffinate (5)

“Major part” in relation to the raffinate (5) means that the raffinate (5) has a higher
30  concentration of polar solvent and the formic acid/amine adducts than the extract (4).

In cne emboediment of the process of the invention, a subsiream of the bottom stream
(7) obtained in the distillation unit (Ill) is fed to the phase separation vessel (IV) and the
remainder of the bottom stream (7) is fed to the thermal dissociation unit (V). A

35  substream of the bottom stream (7) is worked up according to process step 3) and the
remainder of the bottom stream is worked up according to process step 4).

The carbon dioxide to be used in the hydrogenation of carbon dioxide can be used in
solid, liquid or gaseous form. It is also possible to use industrially available gas
40  mixtures comprising carbon dioxide as long as these are largely free of carbon



enriched in the formc acid/am ne adducts and the pol ar sol vent and
an extract (4) enriched in the tertiary am ne and, if a honobgeneous
catalyst is used, also in this can be obtained in the extraction,

even at a si gnlfl cantly el evated pressu?‘é For this reason, the

sol vent s camnbedsdlecbbeda IpFD;iohEanj’yO.m(ﬁmSe of < ti eofi TO ETHe rwalrcsgaenttb% used in

separ at i onﬂ.%f hg&%\géﬁ’aﬂ%?aéﬁ Bdnch Qld'en ggnérgﬁyfné% g&!lsd/ ?ﬁ?bgﬁegggﬁ'g tShd

and the pola ent, fromthe ot e enr I ar

am ne and &Y 89?%‘&?%"5? SPTBrsenext ﬁ@S%gCE agRitregeB T ﬂﬁb'?@ﬁ'ﬁ%mﬂ@wn@e
to the hydrogentati tresedacidvanageeushyr bslour €0 afol%r named. dn tiee 3GtalVRmoabhis of

can take pkagsn dldklcﬁcﬁﬁ’d ﬂ?zﬂ'&%@el"{“lﬁ the hﬁjréégr%ltloﬂrr@éﬁ&r ﬁlthéhgthhfa ger amounts
hydr ogenat i on ,r eact or. t8lfp?'P sstgre i s efera t [Fan

VP abs. | TRV JRERER ST g &Y GrRcBly melg ke it e DRBST HESTIBIY e
phases frorﬁf@ﬁé ahatrasult vﬁwlm@rmfurther cpmyesssieop sergyas irequirgddardothe outlay in
recircul at erinBef appdraet incfidasksom t he extraction to the hydrogenation
reactor w thout an appreci able increase in pressure. In this case,

and also in the case of only slight depressurization, it is possible
to di spénséh wwwoswtpamf&ﬁrb@ﬁ digxideis qaaiedpiddB thanliquic phaseg pTaferably at a
process of teirﬂmmraatnmeasftfrm 2040 2009C ama ecthioghes®ne of frb@red e 80 MPLCays! | Bb

out witht rHis r@fé‘flaﬁlpﬁt Ie%gpgg‘@ fﬁ% ghﬂlchﬁﬂgwgél%gﬁfnﬁt L& 40°C and

react or an tratlo
appr oxi mat B‘ieyef?'i’i'é e fore fiagr [50"F opartileny Brstiebip AppBetssthan 120°C and very

"appr oxi napatigulathe pedereblymedmsore thae SOCe THe fibtel pressurefis upeferably at Bast
bar orim tempey MR ShrliE@aRNGBPAbIY B e8st™d MPaGbs 3Rd 'p?efQ%%ly%{o‘iQnore than
surpri si ng %gﬁy& found that” in the present systemthe two
phases can SP%r at ed very well from one another even at an
el evated tenperature corresponding to the reaction tenperature. It is

t her ef or e @hs parial preeaRs BRIE ¢PbERAIBYIdE W géﬁéfalM'léd%ﬂ ofsonph @.ﬂd Risrefbly

separ ation Ob

recir cuI at %ﬁﬁmﬁqqﬂsglﬁmﬁ%&éwgg?en&g hg.l?p;g@pgh x?ar%%]t P&gsyrg of the
preferdbly 36%{99%'6 ssnerally at leagidt %Mfﬁe@dg prefemebly abigesttt MRa 20dsnemdcnot
parti cul ar inprgptheh @65aliPy afid prefetably @oB@itie thahe0 &ta.act i on of the

hydr ogenati on catal yst can be carried out in any suitable apparatus
knovvntot ose |IIed in the art, prefe i_n countercurrent
extracti on f'l??ﬁﬁa tiqoflsusliaendp cafbead ‘i’ei |”e § fepd tedhe hndrepsnriiopreactor
m xer-sett lse:rrsfevabtlmfrcmlmmtrs 10 @hé padfctiangpesféablyf frammlitzhie ExXh padiculanfrom
unit (34),0whbgh conprises the nmajor part of the 10 pol ar sol vent and
the formc acid/am ne adducts, is fed to the distillation unit (111)

in order to separate the polar solvent or solvent mxture fromthe
form c aci 8heamake ratlelwt ccarbPhediptids éo totigryi ning in dre fesdytodhe rydegenation
hydr ogenat feaBtof & gdrgsdlly fifodin 11 he 1ednaassferbiURerh o(d )5, i pér@@uléﬁﬁ%rﬁfo@to
to the hydgogenation reactor. 15Amounts of individual conponents of
the polar Solvent in the liquid phase to be extracted are soneti nes
di ssol¥®d in addition to the catal yst in the extractant, viz, the

anm ne st reAsnhyElﬂ'ugenatB)mcﬂacaarﬁll rs&?siwalphagﬁlefm:rssﬂalwtcpm@emsreabtﬁ@mww are

amount of 5& L@L‘:BI@W anaﬁt Pe%cﬁﬂ%sap%e %ﬁ/\éﬁ {e%pgﬁat daﬁc? tﬂr%]f‘?sven

sol vent rean ave vaporizatio
costs. 20 ?f@swﬁ &ﬁf%fqr@@é&ﬁ%ﬁi@naﬁord'swarhay@sreﬁ@wn systems
adsor bi ng ancareiatsd, Hydrerxgmp@t iinnK.Eat ldénket, TRe=otdr Eypek aarid fitweeir Industrial

carryisg Opp ﬁcgﬁorer-ome@ﬂmaﬁwe@r&&m ecﬁétdfaaﬁausq.na[uahém.g@)z@yiw VCH

absor pt ?E'n@” st bige %@%a@hﬂ AL PO ehaB o o nananuer 3 Hedetors
sul f onat edfopapyHayid serotionsid Examples Midieneybe ragtioned e stirelodask reactors,

mont nor i | | @Be t&fstorb@AE BObEIE Solufin! re8&o@el s and zeolites. In the
extraction of the catalyst fromthe output (3) in the extraction unit

(I'1), an extract



(4) conprising the tertiary amne and the catalyst and a raffinate
(5) conprising the polar solvent and the form c acid/ am ne adducts
are obtained. The raffinate (5) is 30 eg{iched inthe formc

aci d/ am ne adducts and the polar solvent® Wth regard to the formc
aci d/ am neTheldydtogendtmnréfclaesth diedds can pardarédooutanedtivisd entordihublisdy in

; . . _ ° ; ot .
aci dI ém?‘ﬁ'e‘?{aeﬁﬁﬁ%‘%”%?’?ﬁf?’ﬁe'ﬁ“u%”dbaf%“a%%e@%"é‘*%q%éﬁﬁéﬁ?gﬁﬁég&wﬂ%?‘e&@d
formc aci HU% e Lpherally( F“I";gj isﬁrﬁq%ﬂ?} e sq BUpdlighess apd  fge reactor s
partition sdeefilentymressiripedvih abibpn 2icddd grar hydoodenr b the dediedabéssube at
The exts acthe( dsitedl RIMpaREL. | Aidrhfhet Rdctiét Ys B Eﬁete,“qﬂaé'_r@actfﬁ?n?%gﬁ&?é?é'lﬁ(
catal yst ig used,. this It kew se .accunmul ates in the r ff]g nate. T %"1
oxtract (45eReSsuizsd Ry the W J9uJ Ba5en e Slesghnpe om prpancter. In
| i qui d phaSe¥inupys apgratiBy, ithe staring meaienialy ansf angbargsovrcluding the carbon
Regi/ r cul at dieridefana rg/asog@haa.@t iﬁ@ﬁ@]deaid@ﬁtiMﬁu@@PC@ﬂe@rﬂan@@ly@i&xﬁcﬂﬁj phase
and/ or unr i . . al so he
2avant ageonaaihousl S daRihd forh B Ao IR RE 16GETRE TR rélg s
undesi @bl RexAT: 80 FYeaosy Prefgiance iseivenpigrthe gpntinuoug fydiogpraiion ofrarasn

part of théiokidgui d or gaseous phases conprising carbon di oxi de or
carbon di oxi de and hydrogen fromthe process. 10The nmjor part of the

pol ar solvent of the raffinate (5), is separated off thermally from
Phe T or mi o Bt pirade e diaan e Tr e iiodirBlan fegaics A Gongraly Jrom g mimibeto
pol ar sol vehpusshi ch has been renoved by distillation being
recircygated to the hydrogenation reactor (I). The pure formc

aci d/ am neadducts_and al sg free_terti.ar m, ne are obtained, at the
bot tom of T s PRPApT, Setfef (el 8tk BN oaion &F eptsin ot o e
havi ng a releagnceedfithe gatalist ebel gsach e pelansevens apd dhe teriiasyraine oénarlly
pol ar sol viedts, thageherab®thibia@lia)whi ch a t wo- phase bottons m xture
conprising an am ne phase and a form c aci d/ am ne adduct phase is
formed, The thermal separation of 2thge pol ar sol vent or sol vent

m xtur® see above, is prefer d¥RRBO- sdIGPEH offa)at a tenperature at
the bottom at which, at the given pressure, no free formc acid is

¢ q f . . . : i ' |
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comng fromthe extraction to evaporation tenperature.
The output (3) from the hydrogenation reactor (1), which comprises the polar solvent,

the formic acid/amine adducts, the tertiary amine and the catalyst and to which water
35  has optionally been added, is extracted with streams of free tertiary amine originating
from the respective phase separation vessels and recirculated to the hydrogenation
reactor. This is done to separate off the catalyst. Without this extraction, hydrogenation
catalyst could get into the apparatus for thermal dissociation of the adduct of tertiary
amine and formic acid and there catalyze the decomposition of formic acid and thus



35 As an alternative, only parts of the solvent mxture can be
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hi gh yield and high purity by hydrogenation of carbon.dioxide. It
has, in particular, a 15 particularly S|nple mode of operation which
involves, conpared to the prior art, énpler process concept,

si npl er process stages, a snaller nunbe of process stages and al so
sinpl er apparatuses. Thus, for exanple, an appropriate choice of the
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e A-2a (first hydrogenation)

The liquid phases (A) and (B) have the meaning defined above.

Recirculation of a gas phase comprising unreacted carbon dioxide and/or unreacted
hydrogen to the hydrogenation reactor may also be advantageous. This may be
desirable, for example, for discharging undesirable by-products or impurities, part of
the upper phase and/or part of the liquid or gaseous phases comprising carbon dioxide
or carbon dioxide and hydrogen from the process.

The major part of the polar solvent of the raffinate (5) is separated off thermally from
the formic acid/amine adducts in a distillation unit (I[1), with the polar solvent which has
been removed by distillation being recirculated to the hydrogenation reactor (I). The
pure formic acid/amine adducts and also free tertiary amine are obtained at the bottom
of the distillation unit (1ll) since formic acid/amine adducts having a relatively low amine
content are formed on removal of the polar solvent, as a result of which a two-phase
bottoms mixture comprising an amine phase and a formic acid/amine adduct phase is
formed.

The thermal separation of the polar solvent or solvent mixture, see above, is preferably
carried out at a temperature at the bottom at which, at the given pressure, no free
formic acid is formed from the formic acid/amine adduct having the higher (x1) or lower
(x2) amine content. In general, the temperature at the bottom of the thermal separation
unit is at least 20°C, preferably at least 50°C and particularly preferably at least 70°C
and generally not more than 210°C, preferably not more than 190°C. The pressure is
generally at least 1 hPa abs, preferably at least 50 hPa abs and particularly preferably
at least 100 hPaabs and generally not more than 1 MPaabs and preferably
0.1 MPa abs.

The thermal removal of the polar solvent or solvent mixture is carried out either in an
evaporator or in a distillation unit comprising an evaporator and column, filled with
ordered packing, random packing elements and/or trays. The solvent can be
condensed after the thermal separation, and the enthalpy of condensation liberated
can in turn be utilized, for example, to preheat the solvent with amine/formic acid
adduct mixture coming from the extraction to evaporation temperature.

As an alternative, only paris of the solvent mixture can be separated off. This applies
particularly to solvent components which can be separated off via a side stream in the
later formic acid distillation.



WOOL 20.0 g of trihexylamne 10.0 g of nethanol 1.0 g of water O0.16
g of [Ru(PnCctyl13)4H)2l. 0.04 g of 1, 2-
bi s(di cycl ohexyl phosphi no) et hane To 2. 2%%/Pa abs To 8.0 MPa abs 0.0L

1 hour 15.0 g of trihexylam ne s 961.

0g 7.73%of formc acid

290 ppm 75Tpefoiameidéanting mdfuets sehicf atehebiaaed| after than thgutl egnhdvahlof the

| w 093

10

15

20

25

30

35

40

polar solvent or solvent mixture or parts of the solvent in the distillation unit {lIl) are
then, as bottom stream (7), thermally dissociated into free formic acid and free tertiary
amine in a thermal dissociation unit (V), for example a distillation unit, with the free
formic acid formed being distillatively removed and the free tertiary amine comprised in
the bottoms from the distillation unit being recirculated to the hydrogenation reactor (1).
Here, the free amine obtained as second phase in the thermal removal of the polar
solvent in the distillation unit (lll) can be separated off beforehand in a phase
separation vessel, together with the bottom product from the thermal dissociation unit
(V) for isolation of formic acid in a common phase separation vessel or fed directly as
two-phase mixture to the dissociation unit (V) (see general embodiments). The
liberated formic acid can be taken off, for example, (i) at the top, (ii) at the top and as
side offtake stream or (iii) only as side offtake stream. If formic acid is taken off at the
top, a formic acid purity of up to 99.99% by weight is possible. When formic acid is
taken off as side offtake stream, aqueous formic acid is obtained, with the mixture
comprising about 85% by weight of formic acid being of particular importance in
industrial practice. Depending on the water content of the feed to the distillation unit,
the formic acid is taken off to an increased extent as overhead product or as side
product. If necessary, it is even possible to take off formic acid only as side product, in
which case the required amount of water may even not be able to be explicitly added.
The thermal dissociation of the formic acid/amine adduct is generally carried out at the
process parameters in respect of pressure, temperature and configuration of the
apparatus which are known from the prior art. Reference may thus be made, for
example, to the descriptions in EP 0 181 078 A or WO 2006/021411. The distillation
unit to be used generally comprises a distillation column which generally comprises
random packing elements, ordered packings and/or trays.

In general, the temperature at the bottom of the distillation column (dissociation unit
(V) is generally at least 130°C, preferably at least 140°C and particularly preferably at
least 150°C, and generaily not more than 210°C, preferably not more than 190°C and
particularly preferably not more than 185°C. The pressure is generally at least
1 hPa abs, preferably at least 50 hPaabs and particularly preferably at least
100 hPa abs, and generally not more than 500 hPa abs, preferably not more than
300 hPa abs and particularly preferably not more than 250 hPa abs.

A water-comprising stream of formic acid may optionally also be taken off as side
product.

The process of the invention has a number of advantages over the integrated
processes which have previously been described in EP 181078 B1 and
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EP 357 243 B1: the same tertiary amine is used for binding the formic acid in the
hydrogenation and the thermal dissociation of the formic acid/amine adducts. This
amine, which is obtained in free form in the thermal dissociation, is then used for
extraction of the catalyst from the product phase in order to recirculate the catalyst
together with the amine to the reaction vessel. It has a higher stability than the N-
alkylimidazoles previously described. Losses of noble metals virtually do not occur. The
catalyst is prevented from getting into the thermal dissociation unit and there catalyzing
the decomposition of formic acid. It is a great advantage that it can be separated off in
its active form and recirculated. High formic acid yields and a high product purity are
achieved. The extraction replaces two distillation systems. As a result, energy costs
and capital costs are reduced.

The process of the invention makes it possible to isolate concentrated formic acid in
high yield and high purity by hydrogenation of carbon dioxide. It has, in particular, a
particularly simple mode of operation which involves, compared to the prior art, a
simpler process concept, simpler process stages, a smailer number of process stages
and also simpler apparatuses. Thus, for example, an appropriate choice of the tertiary
amine and of the polar solvent enables, in the case of the use of a homogeneous
catalyst, the latter to be separated off by extraction of formic acid/amine adducts and
recirculated without further work-up steps to the hydrogenation reactor. The extraction
can also be carried out under superatmospheric pressure. Owing to the prompt
separation of the catalyst from the formic acid/amine adducts formed, a backreaction
with decomposition into carbon dioxide and hydrogen is suppressed.

Furthermore, no complicated, separate base replacement is necessary in the process
of the invention, so that the formic acid/famine adducts formed in the hydrogenation
reactor can be used directly for thermal dissociation. The use of a low-boiling polar
solvent makes it possible for this solvent to be separated off thermally under mild
conditions in a stage preceding the thermal dissociation of formic acid, as a result of
which esterification of alcohols used and decomposition of the formic acid are
minimized, a lower energy consumption is necessary and a higher purity of the formic
acid can be achieved. As a result of the simpler process concept, the production plant
required for carrying out the process of the invention is more compact in terms of a
lower space requirement and the use of fewer apparatuses compared to the prior art. It
has a lower capital outlay and a lower energy consumption.

The invention is illustrated below with the aid of examples and a drawing.

Example A1-4  hydrogenation, catalyst extraction and reuse of the catalyst:



Exanple A-la (first hydrogenation and extraction) Iw 09Z 65.0 g of
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To 3.1 MPa abs To 12.0 MPa abs 000L
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A 100 ml or 250 ml autoclave made of Hastelloy C and equipped with a blade stirrer or
magnetic stirrer was charged under inert conditions with the trialkylamine, polar solvent
and the catalyst. The autoclave was subsequently closed and CO, was injected at
room temperature. H, was subsequently injected and the reactor was heated while
stirring (700-1000 rpm). After the reaction time, the autoclave was cooled and the
reaction mixture was depressurized. After the reaction, trialkylamine and optionally
water were added to the reaction output to effect extraction and the mixture was stirred
at room temperature for 10 minutes. A two-phase product mixture was obtained, with
the upper phase being enriched in the tertiary amine and the homogeneous catalyst
and the lower phase being enriched in the polar solvent and the formic acid/amine
adduct formed. The phases were subsequently separated and the formic acid content
of the lower phase was determined. The upper phase comprising ruthenium catalyst
and the free amine was then reused as before for the CO, hydrogenation with the
same solvent under the same reaction conditions. After the reaction was complete,
fresh trialkylamine was added in order to extract the catalyst. The product phase was
subsequently separated off and the formic acid content and also the ruthenium content
of the two phases were determined. The total content of formic acid in the formic
acid/amine adduct was determined by potentiometric titration with 0.1 N KOH in MeOH
using a “Mettler Toledo DL50" titrator. The ruthenium content was determined by AAS.
The parameters and results of the individual experiments are shown in Tables 1.8 to
1.13.

Examples A-1 to A-4 show that the active catalyst can be separated off from the
product phase by extraction and reused for the hydrogenation. Relatively high degrees
of enrichment for the ruthenium can be achieved by simple connection of a plurality of
extraction steps in series, e.g. in a cascade of mixer-settlers or in a countercurrent
exiraction, using the same amount of amine.
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5.0%o0f formc acid wdd 001. wdd Exanple A-4a (first hydrogenati on)
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ei mel Axatipt 40 5 099 25.0 g of nethanol 3.0 g of water

0. 169 of [Ru(PnCctyl1l3)4(H)2J, 0.04 g of _1, 2-
bi s(di cycl ohexyl phosphi no) et hane To 2. 730Pa abs To 12.0 MPa abs 300L
1 hour 66. Exgmplest rBthexyd aB2ne(tirhhl 6rentGral @f 8tHed pdlarf 0sdlight adioth the
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trialkylamine/solvent/formic acid mixtures and dissociation of the formic acid-amine
adducts; process steps 3 and 4);

Alcohol and water are distilled off from the product phase (comprises the formic
acid/amine adduct) under reduced pressure by means of a rotary evaporator. A two-
phase mixture (trialkylamine phase and formic acid/amine adduct phase) is formed as
bottoms and the fwo phases are separated. The composition of the distillate
(comprising the major part of the methancl and of the water), the upper phase
{comprising the free trialkylamine) and the lower phase (comprising the formic acid-
amine adduct) was determined by gas chromatography and by potentiometric titration
of the formic acid against 0.1 N KOH in MeOH using a “Mettler Toledo DL50” titrator.
The formic acid is then thermally split off from the trialkylamine in the lower phase from
the first step in a vacuum distillation apparatus using a 10 cm Vigreux column.
Complete removal of the formic acid leaves single-phase boftoms comprising the pure
trialkylamine which can be used for extraction of the catalyst and recirculation to the
hydrogenation. The formic acid and residual water are present in the distillate. The
composition of the bottoms and of the distillate was determined by gas chromatography
and by potentiometric titration of the formic acid against 0.1 N KOH in MeOH using a
“‘Mettler Toledo DL50" titrator. The parameters and results of the individual experiments
are shown in Table 1.15.

Examples B1 and B2 show that various polar solvents can be separated off under mild
conditions from the product phase in the process of the invention, forming a lower
phase which is relatively rich in formic acid and an upper phase comprising
predominantly tertiary amine. The formic acid can then be split off from the
trialkylamine in this lower phase which is relatively rich in formic acid at elevated
temperatures, giving the free trialkylamine. The formic acid obtained in this way still
comprises some water but this can be separated off from the formic acid by means of a
column having a relatively high separation power. The trialkylamine obtained both in
the removal of the solvent and also in the thermal dissociation can be used for
removing the catalyst from the product stream in step 2.
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| w 093 65.09 of trihexylamne 25.09 of nethanol 0.16 g of
[ Ru(PnCctyl13) 40- 021, 0.049 of 1,2- bis(dicyclohexyl phosphino)ethane
To 2.4 MPa abs To 12.0 MPa abs 0320. 1 hour 66.0 g of
trihexylamne 1.17 L' 2.6 61.7g 8.3%of formc acid 75 ppm 27 ppm
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alma kelliai Polar sol vent
In the drawings:

Figure 1  shows a block diagram of a preferred embodiment of the process of the
invention,

Figure 2 shows a block diagram of a preferred embodiment of the process of the
invention,

Figure 3 shows a block diagram of a further preferred embodiment of the process of
the invention,

Figure 4 shows a block diagram of a preferred embodiment of the process of the
invention,

Figures 5A, 5B and 5C each show different, preferred variants for the fractional
removal of polar solvent and water for the preferred embodiment in figure 3.

In the embodiment shown in figure 1, carbon dioxide, stream (1) and hydrogen, stream
(2), are fed into the hydrogenation reactor I. In this reactor, they are reacted in the
presence of a catalyst comprising an element of group 8, 9 or 10 of the Periodic Table,
a tertiary amine and a polar solvent to form formic acid-amine adducts. The output from
the hydrogenation reactor (I} (stream (3)), which can consist of one or two phases, is
fed to the extraction unit Il in which the catalyst is extracted by means of the tertiary

. amine from the phase separation vessel (IV) (stream (11)). The tertiary amine with the

25

30

35

40

catalyst (stream (6)) from the extraction unit (ll) is recirculated to the hydrogenation
reactor (). The product phase (5) from the extraction unit (i) is fed to the thermal
separation unit (1ll) in order to separate off the polar solvent and the water thermally
from the formic acid-amine adducts. The stream (5) can additionally be passed over an
adsorber bed to remove last traces of catalyst from this stream before the thermal
separation. The polar solvent which is thermally separated off in the distillation unit Il is
recirculated as stream (8) to the hydrogenation reactor (1) and the two-phase bottoms
mixture (stream 7) from the distillation unit (lI1), which comprises the formic acid-amine
adducts and the tertiary amine, is fed to the phase separation vessel (IV). The formic
acid-amine adducts are separated off in the phase separation vessel (IV) and fed as
stream (8) to the distillation unit (V) in which they are thermally dissociated into free
formic acid and tertiary amine. The free formic acid is taken off as overhead product,
stream (10), and the two-phase bottoms from the distillation unit (V), which comprise
tertiary amine and undissociated formic acid/famine adducts, stream (8) are fed back
into the phase separation vessel {(IV). The tertiary amine which is separated off in the
phase separation vessel (IV) is fed as stream (11) to the extraction unit (Il) in order to
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mixture from the distillation unit (lIl), which comprises the formic acid-amine adducts
and the tertiary amine (stream 7), is fed to the distillation unit (V). In this distillation unit,
20 the formic acid/amine adducts are thermally dissociated into free formic acid and
tertiary amine. The free formic acid is, for example, removed as overhead product,
stream (10). The two-phase bottoms from the distillation unit (V), stream (9), which
comprise tertiary amine and undissociated formic acid/amine adducts, are fed to the
phase separation vessel (IV). The tertiary amine which is separated off in the phase
25  separation vessel (IV) is fed as stream (11) to the extraction unit (1i). Part of stream
(11) can also be recirculated directly to the hydrogenation reactor (1) if not all the amine
is required for the extraction.

[n the embodiment shown in figure 3, carbon dioxide, stream (1), and hydrogen, stream
30  (2), are introduced into the hydrogenation reactor (1). In this reactor, they are reacted in
the presence of a catalyst comprising an element of group 8, 9 or 10 of the Periodic
Table, a tertiary amine and a polar solvent to form formic acid-amine adducts. The
output from the hydrogenation reactor (I) (stream (3)), which can consist of one or two
phases, is admixed with the predominantly water-comprising stream (12) from the
35 distillation vessel (Ili) in order fo obtain better phase separation and catalyst distribution
in the extraction together with high hydrogenation activity. This stream is fed to the
extraction unit (II) in which the catalyst is extracted by means of the tertiary amine from
the phase separation vessel (IV) (stream (11)). The tertiary amine with the catalyst
(stream (B)) from the extraction unit (Il} is recirculated to the hydrogenation reactor (I).
40  The product phase (5) from the extraction unit (ll) is fed to the thermal separation unit
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tertiary amne and a polar solvent to formformc aci d-am ne adducts.
The output fromthe hydrogenation reactor (I) (stream(3)), which can
consi st of Hifcembodimpntshawadn figue flatifars romdhe shpedimenla inifigures 1 and 2 in
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Figures 5A, 5B and 5C each schematically show different variants for the thermal
25 removal of water and polar solvent for the embodiment shown in figure 3.

Here, figure 5A shows the removal of two streams, i.e. the stream (8) comprising

predominantly polar solvent and the stream (12) comprising predominantly water, in a

single distillation column which cah be a column having a side offtake or a dividing wall
30  column.

Figure 5B schematically shows an embodiment with a 2-column variant (columns (llla)
and (liIb)), where the lower-boiling component, generally the polar solvent, is separated
off in the first column, Illa, and the intermediate-boiling component, generally the water,

35 s separated off as stream (12) in the second column, (llIb), to which a feed stream (5a)
depleted in polar solvent is fed.

Figure 5C shows a further embodiment for the removal of water and polar solvent, in
which the phase (7) comprising the formic acid/amine adducts and the tertiary amine is
40  firstly separated off in a first distillation column (lilc) and a stream (5b) is subsequently



25 catalyst (stream (6)) fromthe extraction unit (I1) is
recirculated to the hydrogenation reactor (l). The product phase (5)
fromthe extraction unit (Il) is fed the thernmal separation unit
(I''l) in order to separate off the poftar solvent and the water
thermally fromthe form c acid-am ne adducts. The stream (5) can

addi Iti ona:c | yadtiengies sech evmdind adistilgtionr beiimhdld) Qo rgaaDH Estleafit (8) r@ﬁﬁb‘ﬁisiﬁé
catal yst fr i ] : e pol ar
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is recirculated as stream (6) to the hydrogenation reactor (I) and

t he two-phase bottons m xture (stream7) fromthe distillation unit
(1), which conprises the formc acid-am ne adducts and the tertiary
amine, is fed to the phase separation vessel (l1V). The formc

aci d-am ne adducts are separated off in the phase separation vessel
(I'V) and fed as 35 stream (8) to the distillation unit (V) in which
they are thermally dissociated into free formc acid and tertiary

am ne. The free formc acid is taken off as overhead product, stream
(10), and the two-phase bottons fromthe distillation unit (V), which
conprise tertiary am ne and undi ssoci ated form c aci d/ am ne adducts,
stream (9) are fed back into the phase separation vessel (I1V). The
tertiary amne which is separated off in the 40phase separation
vessel (1V) is fed as stream (11) to the extraction unit (I1) in
order to 33 extract the catalyst, or parts of stream (11) can be
recirculated directly to the hydrogenation reactor (I) if not all the
trialkylamne is required for the extraction. In the enbodi nent shown
in figure 2, carbon dioxide, stream (1), and hydrogen, stream5 (2),
are introduced into the hydrogenation reactor (I). In this reactor,
they are reacted in the presence of a catalyst conprising an el enent
of group 8, 9 or 10 of the Periodic Table, a tertiary amne and a
pol ar solvent to formformc acid-am ne adducts. The output fromthe
hydr ogenati on reactor (lI) (stream (3)), which can consist of one or
two phases, is fed to the extraction unit Il in which the catalyst is
extracted by neans of the 10 tertiary am ne fromthe phase separation
vessel (1V) (stream (11)). The tertiary amne with the catal yst
(stream (6)) fromthe extraction unit (lIl) is recirculated to the
hydr ogenation reactor (1). The product phase (5) fromthe extraction
unit (Il1) is fed to the thermal separation unit (I11) in order to
separate off the polar solvent and the water thermally fromthe
form c acid-am ne adducts. The stream (5) can be passed over an 15
adsorber bed to renove |ast traces of catalyst fromthis stream
before the thermal separation. The polar solvent which is separated
off thermally in the distillation unit Ill is recirculated as stream
(6) to the hydrogenation reactor (1) and the two-phase bottons

m xture fromthe distillation unit (Ili), which conprises the formc
aci d-am ne adducts and the tertiary amne (stream?7), is fed to the
distillation unit (V). In this distillation unit, 20 the formc
aci d/ am ne adducts are thermally dissociated into free formc acid
and tertiary amne. The free formc acid is, for exanple, renoved as
over head product, stream (10). The two-phase bottonms fromthe
distillation unit (V), stream (9), which conprise tertiary am ne and
undi ssoci ated form c acid/am ne adducts, are fed to the phase
separation vessel (1V). The tertiary amne which is separated off in
t he phase 25 separation vessel (1V) is fed as stream (11) to the
extraction unit (I1). Part of stream (11) can also be recircul ated
directly to the hydrogenation reactor (lI) if not all the amne is
required for the extraction. In the enbodi nent shown in figure 3,



10 the distillation unit (V) in which they are thermally dissoci ated
into free formc acid and tertiary amne. The free formc acid is
taken off as overhead product, stream (10), and the two-phase bottons
fromthe distillation unit (1V), which 8®nprise tertiary anine and
undi ssoci atoegimgor m ¢ aci d/ am ne adducts, stream (9), are fed back
into the phase separation vessel (IV). The tertiary am ne which is
separated off in the phase 15 separation vessel (1V) is fed as stream
(11) to the extraction unit (I1) in order to extract the catal yst or
part of streamA(fdgessdor preparigy foomicaickidbydieaetirid sarben tibridey ty wigenairogsn
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stream (5a) de&la%tc@gnbnd ROdiSdhaPRldMRIM tHeSreh&Br as outhiiigdy,e 5C shows a
further enbodi ment for the renoval of water and pol ar solvent, in

whi ch the phase (7) conprising the form c acid/am ne adducts and the
terti ay am newhgrefofirstly separated off in a first distillation
colum (111c) and a stream (5b) is subsequently 35 fractionated in a
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predom nantl|y pol ar , , o "R
predom nant |y Wwatesy fed digectly 4o @n extraction unit (I1) and the work-Up of the output (3)

comprises the following process steps:
25
1)  exiraction of the catalyst from the output (3) from the hydrogenation reactor
(1) in the extraction unit (11}, where the same tertiary amine which was used
in the hydrogenation is used as extractant, to give an extract (4) which
comprises the major part of the tertiary amine and the catalyst and is
30 recycled to the hydrogenation reactor (I) and also a raffinate (5) which
comprises the major part of the polar solvent and the formic acid/amine
adducts and is passed on to a distillation unit (H) in which

2) adistillation is carried out to give an overhead stream (6) which comprises
35 predominantly the polar solvent and is recycled to the hydrogenation
reactor (1) and also a bottom stream (7) which comprises predominantly the
formic acid/famine adducts and the tertiary amine and is according to
process step

40 3) fed to a phase separation vessel (IV) in which
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25 and is fed as stream (8) to a thermal dissociation unit (V).

2. The process according to claim 1, wherein a substream of the bottom stream (7)
is worked up as per process step 3) and the remainder of the bottom stream (7)
is worked up as per process step 4).

30
3.  The process according to claim 1 or 2, wherein, in process step 2), a fractional
distillation is carried out to give a first fraction (6) which comprises predominantly
the polar solvent and is recycled to the hydrogenation reactor (1) and a second
fraction (12) which comprises predominantly water and is recycled to the output
35 (3) from the hydrogenation reactor (l).

4.  The process according to any of claims 1 to 3, wherein an amine of the general
formula (la)

40 NR'RZR®  (la)



5phase whi ch conprises predom nantly the form c aci d/ am ne adducts
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b) a thermal dissociation is carried out to give a stream (9) which
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streaml®7) is worked up as per process step 3) and the renminder of
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fractional disl' %F ! ?(r)anqacl:aés I(l:(afor IiRe e %e?e‘zt?edq%}d %er@epffy @?m%%g'fo% GoP%'f‘t'ng
whi ch conpri se8f Brecdtihde Fyckdnaliyblbanzd ang ehenvhisdised as derjianyeaming
the hydrogenation reactor (I) and a second fraction (12) which
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fromthe hydro tron reacto rocess acco
of clainms 1 to"ﬁ.imu earéﬂ‘lseéjrﬁsatﬁftﬁ@’?ﬂ""?he general fornula (I a) 38
where the radicals RL to R3 are identical or different and are each,
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al so, Phdependekyliy ussd amertianpamine; be substituted by a heterogroup
sel ected fromthe group consisting of -0- and >Nand two or all three
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tertiary am newith water is used as polar solvent.
25
9. The process according to any of claims 1 fo 8, wherein a mixture of methanol
and/or ethanol with water is used as polar solvent.

10. The process according to any of claims 1 to 7, wherein methanol and/or ethanol
30 is used as polar solvent,

11.  The process according to any of claims 1 to 10, wherein the raffinate (5) obtained
in process step 1) has a water content, based on the total weight of the raffinate,
in the range from 0.1 to 50% by weight, preferably in the range from 2 to 30% by

35 weight.

12. The process according to any of claims 1 to 11, wherein the catalyst is a
homogeneous catalyst.



10 5. The process according to claim4, wherein an am ne of the
general fornmula (la) in which the radicals Rl to R3 are selected
i ndependently fromthe group consisting of G -Cu-alkyl,

C5- C8- cycl oal kyl , benzyl and phenyl is ¥%ed as tertiary anmine. 15
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and Cr 20al kyl o sydlis esdiphstict exdicabhgviagifioen 18to Theafoacesss awberedindgidual
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sel ected from anong net hanol, ethanol, proopanols and butanols with

water is used as polar solvent. 25 9. The process according to any of
clains 1 t#48, Thh@redassacsordingr o afiy wbchéms|1 End3.owherematiel resctdn in the

water is used BgdrB@drition PEARM() is carried ot afl BeeRPQERES iPFRILALE G020 to
any of clains 30i s used as

B 7. Wherei n.nmet hanol . an no

pol ar sol vent. %qq% aﬂ%jea Brre(%"érgén cd3re I;'i%m;yo?{?n I@?a@ s 1 to 10,
wherei f0the raffinate (5) obtained in process step 1) has a water
](c:ont e(r)lt ) bas.gggn@ ptdtess atrding bty of cldire T &f 4, m\ﬂtbﬁhfin tHe ézﬂ@cﬁcggbﬁ}%grried

rom0.1 to .ange from2 to o by
35wei ght. 12. tgéfééﬁﬁ%%gfsur%s?égﬁeg{aﬁgé%’rghﬁ%@f&%d@I ainms 1 to 11, wherein
the catalyst is a honogeneous catalyst. 39 13. The process accordi ng
to claim9, wherein the honbgeneous catalyst is a conplex conprising
an elenment of group 8 9 or 10 of the Periodic Table and at | east one
phosphi ne group having at | east one unbranched or branched, acyclic
or cyclic aliphatic radical having from1l to 12 carbon atons, where

i ndi vi dual 5carbon atons can al so be substituted by >P-. 14. The
process according to any of clainms 1 to 13, wherein the reaction in
t he hydrogenation reactor (1) is carried out at a tenperature in the
range from 20 to 200C and a pressure in the range from0.2 to 30 MPa
abs. 10 15. The process according to any of clains 1 to 14, wherein
the extraction is carried out at tenperatures in the range from40 to
80C.



