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The fundamental work on the catalytic hydrogenation of carbon dioxide to form formic acid was
carried out as early as the 1970s and 1980s. The processes of BP Chemicals Ltd. filed as the

35 patents EP 0 095 321 A, EP 0 151 510 A and EP 0 181 078 A may be considered to result
therefrom. All three documents describe the hydrogenation of carbon dioxide in the presence of
a homogeneous catalyst comprising a transition metal of transition group VIII (groups 8, 9, 10),
a tertiary amine and a polar solvent to form an adduct of formic acid and the tertiary amine. As
preferred homogeneous catalysts, EP 0 095 321 A and EP 0 181 078 A mention ruthenium-

40 based and EP 0 151 510 A rhodium-based complex catalysts. Preferred tertiary amines are C+-
Cio-trialkylamines, in particular the short-chain C4-Cy-trialkylamines, and also cyclic and/or
bridged amines such as 1,8-diazabicyclo[5.4.0Jundec-7-ene, 1,4-diazabicyclo[2.2.2]octane, pyr-
idine or picolines.



2 The hydrogenation is carried out at a carbon dioxide partial pressure of
up to 6 MPa (60 bar), a hydrogen partial pressure of up to 25 MPa (250 bar)
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However, A. Baiker discloses in Appl. Organometal. Chem. 14, 2000, pages 751 to 762 the hy-
35 drogenation of carbon dioxide to formic acid derivatives in the presence of immobilized homo-
geneous catalysts. These specific catalysts are sythesized by functionalizing group VIII (groups
8, 9, 10) transition metal complexes, such as [Ru(PR3)sCl;], with biunctional silylether-modified
phosphines, like Ph2P(CH2)>Si(OEt)s or (CH3)2P(CH2)2Si(OEt)s, and reacting them with Si(OEt)4
(triethoxysilan), obtaining an immobilized transition metal-based silica hydrid gel complex cata-
40 lyst.



S5pared by treating silica with (Et0)3Si (CH2)3Cl in toluene and
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Preferably, the heterogeneous catalyst comprising gold is a supported catalyst. As support, var-
40 ious types of materials might be used, including but not limited to inorganic oxides, graphite,

polymers or metals. In case of inorganic oxides, silicon dioxide, aluminium oxide, zirconium ox-
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The t ersubsgdueandriieg(Hdat treathtentsediol daldifigiongrkog@natdtiastsof carbon di oxide in
the process of the invention preferably conprises not nore than 9 carbon
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N- Met hyl - pyrrolidine, N-ethyl-pyrrolidine, N propyl-pyrrolidine (including
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¢ N,N-dimethyl-cyclohexylamine, N,N-dimethyl-cyclopentylamine, N,N-diethyl-cyclopentyl-
30 amine.

In case of the possibility of isomers of the tertiary amines () mentioned above, all of the isomers
shall be included by the name of the generic terms.

35 ltis naturally also possible to use mixtures of various tertiary amines (1) in the process of the
invention.

In the process of the invention, particular preference is given to using a saturated amine of the
general formula (la) and more particularly preferred a saturated amine (la) in which the radicals

40 R'to R3 are selected independently from the group consisting of C+-Cr-alkyl and Cs-Cs-cyclo-
alky, but in total R to R3 together having not more than 9 carbon atoms.
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40  As hydrogenation reactors, it is in principle possible to use all reactors which are suitable in
principle for heterogeneously catalyzed gas/liquid reactions at the given temperature and the
given pressure. Suitable standard reactors for the hydrogenation are indicated, for example, in
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30 free of gold, which means 1 wt.-ppm of gold or less in the separated reaction mixture.

The average residence time in the reactor is generally from 10 minutes to 10 hours.

The obtained liquid product mixture comprising formic acid and the tertiary amine (l) generally
35 contains formic acid and the tertiary amine (I) in form of a formic acid/amine adduct. If a tertiary
amine of formula (la) was used, the formic acid/amine adduct usually has the general formula

(1)
x HCOOH * NR'R2R®  (Ill)

40 where the radicals R’ to R? are the radicals described for the tertiary amine (la) and x is from
0.5 to 5, preferably from 1.2 to 2.6. The factor x can be determined, for example by titration with
KOH solution against phenolphthalein. The precise composition of the formic acid/amine adduct
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where the radicals R' to R® are identical or different and are each, independently of one an-

35 other, an unbranched or branched, acyclic or cyclic, aliphatic, araliphatic or aromatic radical
having from 1 to 46 carbon atoms, preferably from 1 to 18 carbon atoms, but in total R' to R3
together having at least 12 carbon atoms and not more than 48 carbon atoms, where individual
carbon atoms can also be substituted, independently of one another, by a hetero group selected
from the groups consisting of —-O- and >N- or two or all three radicals can also be joined to one

40 another to form a chain comprising at least four atoms in each case. Preference is given to at
least one of the radicals bearing two hydrogen atoms on the alpha-carbon atom.
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In case of the possibility of isomers of the tertiary amines (lI) mentioned above, all of the iso-
mers shall be included by the name of the generic terms.

35
It is naturally also possible to use mixtures of various tertiary amines (Il) in the process of the
invention.

40
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acid and tertiary amine (1) with tertiary amine (Il) and separated, is advantageously recycled to
the step of the hydrogenation. In general, from 10 to 100%, preferably from 50 to 100%, particu-
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also f ng the thermal separation in snall anpunts as a result
of dec%&?ﬂb’%gﬂg’g formc acid itself.

The distillation apparatus generally comprises, in addition to the actual column body with inter-
nals, inter alia a top condenser and a bottom evaporator. In addition, this may optionally also
comprise still further peripheral apparatuses or internals and, for example, a flash container in
the feed (for example for separating gas and liquid in the feed to the column body), an interme-

35 diate evaporator (for example for improved heat integration of the process) or internals for
avoiding or reducing aerosol formation (such as, for example, thermostatable trays, demisters,
coalescers or deep-bed diffusion filters). The column body may be equipped, for example, with
structured packings, random packings or trays. The number of separation stages required is
dependent in particular on the type of tertiary amine (ll), the concentration of formic acid and

40 tertiary amine (ll) in the product mixture fed to the distillation apparatus and the desired concen-
tration or the desired purity of the formic acid and can be determined by the person skilled in the
art in the customary manner. In general, the number of required separation stages is > 3, pref-
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react orabB. = base exchange unit C = distillation unit

25
The formic acid released by the thermal dissociation can be obtained as top product and/or side
product from the distillation apparatus. When the product mixturecomprises constituents boiling
lower than formic acid, it may be advantageous to separate these off by distillation as top prod-
uct and the formic acid in the side take-off. Where gases may be dissolved in the product mix-

30 ture (such as, for example, carbon monoxide or carbon dioxide), however, it is as a rule also
possible to separate off the formic acid together with these as top product. If the product mixture
comprises constituents boiling higher than formic acid, formic acid is preferably separated off by
distillation as top product, but optionally instead of these or in addition in the form of a second
stream in the side take-off. The constituents boiling higher than formic acid are in this case then

35 preferably taken off via an additional side stream.

In this way, formic acid having a content of up to 100 wt.-% can be obtained. In general, formic
acid contents of from 75 to 99.995 wt.-% are achievable without problems. The residual content
to 100 wt.-% might, for example, be water added to the hydrogenation of carbon dioxide to pro-

40  mote the heterogeneously catalyzed reaction.-Thus, water may already be present in the prod-
uct mixture fed to the distillation apparatus but may optionally also form only during the thermal
separation in small amounts as a result of decomposition of formic acid itself.
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25 DE 34 28 319 A has described the thermal dissociation of an adduct of formic acid and a tertiary
amine having Cs-C1s-alkyl radicals in a dissociation column. Likewise, WO 2006/021,411 also
describes the thermal dissociation of an adduct of formic acid and a tertiary amine having a boil-
ing point at atmospheric pressure of from 105 to 175°C in a dissociation column.

EP 0 563 831 A similarly discloses the thermal dissociation of an adduct of formic acid and a

30 tertiary amine having a boiling point higher than that of formic acid, with added formamide being

said to give a particularly color-stable formic acid.

Figure 1 shows a schematic block diagram of a possible embodiment of the process of the in-
vention. Here, the individual letters have the following meanings:
35
A = hydrogenation reactor
B = base exchange unit
C = distillation unit

40  Carbon dioxide and hydrogen are fed into the hydrogenation reactor "A". In this reactor, the car-
bon dioxide and hydrogen are reacted in the presence of a heterogeneous catalyst comprising
gold and a tertiary amine (l) comprising not more than 9 carbon atoms to form a product mixture
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| ength of 5 nmm bulk density 0.85 - 0.95 g/nlL, BET surface 40 - 50 n2/g.
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codbing trap (to condense readily condensabl e conpounds such as water,
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, L1 g1 cooling trap condense water), and
(iv) a NEREOUURYE P;8lFeamHEreaHaT ni ng gas sanple was col lected in a

gasoneter. f) Analysis of Au: Au was anal yzed by inductively coupl ed plasna
(1CP). 13@ Jr¥EBbethd inBnaeR kit O positle kdlbbthin)coRyeHt@Xddrmic acid in high yield
15 and high purity by hydrogenation of carbon dioxide. In particular, it provides a particularly simple
and elegant mode of operation which compared to the prio art has a simpler process concept,
simpler process stages, a smaller number of process stages and simpler apparatuses. Thus, for
example, the heterogeneous catalyst comprising gold can be very easily completely separated
from the product solution by simple operation like filtration, decantation or centrifugation or can
20 be used as a fixed bed catalyst. Losses of catalyst and thus losses of gold are minimized by the
retention of the catalyst in the reactor. The simpler process concept makes it possible for the
production plant required for carrying out the process of the invention to be made more compact
in sense of a smaller space requirement and the use of fewer apparatuses compared to the
prior art. It has lower capital cost requirements and a lower energy consumption.

25
Examples
Materials
30
Unless stated otherwise, the following specific materials were used.
a) Light MgO:
Apparent density 103.45 g/L. Supplied by A.C.E.F. s.p.a.
35

b) AUROIite™ Au/TiO2:
1.0 £ 0.1 wt.-% Au on TiO: extrudates of 1.5 mm diameter and an average length of 5 mm,
bulk density 0.85 - 0.95 g/mL, BET surface 40 - 50 m2/g. Supplied by Strem Chemicals Inc.
Used as received.
40



100 mL of a HAuC a solution containing 20 g (101 nmmol) of Au were added
dropwise into 54 g 35(1.35 nol) of |ight MyO suspended in 350 nL of water
and stirrwoduwricsdys 12 hours. The resulting pal e yel | ow ROTEH@2N0HB45
co-precipitate was collected on a filtgeg and washed with water until
negatlzj}g ﬁh oride test (noist Au(OH)3/MJO co-precipitate). The solid was
suspen c} 400 nL of water and the mlky, stirred suspension treated
dropwi se with 155 nL of 10 M H2SO4. An orange precipitate was forned, which
was colUrgedsastated othefwibé,ahe fallepipgtnesthyds wars@thpidyicd. wat er and 40t hen
squeezed, V\/nereas the MO di ssolved in the H2SO4. The isol ated squeezed
f| I ter g contained 15 wt.-% Au. WD 2012/ 168396PCT/ EP2012/ 060845 16

&) 2: ‘eparation of gold black GBB 1 6.5 g of freshly prepared
squeez ed dJblkeaidlan gcidignimexatieASR dEtandCOOH/NERfasducta gveredétermined by NRMs
stirred im,3d00 nL of water until an orange suspension free of |unps was
obt ai ned. The sus- 5pension was cooled at 5C with ice cubes and a freshly
prepared m xture of 1.8 nL of 37 wt.-% fornal dehyde (referring to 22 mol
f or mal dehydeounisofdransierred@ases: 1.2 g NaOH in 50 nlL of water (referring to
30 1grml NaO)anvastsasidees Marsfatdmlreiepprassae wine Hetleah@bd by bhlaecihy _a’idéwelﬁiﬁtt er
a short t V. evol uti on acconpani ed t he
format i on%gp% rb%;?bg@ﬁé 58%[5?71@%(%@0%%{:{6&&%%%% \F/}/és collected on a filter,
washed with water and dried under vacuum 101 g of gold black GB 1 with a
gol d cent &tetsendir99. 95 wt. - % was obtained (referring to 5 mml of Au).

Exanpl e 3As|?é€é}@6|?stfbpﬁgﬁ-f r@éb*\@@as@ém ﬁf&er&%@é&@éWQgrﬁé?m@lfyeéil'rrBUtaﬁfdélav_es
prqgar ed frt%m 101 bed 'd;] Exanpl e 1 was suspended in 500

et PR e R oY SR AT Petdh & suapensi on free of |umps. To
the stirred suspension 32 nL of 37 wt.-%formal dehyde (referring to 395

ol e mbetehyisiaibn wethe gddegbsat room tenperature. The reduction was

acconpant efte o H40BH0 PN HAL nd Bk AN OLAERY sSpkidnpRonflhect ed

on a filter ri ac-
Au/ MyO mﬂ\@'gﬁl\g\;ﬁaﬁoﬁéﬁmﬁc@ﬁm@% naENgAne 6%%‘&6%h93%?y%%r0m%08? p?'Me tot al
magd of the supported Au/ MjO-catal yst). Exanple 4: Preparation of gold

EI ack @& AmRsi- ct%cgc&ftepﬁwom@wnqp@m% i r@mmf&nﬁsswth Exarrglg 3 ?ndBO
avi ng an cant.en 0] susene into
LA 3§%ﬁ&%&vtmﬂw b1 e R e85y s BEFS e S SRRE TSR S cur - od.
After 1 héampteneroasgh@dt) miags 23°6geaohied trap (tﬁ CORIRNSAIFE Imcomdﬁ@sgblefcamounds

si phoned @&lith agndatdigformeis iadider washeshing, i) & W¢igistbd 36darim@esrtridye (@f adsbhe 1. 33
C%_V NEt %h@é%@cgn mﬁnu\é’%ﬁ% nglwg ge(fbe(?)tnggnée\’\dvgtgﬂ”Qﬁoe(l\f’}%q\lf)lr?{eC@QJn%pErE@Ck

(%_l% voI um he adduct
anal yti cal Péﬁ@é'ﬁg‘9£a§ﬁﬁmp Noluiai ?‘Hlﬁ"%ﬁé” BOPPYUREEH on a filter, washed with

wat er and dri ed under vacuum The residual anobunt of My in GB 2 was 500
W - PPMY)  Analysis of Au:
Au was analyzed by inductively coupled plasma (ICP).
30

Example 1: Preparation of gold(lll) hydroxide

100 mL of a HAuCI, solution containing 20 g (101 mmol) of Au were added dropwise into 54 g

35  (1.35 mol) of light MgO suspended in 350 mL of water and stirred during 12 hours. The resulting
pale yellow Au(OH)s/MgO co-precipitate was collected on a filter and washed with water until
negative chloride test (moist Au(OH)s/MgO co-precipitate). The solid was suspended in 400 mL
of water and the milky, stirred suspension treated dropwise with 155 mL of 10 M H2SO4. An or-
ange precipitate was formed, which was collected on a filter, repeatedly rinsed with water and

40 then squeezed, whereas the MgO dissolved in the H>SO4. The isolated squeezed filter cake
contained 15 wt.-% Au.



Exanpl e 5: 35Deconposition of adduct in the presence of GB 2 (Conparative
exanple) 1 g of GB 2 and 50 nL (300 mmpl ) of the 1.33 HCOOH NEt 3- adduct
(AAR = 1.\88)20mere39% nt roduced in a rocking stainl ess-st eeCTarR@closnses Wi t h an
internal volume of 120 nL and heated ajg40C in a water bath. The

pressure/ti CHI Ve 1S S S e "A" in Fig. 2. After apprOX|

40mat el Xa?pggzi%/ %?péoa}%'8P8E9g}”B)Pga§§3’Lrge¥of about 4.1 PMa abs was obtai ned due
to the deconposi- tion of adduct into H2, CO2 and NEt3. After 132 hours the
aut ocl &g oaBesthopregdared soedasdtigard(Mndydiexide stbxdnzsiel 1 (Efeariod to Hasnat doj ai ned

2012/ 1%‘%%9%&%4 ']5%520 %‘%geﬁgﬁ%%%a L§p§rf13|(5_|‘? 9”“%5 ws SoRned: Ino s

qu
pou Ped PEABIEN ¥agcodGd e F] it f?&é%“ &hd q eSIY QTP MR 0 ﬁ?ﬁ@- %ﬂ{g “é"h
i mm scifynaldeh$8e HOEOHIONE22-ratidUiotmdidgiRde) ib. BR)utioerod 1Peg Ba@Hre &0yl ofhwea-
vol Um‘«‘t@rJf rdf&ih tcpﬁ'@ﬁﬁr%l hﬁé@ﬁﬁ%é%rhdﬁj@@hrf aglﬁg%'ddrt% Wrﬂl@\l‘ﬁbﬁh Thé3ﬂa7525A1%r'§|— and
p(1. 3m§§ n(#cg r d E& th\)édr n}c: ol t ccor%p rTgﬁke)f r t i }ndck39 5 nt
(237 mibPy! %@@ HE‘J&S@ Ne S Rdal Y "R %@& QPEEE\VR e Exanpl e
6: Conpatimiraysgolid waichps\ollectes an adiderawiashewittywaier apgdeed dngar vaguum.
cordi t i1ansf galbblgcloEBal Weh Rgokiyabhaege o839, efiwe 4t alayg sbtairsnl (Afadidy td5 Mnaél.of % Ru,
0.5 Wt .5 % Re) and 100 g of NEt3 were introduced in a stirred Hastolloy C
autoclavé with an internal volume of 270 nmL, pressurized with 30 g of CO2
(2.1 MPa abs) and up to 20.0 MPa abs with H2. The autocl ave was heated for

10 hourtxaeaplesBPrephtation thAg/MdgOre, t he aut ocl ave was depressurized and the
quui d product was poured into a separation funnel. Onl y one |iquid phase

. VA Et 3 f
B A05S ataHE M S0 &l D btefarediory 100 rie? REAY 55 BrecrBRd il Bl 401 ¢
of GB waspuspendegdrn 680 ml(gEwata)andmeagsetieally stied tooformp a(sgepensisin)frass oflynapst . 33
_HCOO—Vd NEttge sad@lmtspéﬁf&] 32 gﬁ;ﬁsmmdgigm&dért@vgé(mh&g gfg 39“55?1615?%V®Frﬁallde- I
Intro Wéte 2ddEQ S 0B/ BIPEGR £¢6m hy M@loyo! ume
f 120 . GO g ] ?%69 E*%éé&mﬁ% % and
(I‘)leat ed tigp- Hgaceﬁlﬁgrgb@fﬁde%o ligyfas.co e‘it%q ara Pt%rs%‘?'éergo‘f"”l‘ga a”%\%eq/\}ﬂ%deegg’ag o
t ai2fed.uuh&5ra 26 wtedt AurBlgOuwereobtaire dsinefamingso enAuesoh@Bt of 26 wt.-YErbthp ltetal?
and " Ghas df e $opported Au/MgO-catalyst).

Example 4: Preparation of gold black GB 2

25  3.88 g of Au/MgO prepared in accordance with Example 3 and having an Au-content of 1.0 g
(referring to 5 mmol) were suspended into 30 mL of 1.33 HCOOH/NEts;-adduct (AAR = 1.33). A
smooth gas evolution occurred. After 1 hour the adduct was, together with some NEts at the
surface, siphoned off and the residue washed with a fresh 30 mL portion of the 1.33
HCOOH/NEts-adduct. The washing was repeated twice more and the gold black GB 2 was ob-

30 tained as a voluminous solid swimming in the adduct. For analytical reasons a small portion was
collected on a filter, washed with water and dried under vacuum. The residual amount of Mg in
GB 2 was 500 wt-ppm.

Example 5:
35 Decomposition of adduct in the presence of GB 2 (Comparative example)

1 gof GB 2 and 50 mL (300 mmol) of the 1.33 HCOOH/NEts-adduct (AAR = 1.33) were intro-
duced in a rocking stainless-steel autoclave with an internal volume of 120 mL and heated at
40°C in a water bath. The pressure/time curve is shown as curve "A" in Fig. 2. After approxi-
40 mately 2 days a constant pressure of about 4.1 PMa abs was obtained due to the decomposi-
tion of adduct into Hz, CO, and NEts. After 132 hours the autoclave was cooled in ice/water and
depressurized. The off-gas contained 3.8 g (86 mmol) of CO», 174 mg (87 mmol) of H, and



25ample 8 in Fig. 2. After 160 hours the autoclave was cooled in ice/water
and depressurized. The liquid product was poured into a graduated cylinder
and t he awount26168§96free am ne and the inm scible 1.33 a®tduEP2e¥2/060845

det erm ned by the vol ume of their phaseg, based on their densities (p( NEt 3)

0.72 t [ L L. of 1.33
mddues L3 8 Btedbonel AR was oot gt td Pindtl fad et dlned 8 &
the pr d@eeming apd) the. immiscitle ABSHGRP AN Ris-addect SNORT 1-33)Tese determingd by the
exper i wehinte ¢hiosir pHskes ieisbd @ﬁhlﬁbll&ﬁr\alt}ésK@(NEEa % 0ered gL Znprgties ed- a

f | d of
A e L T T
/| 364 é UK oun H&OYe™§8- 35HCOOH NEt 3- adduct with regard

to the anounts of introduced H2 and CQ2. Exanple 9: Production of adduct
(accor ¢xampleds:t he invention) 40The conti nuous pr oduction of adduct was
carried.out in iven PARR a an internal vol une
of 320"%&%6(53%8 LA el i S e T o b Sng W eh & o o
tube carrying a 160 nesh steel net at its internal tip. The autocl ave was
corpectseglomd Rb-Rudhydrogen@tiaddaaly6t8 38 ARCE) (P10.1%/R1E 08 bt. -8 Repaimdl1 @(og oarpEtsl ar y

tubes tv\f:?er@|r{jﬂjog[?ce(?)rifelsol.sétt'ifrgdrl—% I&Ebrauidcllal Qi atnhn% ﬁa%ejof%m gfe%

reservol r, of supergri u
for thé?Supp ?SP &Pf ONE’%-%T’M SéﬁBEHPéo 8¢-Ot\fen abs Qclavayas heat edp
det er mforetd Hoursel @%Cn@ﬁemmsmmtheoaut@:kadeadn@meﬁsunzeobdnd the tiguid peatiusEt 3 was

det er mv%q)dal/edfﬁiotﬁ@e afaaﬂsheum | TSI WARI BRRICARSS tofrhdy, Zv(fﬁ:Ahgﬁis%az'g) 09

o 1877 A%l Bgp R, o
B Al P Rt M s oL | 70 i th 4L 7 g of K2/ R 11 mxtur e

(ref erring to 906 nmml of H2 and CO2 each). The autoclave was then heated
at 40CHxpnpldscradrer 8:and a starting pressure of 17.8 MPa abs was attained. As

shown i i y decreased with tinme. After having
reachedm(i(gd.cgon @C{@?g&gﬁ%ﬁgfﬁﬂg\/&v\g?@ restored by addi ng further H2/ CO2

1:1 mxture (about 4 g, referring to 87 mmvol of H2 and CO2 each). The
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cI ean téﬁﬂéd)l]Tthﬁéssugﬂﬂlrde tu®es ald showeh ak. G3idvHBEOH NFERaraplé Tcind("68R ForlEx33)
Vtr\ﬂﬂié g‘YWFIPrQ rﬂf{erf'q6@956@%@51&595\@@\%9?&&¥&&|F§/®H%IP ah@ﬁe@’eg%}rfigg T he

W t dr a ressurize

mol  ofl94f wambw REfrg e garaqu a@§)the gmgunts 85 r?ﬁrﬁm)”ecﬁ“dcﬁbﬁ'r%nd 10

ng (5 rlrrrmtlmedf33ﬂdumerer®|tdrrrmadmmh@i/oluhe ofithelirchhaees, Hasedhen theffldecsiées whi | e

t he a”QH('NEth- d. 75 WLhéH 3@@%dma§ el 75t d/ad ¥e eghd) Nt W%L%H&Ci Qﬁ%délﬁc@m a
reservaolr 42 L

(300 madhsd D8 o SR L P 0l A B
whi3Pe tnn@sgaianpeﬁgrewé@wgtlwﬁbla lagain. Afterwards, a pressure of about 18
MPa abs was restored by adding further H2/CO2 1:1 25m xture. The procedures

were r %%ae&ggmﬁé €' wttHa@B?th@ %Q%X‘Qitk {nle!: Lnd %Ba@proﬁhg&oggefﬁg&t%le%t524o

hours o

HOOOH/ NEf 333%899{4/"6%9‘1@01 @R)! afjordedrayinld @f aprioxotdah (SUBBIet X 143he8f) #1d co
wer e d&iERRof aperok.rv 184 [16t3hemgbsia§3 v 804 awend). formic acid bound in the 1.33

35 HCOOH/NEts-adduct with regard to the amounts of introduced H, and CO..

Example 9:
Production of adduct (according to the invention)

40 The continuous production of adduct was carried out in a magnetically driven PARR autoclave
with an internal volume of 320 mL equipped with temperature and pressure sensors and with a
dip tube carrying a 160 mesh steel net at its internal tip. The autoclave was connected with thin,



The experinment shows a significant production of the 1.33 HOOOH NEt 3- adduct
over a tinme of about 240 hours. Gold black GB 2 afforded a yield of formc
aci d of awpProx/16831% (1.3 nol x 1.33 / 2.44 nol) bound i RCTP2@2880845

HOOOH NEt 3- adduct with regard to the aggunts of introduced H2 and 002.

Exampl es 1Q and J11: .Influence of CO and Ar to,pr.oductiqn,of .adduct

Caooor douhd B b 1Ll BE5Eh Reasits ety 8 RAEICOL SRl DRy o
(60 mmSIMYoI superchiticaBCPe BeRVatBo*E attlMPasbes Angkie-a HPEE) puipriTal thengupplyssthmol )
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i nt ernal i i 14. 8 of H21CO2 1:1 m xture
98. 5 mmowawrﬁ%é%%%%ﬁﬁﬁf%*@z and %02 each, and 9.5 mol
CO “and heated WD 2012/ 168396PCT/ EP2012/ 060845 19 at 40C in a water bath.
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2" showsertHheCQr €4 snixtere wasingradweedoT higpemetere8vdsi repeatedl bha@ot addi ti on of
CO . Exanple 10 shows that even in the presence of 1.5 nol-% CO in the

)
H2/ - xture, .a re- 15 spect abl.e f 1.33 HOOOH NEt 3-.adduct . (AAR =
2457 e st Rr=Saurd 2aSRES RSPt P IEb Fa . Tie el Revas e 1P RSk tnor
t he sardlowdIHECENYNBstaddiettio serarate. luip 3.dhe feraptioEisdiysiratetby anaditduous
pr oductsoanL of clesh] deloulesss goldifiag, fiquid he3 HODH INEY-addlcT (Fe\Fe X 1633) WRd alth-

set - up -Qln FEATRE Bothn BPHe LR EAE®NBagH th WWBEQTI% withtrah Bhlﬁgg@gfg%gﬁr ?‘g?e

that the autoc]ave a dltlonaﬁ onta?n 3 a s net ring s
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13 MPa g, ARENaedS, Bredsyreld d¥bat HMIPaRIbY WaRirestsred byeadingftitthdviPB)CORT: ¢
resior e, by, adding further H2/CO2 1:1 mxture. For this purpose an anount
of "approxinmately 8 g of the gas m xture (referring to about 174 mmol of H2
and 30C2 each) were required.

The procedures were repeated several times as shown in Fig. 3 and stopped after about

240 hours of operation. A total of 216 mL (1.3 mol) of the 1.33 HCOOH/NEt;-adduct (AAR =

1.33) were formed. In total, about 14 mmol of CO were determined in all the gases released.

30
The experiment shows a significant production of the 1.33 HCOOH/NEts-adduct over a time of
about 240 hours. Gold black GB 2 afforded a yield of formic acid of approx. 71% (1.3 mol x 1.33
/ 2.44 mol) bound in the 1.33 HCOOH/NEtz-adduct with regard to the amounts of introduced H>
and COa.

35

Examples 10 and 11:
Influence of CO and Ar to production of adduct (according to the invention)

In Example 10, 1 g of GB 2 suspended in 10 mL (60 mmol) of the 1.33 HCOOH/NEts-adduct
40 (AAR=1.33) and 40 mL (286 mmol) of NEts were introduced in a rocking stainless-steel auto-

clave with an internal volume of 120 mL, pressurized with 14.8 g of H2/CO; 1:1 mixture

98.5 mol-% with 1.5 mol-% CO (316 mmol of H2 and COz, each, and 9.5 mmol CO) and heated



At the end of the sixth pressure decrease the stirring was shortly
interrupted. In Fig. 5 the interruption is illustrated by an arrow. 100.8
g of cl eawp20/wsddbess, gold free, liquid 1.46 HCOOH NEPB8TARAUCHG(SAAR =
1.46) were withdrawn fromthe bottom ofigthe autoclave t hrough 35 the dip

t ube. thdr nt._was_depr and S hase
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HCOOH/NEts-adduct (AAR = 1.46) were withdrawn from the bottom of the autoclave through

35 the dip tube. The withdrawn amount was depressurized and analyzed. The gas phase con-
tained 8.8 g (200 mmol) of CO», 70 mg (35 mmol) of H> and 13.5 mg (0.5 mmol) of CO. H2 and
CO were not replaced, while 7.4 g (170 mmol) of CO2 was reintroduced into the autoclave from
a reservoir charged with liquid CO2, which was warmed up to 80°C. Then, 83.5 mL (598 mmol)
of NEts were introduced into the autoclave with the HPLC pump while the stirring was started

40 again. For the next cycle, the autoclave was pressurized again to approximately 18 MPa abs
with 15.6 g of H/CO> 1:1 mixture (referring to 339 mol of H, and CO; each).
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the dip Tube. The withdrawn amount was depreSsurized an ana yzed The‘gas phase con-
tained 8.6 g (195 mmol) of CO, 60 mg (30 mmol) of Hz and 51 mg (1.8 mmol) of CO. H2 and
35 CO were not replaced, while 7.3 g (166 mmol) of CO; was reintroduced into the autoclave from
a reservoir charged with liquid CO2, which was warmed up to 80°C. Then, 83.5 mL (598 mmol)
of NEts were introduced into the autoclave with the HPLC pump while the stirring was started
again. For the next cycle, the autoclave was pressurized again to approximately 18 MPa abs
with 16 g of H2/CO- 1:1 mixture 99 mol-% with 1.0 mol-% CO (referring to 344 mol of H, and
40 CO; each and 7 mmol of CO).
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30 toclave through the dip tube. The withdrawn amount was depressurized and analyzed. The gas
phase contained 8.4 g (191 mmol) of CO-, 59 mg (29 mmol) of H> and 50 mg (1.8 mmol) of CO.
H2 and CO were not replaced, while 7.1 g (161 mmol) of CO, was reintroduced into the auto-
clave from a reservoir charged with liquid CO,, which was warmed up to 80°C. Then, 84 mL
(603 mmol) of NEt; were introduced into the autoclave with the HPLC pump while the stirring
35 was started again. For the next cycle, the autoclave was pressurized again to approximately
18.2 MPa abs with 16.2 g of H2/CO- 1:1 mixture 99 mol-% with 1.0 mol-% CO (referring to
348 mol of H> and CO; each and 6.7 mmol of CO).

Four of such six-stepped runs were performed within 13 days. The corresponding pres-

40  sure/time-curves are shown in Fig. 7. At the fourth sampling 101.3 g (665 mmol) of 1.7
HCOOH/NEts-adduct (AAR = 1.7) and 22 g (500 mmol) of CO-, 0.90 g (450 mmol) of H> and
3.0 g (107 mmol) of CO were removed from the autoclave. The adduct was withdrawn and the
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grinents shows, that it is possible to obtain pure formc acid by
hy r ogenat i n of COZ in 40the presence of a heterogeneous catalyst
conpr i S*AG'P and a low boiling trialkylanmne, fol- |lowed by a base
exchan@sweb(thamgbiagh idwiation rof) fomi creesichad catlgitd treetinvemtion) t he form c acid /
hi gh boiling am ne adduct.
24 g of 2.35 HCOOH/NEts-adduct (AAR = 2.35), which is for example obtainable by distilling off
30  NEts from a HCOOH/NEts-adduct with a lower AAR-value at reduced pressure (e.g. at 110°C
and 70 hPa abs), was mixed with 43 g of tri-n-hexylamine (in the following referred to as
"NHexs"). On stirring, an opaque liquid was obtained and fractionated under reduced pressure
(111 hPa abs) with a short Vigreux column. When the oil bath temperature had reached 125°C,
NEts distilled off within the 25-40°C fraction and 10.5 g (90% of the total amount of NEt3) were
35 collected in a Schlenk tube which was cooled at 0°C, while the residual liquid became limpid.
The Schlenk tube was then removed under the reduced pressure mentioned above and the
temperature was raised. When the oil bath temperature had reached 160°C, a second fraction
begun to distill off and 12.5 g of an acidic liquid were collected. TH NMR showed formic acid
with 90% purity (8% NEts and 1% NHexa). To obtain formic acid with a higher purity, a further
40  distillation step can be added.



WO 2012/ 168396PCT/ EP2012/ 060845 24 Table 1 Catalyst (BB 1 GB 2 T[C] 40 40 H2
I ntroduced[ Mol ] 304 304 CO2 introduced] mol] 304 304 NEt 3 introduced[ mmol ]
286 286 IwWB20wmxh@sds i ntroduced[nmol] 60 60 initial p[MRCAEPR012/060845

10

15

20

25

30

35

40

23
This experiment shows, that it is possible to exchange the low boiling NEt3; (from which formic
acid cannot be distilled off) by a high boiling amine like NHexs. From this amine, formic acidcan
be easily isolated by distillation.

Example 16:
Preparation of formic acid by hydrogenation, base exchange and isolation of formic acid (ac-
cording to the invention)

Hydrogenation:

A 120 mL rocking steel autoclave was charged with 21 g (356 mmol) of NMes, 21.8 g of H,/CO»
1:1 mixture and 5 g of caged AUROIite™. On stirring at 40°C, the highest detected pressure
was 18.5 MPa abs and then decreased as shown in Fig. 8. After having reached approximately
13.5 MPa abs further H»/CO- 1:1 mixture was added to increase the pressure as shown in

Fig. 8. Further pressure de- and increases followed asshown in Fig. 8. At the end, the pressure
was left to equilibrate at 16.0 MPa abs. The autoclave was then depressurized and amine-free
gases containing 0.8 vol.-% CO vented. 49 mL (50.5 g) of an catalyst-free HCOOH/NMe3 ad-
duct with AAR = 1.89 were collected.

Base exchange:

37 mL of the 1.89 HCOOH/NMes adduct (AAR = 1.89, referring to 480 mmol of formic acid)
from the above hydrogenation step was added to 85.5 mL of NHexs (245 mmol). Three liquid
phases were formed and analyzed by 1H NMR. The upper one is constituted by NHexa/NMes in
a molar ratio of 39 : 1 with only a trace of formic acid, the intermediate one is constituted by
HCOOH/NMes/NHexs in a molar ratio of 8.5 : 1 : 4.7, and the heaviest one is constituted by
HCOOH/NMes in a molar ratio of 1.72 : 1. Then, a stream of a H2/CO, 1:1 mixture was bubbled
through the triphasic system at 130°C to strip off NMes. By this, 95% of the NMes was recovered
together with H2/CO, having a (H2/CO2)/NMez molar ratio of 2, which is a suitable ratio for the
new production of HCOOH/NMes adducts. During the removal of NMez with the the H2/CO2 mix-
ture also the traces of water were removed so that a mono-phasic, anhydrous HCOOH/NHexs
adduct with AAR = 2 with traces of NMe3 was left.

Isolation of formic acid:

The HCOOH/NHexs adduct (AAR = 2) from the above base exchange was then distilled at
160°C and 133 hPa ab, yielding pure NHexs and quantitatively anhydrous, raw HCOOH con-
taminated with 4 vol.-% NHexs and 1 vol.-% NMes. The obtained raw HCOOH was finally dis-
tilled at 100°C and atmospheric pressure to give a total yield of formic acid of 92%. The distilla-
tion residue contained HCOOH/NMes/NHexs in a molar ratio of 6.3 : 1 : 1 which can be recycled.

This experiments shows, that it is possible to obtain pure formic acid by hydrogenation of COz in
the presence of a heterogeneous catalyst comprising gold and a low boiling trialkylamine, fol-
lowed by a base exchange with a high boiling amine and distillation of the formic acid / high boil-
ing amine adduct.



18.0 18.0 leveled p[MPa abs] 10.7 4.1 H2 recovered[mmol] 196 87 CO2
recovered[ mMmmol] 196 86 free NEt3[nmol] 206 122 produced 1.33 adduct[ mol ]
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preparing formc acid by hydrogenati onsf carbon dioxide in the presence of
aterti mne (1) and a catalyst at a pressure of fromO0.2 to 30 MPa abs
and a ténpera- Sture of fromO to 200C, wherein the catalyst is a

het er ogeneous catal yst conpri si ng gol d.

Catalyst GB 1 GB2
T [°C] 40 40
H2 introduced [mmol] 304 304
CO:; introduced [mmol] 304 304
NEts introduced [mmol] 286 286
1.33 adduct introduced [mmol] 60 60
initial p [MPa abs] | 18.0 18.0
leveled p [MPa abs] | 10.7 4.1
H2 recovered [mmol] 196 87
CO; recovered [mmol] 196 86
free NEt3 [mmol] 206 122
produced 1.33 adduct  [mmol] 80 163




2. The process according to claim1, wherein the heterogeneous catal yst
conprising gold is a supported catal yst. 103. The process according to claim
2, wher eiwothe/wsgport ed het er ogeneous catal yst com pr PSEEP3012i066305

di oxi de, al um ni um oxi de, zirconi um oxpgle, magnesi um oxi de and/or titanium
oxi de etz support. 4. The process according to clains 2 to 3, wherein the
support %fmﬁeterogeneous catal yst 15conprises 0.1 to 20 w.-%gold based on
the total nass of the supported catalyst. 5. The process according to
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12 to 48 carbon ﬁt m;tlthe rel eased tertiary amne (l) separated ereby a
product m ﬁiﬂpé)oc%??ﬁ? ngtng formc acid and tertiary amne (I1) is obtained,
and the formc acid renoved fromsaid product m xture by distillation. 8.
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di net hyl de QHEATRIPPYT The process according to claims 1 to 8, wherein the
reaction of the product m xture conprising formc acid and tertiary am ne
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rel eased by the reaction of the product m xture conprising formc acid and
tertiamy arnmhegpro¢dsswictdrdingrtd chalmys @ avidréih tiandrizepamileqd conpris@cystingstet o

the step of tion of carbon 40di oxi de. WO

2012/ 16839&?’%??&%%%&% 845 26 11. The process according to clains 1 to
10, wherein the distillation of the product m xture conprising formc acid
an@0t el i arhhegmoeass(dctyrding tpelafnas trbwlS,i whesieiditlst fertiaay amimed ) patriatalisylahing,

bott om tennﬁétayggm%eojndvdr%nmg,@gy@g,ir;g_)oc and a pressure of from 30 to 3000
hPa abs. 512. The process according to clains 1 to 11, wherein in the step

of the renmoval of formc acid _ . .
7. The process according to claims 1 to 6, wherein the product mixture obtained by the hy-

drogenation comprising formic acid and tertiary amine (1) is reacted with a tertiary amine

25 (I which comprises 12 to 48 carbon atoms, the released tertiary amine (1) separated
whereby a product mixture comprising formic acid and tertiary amine (ll) is obtained, and
the formic acid removed from said product mixture by distillation.

8. The process according to claims 1 to 7, wherein the tertiary amine (ll) is a tripentylamine,
30 a trihexylamine, a triheptylamine, a trioctylamine, methyldicyclohexylamine, a dioctyl-
methylamine and/or a dimethyldecylamine.

9. The process according to claims 1 to 8, wherein the reaction of the product mixture com-
prising formic acid and tertiary amine () with the tertiary amine (ll) is performed at tem-
35 perature of from 20 to 200°C and a pressure of from 0.01 to 20 MPa abs.

10. The process according to claims 1 to 9, wherein the tertiary amine (1), which is released
by the reaction of the product mixture comprising formic acid and tertiary amine (I) with
tertiary amine (lI) and separated, is recycled to the step of the hydrogenation of carbon

40 dioxide.



by distillation a bottom product containing tertiary amne (I1) is obtained
and recycled to the step of the reaction of the product m xture conpri sing
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11.
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The process according to claims 1 to 10, wherein the distillation of the product mixture
comprising formic acid and tertiary amine (ll) is performed in a distillation apparatus at a
bottom temperature of from 100 to 300°C and a pressure of from 30 to 3000 hPa abs.

The process according to claims 1 to 11, wherein in the step of the removal of formic acid
by distillation a bottom product containing tertiary amine (l1) is obtained and recycled to
the step of the reaction of the product mixture comprising formic acid and tertiary amine
() with tertiary amine (ll).



