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(57) ABSTRACT 
A process for preparing formic acid by reacting carbon diox 
ide with hydrogen in a hydrogenation reactor 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 which are Subsequently dissoci 
ated thermally into formic acid and tertiary amine. 
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PROCESS FOR PREPARING FORMIC ACID 
BY REACTING CARBON DOXDE WITH 

HYDROGEN 

0001. This patent application claims the benefit of pending 
U.S. provisional patent application Ser. No. 61/505,186 filed 
Jul. 7, 2011, incorporated in its entirety herein by reference. 
0002 The invention relates to a process for preparing for 
mic acid by reacting carbon dioxide with hydrogen in a 
hydrogenation reactor in the presence of a catalyst compris 
ing 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 which are subsequently dissociated thermally into 
formic acid and tertiary amine. 
0003. Adducts of formic acid and tertiary amines can be 
dissociated thermally into free formic acid and tertiary amine 
and therefore serve as intermediates in the preparation of 
formic acid. 
0004 Formic acid is an important and versatile product. It 

is used, for example, for acidification in the production of 
animal feeds, as preservative, as disinfectant, as auxiliary in 
the textile and leather industry, as a mixture with its salts for 
deicing aircraft and runways and also as synthetic building 
block in the chemical industry. 
0005. The abovementioned adducts of formic acid and 
tertiary amines can be prepared in various ways, for example 
(i) by direct reaction of the tertiary amine with formic acid, 
(ii) by hydrolysis of methyl formate to formic acid in the 
presence of the tertiary amine, (iii) by catalytic hydration of 
carbon monoxide in the presence of the tertiary amine or (iv) 
by hydrogenation of carbon dioxide to formic acid in the 
presence of the tertiary amine. The last-named process of 
catalytic hydrogenation of carbon dioxide has the particular 
advantage that carbon dioxide is available in large quantities 
and is flexible in terms of its source. 
0006 EP 0 095 321 describes a process for preparing 
trialkylammonium formates, i.e. an adduct of formic acid and 
a tertiary amine, by hydrogenation of carbon dioxide in the 
presence of a tertiary amine, a solvent and a transition metal 
catalyst of transition group VIII of the Periodic Table (groups 
8, 9, 10 according to the IUPAC nomenclature). Ruthenium 
trichloride is preferably used as catalyst. As tertiary amine 
and solvent, preference is given to triethylamine and a mix 
ture ofisopropanol and water. The reaction is carried out in an 
autoclave at 82 bar and 80°C. The reaction mixture is worked 
up by distillation to give a first fraction comprising isopro 
panol, water and triethylamine and a second fraction com 
prising the adduct of formic acid and triethylamine. The ther 
mal dissociation of the adduct of formic acid and 
triethylamine to form formic acid is not described in EP 0.095 
321. 
0007 EP 0151510 likewise describes a process for pre 
paring adducts of formic acid and triethylamine, in which a 
rhodium-comprising complex catalyst is used as catalyst. The 
reaction is likewise carried out in an autoclave, and, as in EP 
0 095 321, the work-up of the reaction mixture obtained is 
carried out by distillation. 
0008 EP 0126524 and EP 0181 078 describe a process 
for preparing formic acid by thermal dissociation of adducts 
of formic acid and a tertiary amine. According to EP 0181 
078, the process for preparing formic acid comprises the 
following steps: 

0009 i) reaction of carbon dioxide and hydrogen in the 
presence of a Volatile tertiary amine and a catalyst to give 
the adduct of formic acid and the volatile tertiary amine, 
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0.010 ii) separation of the adduct of formic acid and 
Volatile tertiary amine from the catalyst and the gaseous 
components in an evaporator, 

0.011 iii) separation of the unreacted volatile tertiary 
amine from the adduct of formic acid and the volatile 
tertiary amine in a distillation column or in a phase 
separation apparatus, 

0012 iv) base exchange of the volatile tertiary amine in 
the adduct of formic acid and the volatile tertiary amine 
by a less Volatile and weaker nitrogen base, for example 
1-n-butylimidazole, 

0013 v) thermal dissociation of the adduct of formic 
acid and the less Volatile and weaker nitrogen base to 
give formic acid and the less Volatile and weaker nitro 
gen base. 

0014. In EP 0 126 524 and EP 0181 078, the volatile 
tertiary amine in the formic acid adduct must be replaced by 
a less Volatile and weaker nitrogen base, for example 1-n- 
butylimidazole, before the thermal dissociation. The pro 
cesses according to EP 0 126 524 and EP 0181 078 are 
therefore very complicated, especially in respect of the base 
exchange which is absolutely necessary. 
0015. A further significant disadvantage of the processes 
according to EP 0126524 and EP 0181 078 is the fact that the 
isolation of the adduct of formic acid and volatile tertiary 
amine is carried out in an evaporator in the presence of the 
catalyst in accordance with the above-described step ii) of EP 
O 126524 and EP 0181 078. 
0016. This catalyzes the redissociation of the adduct of 
formic acid and Volatile tertiary amine into carbon dioxide, 
hydrogen and Volatile tertiary amine according to the follow 
ing reaction equation: 

t 
HCOOH*N R. - - CO + H2 + NR3 

0017. The redissociation leads to a significant decrease in 
the yield of adduct of formic acid and volatile tertiary amine 
and thus to a reduction in the yield of the target product formic 
acid. 
0018. In EP 0329 337 the addition of an inhibitor which 
reversibly inhibits the catalyst is proposed as a solution to this 
problem. As preferred inhibitors, mention is made of car 
boxylic acids, carbon monoxide and oxidants. The prepara 
tion of formic acid therefore comprises the steps i) to V) 
described above for EP 0126524 and EP 0181 078, with the 
addition of the inhibitor being carried out after step i) and 
before or during step ii). 
0019 Disadvantages of the process according to EP 0329 
337 are not only the complicated base exchange (step iv)) but 
also the fact that the inhibitor goes together with the recircu 
lated tertiary amine into the hydrogenation (step (i)) and there 
interferes in the synthesis to form the adduct of formic acid 
and volatile tertiary amine. A further disadvantage of EPO 
329 337 is that a major part of the catalyst present in the 
process is inhibited. The inhibited catalyst therefore has to be 
reactivated in the process according to EP 0329 337 before 
renewed use in the hydrogenation (step i)). 
(0020 WO 2010/149507 describes a process for preparing 
formic acid by hydrogenation of carbon dioxide in the pres 
ence of a tertiary amine, a transition metal catalyst and a 
high-boiling polar solvent having an electrostatic factor of 
2200*10' Cm, for example ethylene glycol, diethylene 
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glycol, triethylene glycol, polyethylene glycol. 1,3-pro 
panediol, 2-methyl-1,3-propanediol. 1,4-butanediol, dipro 
pylene glycol, 1.5-pentanediol, 1.6-hexanediol and glycerol. 
A reaction mixture comprising the formic acid-amine adduct, 
the tertiary amine, the high-boiling polar solvent and the 
catalyst is obtained. The reaction mixture is, according to WO 
2010/149507, worked up according to the following steps: 

0021 1) phase separation of the reaction mixture to give 
an upper phase comprising the tertiary amine and the 
catalyst and a lower phase comprising the formic acid 
amine adduct, the high-boiling polar solvent and catalyst 
residues; recirculation of the upper phase to the hydro 
genation, 

0022, 2) extraction of the lower phase with the tertiary 
amine to give an extract comprising the tertiary amine 
and catalyst residues and a raffinate comprising the high 
boiling polar solvent and the formic acid-amine adduct; 
recirculation of the extract to the hydrogenation, 

0023. 3) thermal dissociation of the raffinate in a distil 
lation column to give a distillate comprising the formic 
acid and a bottoms mixture comprising the free tertiary 
amine and the high-boiling polar solvent; recirculation 
of the high-boiling polar solvent to the hydrogenation. 

0024. The process of WO 2010/149507 has the advantage 
over the processes of EP 0 095321, EP 0151510, EP 0 126 
524, EP 0181 078 and EP 0329 337 that it makes do without 
the complicated base exchange step (step (iv)) and allows 
isolation and recirculation of the catalyst in its active form. 
0025. However, the process of WO 2010/149507 has the 
disadvantage that the isolation of the catalyst is not always 
complete despite the phase separation (step 1)) and extraction 
(step 2)), so that traces of catalyst comprised in the raffinate 
can, in the thermal dissociation in the distillation column in 
step 3), catalyze the redissociation of the formic acid-amine 
adduct into carbon dioxide and hydrogen and the tertiary 
amine. A further disadvantage is that in the thermal dissocia 
tion of the formic acid-amine adduct in the distillation col 
umn, esterification of the formic acid formed with the high 
boiling polar solvents (diols and polyols) occurs. This leads to 
a reduction in the yield of the target product formic acid. 
0026. It was an object of the present invention to provide a 
process for preparing formic acid by hydrogenating carbon 
dioxide, which process does not have the above-mentioned 
disadvantages of the prior art or has them only to a signifi 
cantly reduced extent and leads to concentrated formic acid in 
highyield and high purity. Furthermore, the process should be 
carried out more simply than described in the prior art, in 
particular should allow a simpler process concept for the 
work-up of the output from the hydrogenation reactor, sim 
pler process steps, a lower number of process steps or simpler 
apparatuses. Furthermore, the process should also be able to 
be carried out with a very low energy consumption. Since 
complete separation of the homogeneously dissolved active 
catalyst from the product stream can be achieved only with a 
very high outlay and even Small amounts of catalyst in the 
thermal dissociation would lead to significant losses of for 
mic acid because of the high temperatures, it should also be 
ensured that traces of catalyst are converted into inactive 
species before the distillation, without the hydrogenation 
being adversely affected. 
0027. The object is achieved by a process for preparing 
formic acid, which comprises the steps 
0028 (a) homogeneously catalyzed reaction of a reaction 
mixture (Rg) comprising carbon dioxide, hydrogen, at 
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least one catalyst comprising at least one element selected 
from groups 8, 9 and 10 of the Periodic Table, at least one 
polar solvent selected from the group consisting of metha 
nol, ethanol. 1-propanol, 2-propanol, 1-butanol, 2-butanol, 
2-methyl-1-propanol and water and also at least one ter 
tiary amine of the general formula (A1) 

NRR2R3 (A1), 

0029 where 
0030) R', R. Rare each, independently of one another, 
an unbranched or branched, acyclic or cyclic, aliphatic, 
araliphatic or aromatic radical having in each case from 
1 to 16 carbon atoms, where individual carbon atoms 
may, independently of one another, also be replaced by a 
heterogroup selected from among the groups —O—and 
>N— and two or all three radicals can also be joined to 
one another to form a chain comprising at least four 
atoms, 

0.031 in a hydrogenation reactor 
0.032 to give, optionally after addition of water, a two 
phase hydrogenation mixture (H) comprising 

0033 an upper phase (U1), which comprises the at least 
one catalyst and the at least one tertiary amine (A1) and 
a lower phase (L1) which comprises the at least one 
polar solvent, residues of the at least one catalyst and 
also at least one formic acid-amine adduct of the general 
formula (A2), 
NR'R2R3x,HCOOH (A2), 

0034 where 
0035 X, is in the range from 0.4 to 5 and 
0.036 R. R. Rare as defined above, 

0037 (b) work-up of the hydrogenation mixture (H) 
obtained in step (a) according to one of the following steps 
0.038 (b1) phase separation of the hydrogenation mix 
ture (H) obtained in step (a) into the upper phase (U1) 
and the lower phase (L1) in a first phase separation 
apparatus 
0039 or 

0040 (b2) extraction of the at least one catalyst from the 
hydrogenation mixture (H) obtained in step (a) by means 
of an extractant comprising at least one tertiary amine 
(A1) in an extraction unit to give 
0041 a raffinate (R1) comprising the at least one 
formic acid-amine adduct (A2) and the at least one 
polar solvent and 

0042 an extract (E1) comprising the at least one ter 
tiary amine (A1) and the at least one catalyst 

0043 or 
0044) (b3) phase separation of the hydrogenation mix 
ture (H) obtained in step (a) into the upper phase (U1) 
and the lower phase (L1) in a first phase separation 
apparatus and extraction of the residues of the at least 
one catalyst from the lower phase (L1) by means of an 
extractant comprising the at least one tertiary amine 
(A1) in an extraction unit to give 
0045 a raffinate (R2) comprising the at least one 
formic acid-amine adduct (A2) and the at least one 
polar solvent and 

0046) an extract (E2) comprising the at least one ter 
tiary amine (A1) and the residues of the at least one 
catalyst, 
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0047 (c) at least partial separation of the at least one 
polar solvent from the lower phase (L1), from the raffi 
nate (R1) or from the raffinate (R2) in a first distillation 
unit to give 
0048 a distillate (D1) comprising the at least one 
polar solvent, which is recirculated to the hydrogena 
tion reactor in step (a), and 

0049 a two-phase bottoms mixture (S1) comprising 
0050 an upper phase (U2) which comprises the at 
least one tertiary amine (A1) and 

0051 a lower phase (L2) which contains the at least 
one formic acid-amine adduct (A2), 

0052 (d) optionally work-up of the first bottoms mixture 
(S1) obtained in step (c) by phase separation in a second 
phase separation apparatus to give the upper phase (U2) 
and the lower phase (L2), 

0053 (e) dissociation of the at least one formic acid-amine 
adduct (A2) comprised in the bottoms mixture (S1) or 
optionally in the lower phase (L2) in a thermal dissociation 
unit to give the at least one tertiary amine (A1), which is 
recirculated to the hydrogenation reactor in step (a), and 
formic acid, which is discharged from the thermal disso 
ciation unit, 

wherein at least one inhibitor selected from the group con 
sisting of carboxylic acids other than formic acid, carboxylic 
acid derivatives other than formic acid derivatives and oxi 
dants is added to the lower phase (L1), the raffinate (R1) or the 
raffinate (R2) directly before and/or during step (c). 
0054. It has been found that formic acid can be obtained in 
high yield by means of the process of the invention. It is 
particularly advantageous that the base exchange (step (iv)) 
as per the processes of EP 0126524 and EP 0181 078 can be 
saved in the process of the invention. The process of the 
invention allows effective isolation of the catalyst in its active 
form and also recirculation of the catalyst which has been 
separated off to the hydrogenation reactor in step (a). In 
addition, the use of an inhibitor prevents the redissociation of 
the formic acid-amine adduct (A2), which leads to an increase 
in the formic acid yield. Furthermore, the removal of the polar 
Solvent used according to the invention prevents esterification 
of the formic acid obtained in the thermal dissociation unit in 
step (e), which likewise leads to an increase in the formic acid 
yield. In addition, it has surprisingly been found that the use 
of the polar solvent according to the invention leads to an 
increase in the concentration of the formic acid-amine adduct 
(A2) in the hydrogenation mixture (H) obtained in step (a) 
compared to the polar solvents used in WO2010/149507. This 
makes the use of smaller reactors possible, which in turn leads 
to a cost saving. 
0055. The terms “step’ and “process step’ are used syn 
onymously in the following. 

Preparation of the Formic Acid-Amine Adduct (A2); Process 
Step (a) 

0056. In process step (a) of the process of the invention, a 
reaction mixture (Rg) which comprises carbon dioxide, 
hydrogen, at least one catalyst comprising at least one ele 
ment selected from groups 8, 9 and 10 of the Periodic Table, 
at least one polar solvent selected from the group consisting 
of methanol, ethanol. 1-propanol, 1-butanol, 2-butanol, 
2-methyl-1-propanol and water and also at least one tertiary 
amine of the general formula (A1) is reacted in a hydrogena 
tion reactor. 

Jan. 10, 2013 

0057 The carbon dioxide used in process step (a) can be 
Solid, liquid or gaseous. It is also possible to use industrially 
available gas mixtures comprising carbon dioxide, as long as 
these are largely free of carbon monoxide (proportion by 
volume of <1% of CO). The hydrogen used in the hydroge 
nation of carbon dioxide in process step (a) is generally gas 
eous. Carbon dioxide and hydrogen can also comprise inert 
gases Such as nitrogen or noble gases. However, the content of 
these is advantageously below 10 mol %, based on the total 
amount of carbon dioxide and hydrogen in the hydrogenation 
reactor. Although large amounts may likewise be tolerable, 
they generally result in the use of a higher pressure in the 
reactor, which makes further compression energy necessary. 
0.058 Carbon dioxide and hydrogen can be introduced as 
separate streams into process step (a). It is also possible to use 
a mixture comprising carbon dioxide and hydrogen in process 
step (a). 
0059. In the process of the invention, at least one tertiary 
amine (A1) is used in the hydrogenation of carbon dioxide in 
process step (a). For the purposes of the present invention, the 
term “tertiary amine (A1) refers to both one tertiary amine 
(A1) and also mixtures of two or more tertiary amines (A1). 
0060. The tertiary amine (A1) used in the process of the 
invention is preferably selected or matched to the polar sol 
vent in Such a way that the hydrogenation mixture (H) 
obtained, optionally after addition of water, in process step (a) 
is an at least two-phase mixture. The hydrogenation mixture 
(H) comprises an upper phase (U1), which comprises the at 
least one catalyst and the at least one tertiary amine (A1), and 
a lower phase (L1), which comprises the at least one polar 
Solvent, residues of the catalyst and at least one formic acid 
amine adduct (A2). 
0061 The tertiary amine (A1) should be enriched in the 
upper phase (U1), i.e. the upper phase (U1) should comprise 
the major part of the tertiary amine (A1). For the purposes of 
the present invention, "enriched' or “major part in respect of 
the tertiary amine (A1) means a proportion by weight of the 
free tertiary amine (A1) in the upper phase (U1) of >50% 
based on the total weight of the free tertiary amine (A1) in the 
liquid phases, i.e. the upper phase (U1) and the lower phase 
(L1) in the hydrogenation mixture (H). 
0062 For the present purposes, free tertiary amine (A1) is 
the tertiary amine (A1) which is not bound in the form of the 
formic acid-amine adduct (A2). 
0063. The proportion by weight of the free tertiary amine 
(A1) in the upper phase (U1) is preferably >70%, in particular 
>90%, in each case based on the total weight of the free 
tertiary amine (A1) in the upper phase (U1) and the lower 
phase (L1) in the hydrogenation mixture (H). 
0064. The tertiary amine (A1) is generally selected by a 
simple test in which the phase behavior and the solubility of 
the tertiary amine (A1) in the liquid phases (upper phase (U1) 
and lower phase (L1)) are determined experimentally under 
the process conditions in process step (a). In addition, non 
polar solvents such as aliphatic, aromatic or araliphatic Sol 
vents can be added to the tertiary amine (A1). Preferred 
nonpolar solvents are, for example, octane, toluene and/or 
Xylenes (o-Xylene, m-Xylene, p-Xylene). 
0065. The tertiary amine which is preferably to be used in 
the process of the invention is an amine of the general formula 

NRR2R3 (A1) 

in which the radicals R. R. Rare identical or different and 
are each, independently of one another, an unbranched or 
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branched, acyclic or cyclic, aliphatic, araliphatic or aromatic 
radical having in each case from 1 to 16 carbon atoms, pref 
erably from 1 to 12 carbon atoms, where individual carbon 
atoms can also be, independently of one another, replaced by 
a heterogroup selected from among the groups —O— and 
>N— and two or three radicals can also be joined to one 
another to form a chain comprising at least four atoms. In a 
particularly preferred embodiment, a tertiary amine of the 
general formula (A1) is used, with the proviso that the total 
number of carbon atoms is at least 9. 
0066. As suitable tertiary amines of the formula (A1), 
mention may be made by way of example of: 

0067 tri-n-propylamine, tri-n-butylamine, tri-n-penty 
lamine, tri-n-hexylamine, tri-n-heptylamine, tri-n-octy 
lamine, tri-n-nonylamine, tri-n-decylamine, tri-n-unde 
cylamine, tri-n-dodecylamine, tri-n-tridecylamine, tri 
n-tetradecylamine, tri-n-pentadecylamine, tri-n- 
hexadecylamine, tri(2-ethylhexyl)amine. 

0068 dimethyldecylamine, dimethyldodecylamine, 
dimethyltetradecylamine, ethyldi(2-propyl)amine, dio 
ctylmethylamine, dihexylmethylamine. 

0069 tricyclopentylamine, tricyclohexylamine, tricy 
cloheptylamine, tricyclooctylamine and derivatives 
thereof substituted by one or more methyl, ethyl, 1-pro 
pyl, 2-propyl, 1-butyl, 2-butyl or 2-methyl-2-propyl 
groups. 

0070 dimethylcyclohexylamine, methyldicyclohexy 
lamine, diethylcyclohexylamine, ethyldicyclohexy 
lamine, dimethylcyclopentylamine, methyldicyclopen 
tylamine. 

0071 triphenylamine, methyldiphenylamine, ethyl 
diphenylamine, propyldiphenylamine, butyldipheny 
lamine, 2-ethylhexyldiphenylamine, dimethylpheny 
lamine, diethylphenylamine, dipropylphenylamine, 
dibutylphenylamine, bis(2-ethylhexyl)-phenylamine, 
tribenzylamine, methyldibenzylamine, ethyldibenzy 
lamine and derivatives thereof substituted by one or 
more methyl, ethyl, 1-propyl. 2-propyl, 1-butyl, 2-butyl 
or 2-methyl-2-propyl groups. 

0072 N C-C2-alkylpiperidines, N,N-di-C-C- 
alkylpiperazines, N-C-C2-alkylpyrrolidones, 
N C-C2-alkylimidazoles and derivatives thereof 
substituted by one or more methyl, ethyl, 1-propyl, 
2-propyl, 1-butyl, 2-butyl or 2-methyl-2-propyl groups. 

(0073 1,8-diazabicyclo[5.4.0]undec-7-ene (“DBU), 
1,4-diazabicyclo[2.2.2]octane "DABCO), N-methyl 
8-azabicyclo[3.2.1]octane (“tropane”), N-methyl-9- 
aZabicyclo3.3.1 nonane ('granatane'), 1-azabicyclo2. 
2.2]octane ("quinuclidine'). 

0074 Mixtures of two or more different tertiary amines 
(A1) can also be used in the process of the invention. 
0075 Particular preference is given to using an amine in 
which the radicals R. R. Rare selected independently from 
the group consisting of C-C2-alkyl, Cs-Cs-cycloalkyl, ben 
Zyl and phenyl as tertiary amine of the general formula (A1) 
in the process of the invention. 
0076 Particular preference is given to using a saturated 
amine, i.e. an amine comprising only single bonds, of the 
general formula (A1) as tertiary amine in the process of the 
invention. 
0077 Very particular preference is given to using an amine 
of the general formula (A1) in which the radicals R', R. R. 
are selected independently from the group consisting of 
Cs-Cs-alkyl, in particular tri-n-pentylamine, tri-n-hexy 
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lamine, tri-n-heptylamine, tri-n-octylamine, dimethylcyclo 
hexylamine, methyldicyclohexylamine, dioctylmethylamin 
and dimethyldecylamine, as tertiary amine in the process of 
the invention. 

0078. In an embodiment of the process of the invention, 
one tertiary amine of the general formula (A1) is used. 
0079. In particular, an amine of the general formula (A1) 
in which the radicals R', R, R are selected independently 
from among Cs- and C-alkyl is used as tertiary amine. Tri 
n-hexylamine is most preferably used as tertiary amine of the 
general formula (A1) in the process of the invention. 
0080. The tertiary amine (A1) is preferably present in 
liquid form in all process steps in the process of the invention. 
However, this is not an absolute requirement. It would also be 
sufficient if the tertiary amine (A1) were to be at least dis 
solved in suitable solvents. Suitable solvents are in principle 
those which are chemically inert in respect of the hydrogena 
tion of carbon dioxide, in which the tertiary amine (A1) and 
the catalyst dissolve readily and in which, conversely, the 
polar solvent and the formic acid-amine adduct (A2) are 
sparingly soluble. Possibilities are therefore in principle 
chemically inert, nonpolar solvents such as aliphatic, aro 
matic or araliphatic hydrocarbons, for example octane and 
higher alkanes, toluene, Xylenes. 
I0081. In the process of the invention, at least one polar 
Solvent selected from the group consisting of methanol, etha 
nol. 1-propanol. 2-propanol, 1-butanol, 2-butanol, 2-methyl 
1-propanol and water is used in the hydrogenation of carbon 
dioxide in process step (a). 
I0082 For the purposes of the present invention, the term 
“polar solvent refers both to one polar solvent and also 
mixtures of two or more polar solvents. 
I0083. The polar solvent used in the process of the inven 
tion is preferably selected or matched to the tertiary amine 
(A1) in Such a way that the phase behavior in the hydrogena 
tion reactor in process step (a) preferably satisfies the follow 
ing criteria: the polar solvent should preferably be selected so 
that the hydrogenation mixture (H) obtained in process step 
(a) is an at least two-phase mixture. The polar solvent should 
be enriched in the lower phase (L1), i.e. the lower phase (L1) 
should comprise the major part of the polar solvent. For the 
purposes of the present invention, "enriched' or “major part 
in the context of the polar solvent means a proportion by 
weight of the polar solvent in the lower phase (L1) of >50% 
based on the total weight of the polar solvent in the liquid 
phases (upper phase (U1) and lower phase (L1)) in the hydro 
genation reactor. 
I0084. The proportion by weight of the polar solvent in the 
lower phase (L1) is preferably >70%, in particular >90%, in 
each case based on the total weight of the polar solvent in the 
upper phase (U1) and the lower phase (L1). 
I0085. The choice of the polar solvent which satisfies the 
abovementioned criteria is generally made by means of a 
simple experiment in which the phase behavior and solubility 
of the polar solvent in the liquid phases (upper phase (U1) and 
lower phase (L1)) are determined experimentally under the 
process conditions in process step (a). 
I0086. The polar solvent can be a pure polar solvent or a 
mixture of two or more polar solvents, as long as the polar 
solvent or mixture of polar solvents satisfies the abovemen 
tioned criteria in respect of phase behavior and solubility in 
the upper phase (U1) and the lower phase (L1) in the hydro 
genation reactor in process step (a). 
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0087. In an embodiment of the process of the invention, a 
single-phase hydrogenation mixture is firstly obtained in step 
(a) and this is converted by addition of water into the two 
phase hydrogenation mixture (H). 
0088. In a further embodiment of the process of the inven 

tion, the two-phase hydrogenation mixture (H) is obtained 
directly in step (a). The two-phase hydrogenation mixture (H) 
obtained according to this embodiment can be passed directly 
to the work-up according to step (b). It is also possible for 
water to be additionally added to the two-phase hydrogena 
tion mixture (H) before the further work-up in step (b). This 
can lead to an increase in the partition coefficient Pk. 
0089. When a mixture of alcohol and water is used as polar 
solvent, the ratio of alcohol to water is selected so that, 
together with the formic acid-amine adduct (A2) and the 
tertiary amine (A1), an at least two phase hydrogenation 
mixture (H) comprising the upper phase (U1) and the lower 
phase (L1) is formed. 
0090. It is also possible, for the case where a mixture of 
alcohol (selected from the group consisting of methanol, 
ethanol. 1-propanol. 2-propanol, 1-butanol, 2-butanol and 
2-methyl-1-propanol) and water is used as polar solvent, that 
the ratio of alcohol to water is selected so that, together with 
the formic acid-amine adduct (A2) and the tertiary amine 
(A1), a single-phase hydrogenation mixture is initially 
formed and is Subsequently converted into the two-phase 
hydrogenation mixture (H) by addition of water. 
0091. In a further particularly preferred embodiment, 
water, methanol or a mixture of water and methanol is used as 
polar solvent. 
0092. The use of diols and formic esters thereof, polyols 
and formic esters thereof. Sulfones, Sulfoxides and open 
chain or cyclic amides as polar solvent is not preferred. In a 
preferred embodiment, these polar solvents are not present in 
the reaction mixture (Rg). 
0093. The molar ratio of the polar solvent or solvent mix 
ture used in process step (a) of the process of the invention to 
the tertiary amine (A1) used is generally from 0.5 to 30 and 
preferably from 1 to 20. 
0094. The catalyst used in process step (a) of the process of 
the invention for hydrogenating carbon dioxide comprises at 
least one element selected from groups 8, 9 and 10 of the 
Periodic Table (nomenclature according to IUPAC). Groups 
8,9 and 10 of the Periodic Table comprise Fe, Co, Ni, Ru, Rh, 
Pd, Os, Irand Pt. In process step (a), it is possible to use one 
catalyst or a mixture of two or more catalysts. Preference is 
given to using one catalyst. For the purposes of the present 
invention, the term “catalyst” refers to both one catalyst and 
mixtures of two or more catalysts. 
0095. The catalyst preferably comprises at least one ele 
ment selected from the group consisting of Ru, Rh, Pd, Os, Ir 
and Pt, particularly preferably at least one element from the 
group consisting of Ru, Rh and Pd. The catalyst very particu 
larly preferably comprises Ru. 
0096 Preference is given to using a complex-type com 
pound (complex catalyst) of the abovementioned elements as 
catalyst. The reaction in process step (a) is preferably carried 
out homogeneously catalyzed. 
0097. For the purposes of the present invention, homoge 
neously catalyzed means that the catalytically active part of 
the complex-type compound (the complex catalyst) is at least 
partly present in Solution in the liquid reaction medium. In a 
preferred embodiment, at least 90% of the complex catalyst 
used in process step (a) is present in Solution in the liquid 
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reaction medium, more preferably at least 95%, particularly 
preferably more than 99%, and the complex catalyst is most 
preferably entirely present in solution in the liquid reaction 
medium (100%), in each case based on the total amount of the 
complex catalyst present in the liquid reaction medium. 
0098. The amount of the metal components of the com 
plex catalyst in process step (a) is generally from 0.1 to 5000 
ppm by weight, preferably from 1 to 800 ppm by weight and 
particularly preferably from 5 to 800 ppm by weight, in each 
case based on the total liquid reaction mixture (Rg) in the 
hydrogenation reactor. The complex catalyst is selected So 
that it is enriched in the upper phase (U1), i.e. the upper phase 
(U1) comprises the major part of the catalyst. For the pur 
poses of the present invention, “enriched' or “major part in 
the context of the complex catalyst means a partition coeffi 
cient of the complex catalyst P. concentration of the com 
plex catalyst in the upper phase (U1)/concentration of the 
complex catalyst in the lower phase (L1) of 1. Preference is 
given to a partition coefficient P1.5 and particular prefer 
ence is given to a partition coefficient P-4. The choice of the 
complex catalyst is generally made by means of a simple 
experiment in which the phase behavior and the solubility of 
the complex catalyst in the liquid phases (upper phase (U1) 
and lower phase (L1)) are determined experimentally under 
the process conditions in process step (a). 
0099 Owing to their good solubility in tertiary amines, 
homogeneous catalysts, in particular a metal-organic com 
plex comprising an element of group 8, 9 or 10 of the Periodic 
Table and at least one phosphine group having at least one 
unbranched or branched, acyclic or cyclic, aliphatic radical 
having from 1 to 12 carbon atoms, where individual carbon 
atoms may also be substituted by >P are preferably used as 
catalysts in the process of the invention. The term “branched 
cyclic aliphatic radicals' also encompasses radicals such as 
—CH2—C.H. Suitable radicals are, for example, methyl, 
ethyl, 1-propyl, 2-propyl, 1-butyl, 1-(2-methyl)propyl. 2-(2- 
methyl)propyl, 1-pentyl, 1-hexyl, 1-heptyl, 1-octyl, 1-nonyl, 
1-decyl, 1-undecyl, 1-dodecyl cyclopentyl, cyclohexyl, 
cycloheptyl and cyclooctyl, methylcyclopentyl, methylcy 
clohexyl, 1-(2-methyl)pentyl, 1-(2-ethyl)hexyl, 1-(2-propyl) 
hepty1 and norbornyl. The unbranched or branched, acyclic or 
cyclic, aliphatic radical preferably comprises at least 1 and 
preferably not more than 10 carbon atoms. In the case of an 
exclusively cyclic radical in the abovementioned sense, the 
number of carbonatoms is from 3 to 12 and preferably at least 
4 and preferably not more than 8 carbon atoms. Preferred 
radicals are ethyl, 1-butyl, sec-butyl, 1-octyl and cyclohexyl. 
0100. The phosphine group can comprise one, two or three 
of the abovementioned unbranched or branched, acyclic or 
cyclic, aliphatic radicals. These can be identical or different. 
The phosphine group preferably comprises three of the 
abovementioned unbranched or branched, acyclic or cyclic, 
aliphatic radicals, with particular preference being given to 
all three radicals being identical. Preferred phosphines are 
P(n-CH2) where n is from 1 to 10, particularly preferably 
tri-n-butylphosphine, tri-n-octylphosphine and 1.2-bis(dicy 
clohexylphosphino)ethane. 
0101. As mentioned above, individual carbonatoms in the 
abovementioned unbranched or branched, acyclic or cyclic, 
aliphatic radicals can also be substituted by >P . Polyden 
tate, for example bidentate or tridentate, phosphine ligands 
are thus also comprised. These preferably comprise the 
groups 
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0102) If the phosphine group comprises radicals other than 
the abovementioned unbranched or branched, acyclic or 
cyclic, aliphatic radicals, these generally correspond to those 
which are otherwise customarily used in phosphine ligands 
for metal-organic complex catalysts. Examples which may be 
mentioned are phenyl, tolyl and Xylyl. 
0103) The metal-organic complex can comprise one or 
more, for example two, three or four, of the abovementioned 
phosphine groups having at least one unbranched or 
branched, acyclic or cyclic, aliphatic radical. The remaining 
ligands of the metal-organic complex can vary in nature. 
Illustrative examples which may be mentioned are hydride, 
fluoride, chloride, bromide, iodide, formate, acetate, propi 
onate, carboxylate, acetylacetonate, carbonyl, DMSO, 
hydroxide, trialkylamine, alkoxide. 
0104. The homogeneous catalysts can be produced 
directly in their active form or only under reaction conditions 
from conventional standard complexes such as M(p- 
cymene)Cl]. M(benzene)Cl]. M(COD)(allyl). MC1x 
H2O, M(acetylacetonate). M(COD)Cl. M(DMSO) 
Clwhere M is an element of group 8.9 or 10 of the Periodic 
Table with addition of the appropriate phosphine ligand(s). 
0105 Homogeneous catalysts which are preferred in the 
process of the invention are Ru(P"Bus) (H), Ru(P"octyls) 
4(H)2). Ru(P"Bu)2(1,2-bis(dicyclohexylphosphino)- 
ethane)(H). Ru(P"octyl)-(1,2-bis(dicyclohexylphos 
phino)ethane)(H), Ru(PEt3)4(H), Ru(P'octyl)(1,2-bis 
(dicyclohexylphosphino)ethane)(CO)(H), Ru(P'octyls) 
(1,2-bis(dicyclohexylphosphino)ethane)(CO)(H)(HCOO). 
Ru(P"butyl)(1,2-bis(dicyclohexylphosphino)ethane)(CO) 
(H). Ru(P"butyl)(1.2-bis(dicyclohexylphosphino) 
ethane)(CO)(H)(HCOO), Ru(P ethyl)(1,2-bis(dicyclo 
hexylphosphino)ethane)(CO)(H), Ru(P ethyl)(1,2-bis 
(dicyclohexylphosphino)ethane)(CO)(H)(HCOO). Ru 
(P'octyl)(1,1-bis(dicyclohexylphosphino)methane)(CO) 
(H). Ru(P"octyl)(1,1-bis(dicyclohexylphosphino) 
methane)(CO)(H)(HCOO), Ru(P"butyl)(1,1-bis 
(dicyclohexylphosphino)methane)(CO)(H), Ru(P"butyl) 
(1,1-bis(dicyclohexylphosphino)methane)(CO)(H) 
(HCOO), Ru(P ethyl)(1,1-bis(dicyclohexylphosphino) 
methane)(CO)(H). Ru(P ethyl)(1,1-bis 
(dicyclohexylphosphino)methane)(CO)(H)(HCOO), Ru 
(P"octyl)(1.2-bis(diphenylphosphino)ethane)(CO)(H). 
Ru(P'octyl)(1,2-bis(diphenylphosphino)ethane)(CO)(H) 
(HCOO), Ru(P"butyl)(1.2-bis(diphenylphosphino) 
ethane)(CO)(H). Ru(P"butyl)(1,2-bis(diphenylphos 
phino)ethane)(CO)(H)(HCOO), Ru(P ethyl)(1,2-bis 
(diphenlyphosphino)ethane)(CO)(H), Ru(P ethyl)(1.2- 
bis(diphenylphosphino)ethane)(CO)(H)(HCOO). Ru 
(P"octyl)(1,1-bis(diphenylphosphino)methane)(CO)(H). 
Ru(P'octyl)(1,1-bis(diphenylphosphino)methane)(CO) 
(H)(HCOO), Ru(P"butyl)(1,1-bis(diphenylphosphino) 
methane)(CO)(H), Ru(P"butyl)(1,1-bis(diphenylphos 
phino)methane)(CO)(H)(HCOO), Ru(P ethyl)(1,1-bis 
(diphenlyphosphino)methane)(CO)(H), Ru(Pethyl)(1,1- 
bis(diphenylphosphino)methane)(CO)(H)(HCOO). 
0106 TOF (turnover frequency) values of greater than 
1000 h" can be achieved in the hydrogenation of carbon 
dioxide by means of these catalysts. 
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0107 The hydrogenation of carbon dioxide in process step 
(a) occurs in the liquid phase, preferably at a temperature in 
the range from 20 to 200° C. and a total pressure in the range 
from 0.2 to 30 MPa abs. The temperature is preferably at least 
30° C. and particularly preferably at least 40°C. and prefer 
ably not more than 150° C., particularly preferably not more 
than 120° C. and very particularly preferably not more than 
80°C. The total pressure is preferably at least 1 MPa abs and 
particularly preferably at least 5 MPa abs and preferably not 
more than 15 MPa abs. 
0108. In a preferred embodiment, the hydrogenation in 
process step (a) is carried out at a temperature in the range 
from 40 to 80° C. and a pressure in the range from 5 to 15 MPa 
abs. 
0109 The partial pressure of carbon dioxide in process 
step (a) is generally at least 0.5 MPa and preferably at least 2 
MPa and generally not more than 8 MPa. In a preferred 
embodiment, the hydrogenation in process step (a) is carried 
out at a partial pressure of carbon dioxide in the range from 2 
to 7.3 MPa. 
0110. The partial pressure of hydrogen in process step (a) 

is generally at least 0.5 MPa and preferably at least 1 MPa and 
generally not more than 25 MPa and preferably not more than 
10 MPa. In a preferred embodiment, the hydrogenation in 
process step (a) is carried out at a partial pressure of hydrogen 
in the range from 1 to 10 MPa. 
0111. The molar ratio of hydrogen to carbon dioxide in the 
reaction mixture (Rg) in the hydrogenation reactor is prefer 
ably from 0.1 to 10 and particularly preferably from 1 to 3. 
0112 The molar ratio of carbon dioxide to tertiary amine 
(A1) in the reaction mixture (Rg) in the hydrogenation reactor 
is preferably from 0.1 to 10 and particularly preferably from 
O.5 to 3. 

0113. As hydrogenation reactors, it is in principle possible 
to use all reactors which are Suitable for gas/liquid reactions 
at the given temperature and the given pressure. Suitable 
standard reactors for gas-liquid reaction systems are 
described, for example, in K. D. Henkel, “Reactor Types and 
Their Industrial Applications', in Ullmann's Encyclopedia of 
Industrial Chemistry, 2005, Wiley-VCHVerlag GmbH & Co. 
KGaA, DOI: 10.1002/14356007.b04 087, chapter 3.3 
“Reactors for gas-liquid reactions’. Examples which may be 
mentioned are stirred tank reactors, tube reactors and bubble 
column reactors. 

0114. The hydrogenation of carbon dioxide can be carried 
out batchwise or continuously in the process of the invention. 
In the case of a batch process, the reactor is charged with the 
desired liquid and optionally solid starting materials and aux 
iliaries, after which carbon dioxide and the polar solvent are 
injected to the desired pressure at the desired temperature. 
After the reaction is complete, the reactor is generally depres 
Surized and the two liquid phases formed are separated from 
one another. In a continuous process, the starting materials 
and auxiliaries, including the carbon dioxide and hydrogen, 
are introduced continuously. Accordingly, the liquid phases 
are discharged continuously from the reactor so that the liquid 
level in the reactor remains, on average, constant. Preference 
is given to the continuous hydrogenation of carbon dioxide. 
0115 The average residence time of the components com 
prised in the reaction mixture (Rg) in the hydrogenation reac 
tor is generally from 5 minutes to 5 hours. 
0116. The homogeneously catalyzed hydrogenation in 
process step (a) gives a hydrogenation mixture (H) which 
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comprises the catalyst, the polar solvent, the tertiary amine 
(A1) and the at least one formic acid-amine adduct (A2). 
0117 For the purposes of the present invention, the term 
“formic acid-amine adduct (A2) refers to both one formic 
acid-amine adduct (A2) and mixtures of two or more formic 
acid-amine adducts (A2). Mixtures of two or more formic 
acid-amine adducts (A2) are obtained in process step (a) 
when two or more tertiary amines (A1) are used in the reac 
tion mixture (Rg). 
0118. In a preferred embodiment of the process of the 
invention, a reaction mixture (Rg) comprising one tertiary 
amine (A1) is used in process step (a) to give a hydrogenation 
mixture (H) comprising one formic acid-amine adduct (A2). 
0119. In a particularly preferred embodiment of the pro 
cess of the invention, a reaction mixture (Rg) comprising 
tri-n-hexylamine as tertiary amine (A1) is used in process step 
(a) to give a hydrogenation mixture (H) comprising the for 
mic acid-amine adduct of tri-n-hexylamine and formic acid, 
corresponding to the formula (A3) below 

0120 In the formic acid-amine adduct of the general for 
mula (A2) or (A3), the radicals R', R, R have the meanings 
given above for the tertiary amine of the formula (A1), with 
the preferences indicated there applying analogously. 
0121. In the general formulae (A2) and (A3), X, is in the 
range from 0.4 to 5. The factor X, indicates the average com 
position of the formic acid-amine adduct (A2) or (A3), i.e. the 
ratio of bound tertiary amine (A1) to bound formic acid in the 
formic acid-amine adduct (A2) or (A3). 
0122) The factor X, can be determined, for example, by 
determining the formic acid content by acid-base titration 
with an alcoholic KOH solution against phenolphthalein. The 
factor X, can also be determined by determining the amine 
content by gas chromatography. The precise composition of 
the formic acid-amine adduct (A2) or (A3) is dependent on 
many parameters such as the concentrations of formic acid 
and tertiary amine (A1), the pressure, the temperature and the 
presence and nature of further components, in particular the 
polar solvent. 
0123. The composition of the formic acid-amine adduct 
(A2) or (A3), i.e. the factorx, can therefore also alter over the 
individual process steps. Thus, for example, a formic acid 
amine adduct (A2) or (A3) having a relatively high formic 
acid content is generally formed after removal of the polar 
solvent, with the excess bound tertiary amine (A1) being 
eliminated from the formic acid-amine adduct (A2) and a 
second phase being formed. 
0124 Process step (a) generally gives a formic acid-amine 
adduct (A2) or (A3) in which X, is in the range from 0.4 to 5, 
preferably in the range from 0.7 to 1.6. 
0.125. The formic acid-amine adduct (A2) is enriched in 
the lower phase (L1), i.e. the lower phase (L1) comprises the 
major part of the formic acid-amine adduct. For the purposes 
of the present invention, "enriched' or “major part in the 
context of the formic acid-amine adduct (A2) means a pro 
portion by weight of the formic acid-amine adduct (A2) in the 
lower phase (L1) of >50% based on the total weight of the 
formic acid-amine adduct (A2) in the liquid phases (upper 
phase (U1) and lower phase (L1)) in the hydrogenation reac 
tOr. 

0126 The proportion by weight of the formic acid-amine 
adduct (A2) in the lower phase (L1) is preferably >70%, in 
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particular >90%, in each case based on the total weight of the 
formic acid-amine adduct (A2) in the upper phase (U1) and 
the lower phase (L1). 

Work-Up of the Hydrogenation Mixture (h); Process Step (b) 
I0127. The hydrogenation mixture (H) obtained in the 
hydrogenation of carbon dioxide in process step (a) prefer 
ably has two liquid phases and is worked up further in process 
step (b) according to one of the steps (b1), (b2) or (b3). 
Work-Up According to Process Step (b1) 
I0128. In a preferred embodiment, the hydrogenation mix 
ture (H) is worked up further according to step (b1). The 
invention therefore also provides a process for preparing for 
mic acid, which comprises the steps 
I0129 (a) homogeneously catalyzed reaction of a reaction 
mixture (Rg) comprising carbon dioxide, hydrogen, at 
least one catalyst comprising at least one element selected 
from groups 8, 9 and 10 of the Periodic Table, at least one 
polar solvent selected from the group consisting of metha 
nol, ethanol. 1-propanol, 2-propanol, 1-butanol, 2-butanol, 
2-methyl-1-propanol and water and also at least one ter 
tiary amine of the general formula (A1) 

NRIR2R3 (A1), 

0.130 where 
0131) R', R. Rare each, independently of one another, 
an unbranched or branched, acyclic or cyclic, aliphatic, 
araliphatic or aromatic radical having in each case from 
1 to 16 carbon atoms, where individual carbon atoms 
may, independently of one another, also be replaced by a 
heterogroup selected from among the groups —O—and 
>N— and two or all three radicals can also be joined to 
one another to form a chain comprising at least four 
atoms, 

0.132 in a hydrogenation reactor 
0.133 to give, optionally after addition of water, a two 
phase hydrogenation mixture (H) comprising 

0.134 an upper phase (U1), which comprises the at least 
one catalyst and the at least one tertiary amine (A1) and 

0.135 a lower phase (L1) which comprises the at least 
one polar solvent, residues of the at least one catalyst and 
also at least one formic acid-amine adduct of the general 
formula (A2), 

0.136 
0.137 

where 

X, is in the range from 0.4 to 5 and 
0138 R. R. Rare as defined above, 

0.139 (b1) phase separation of the hydrogenation mixture 
(H) obtained in step (a) into the upper phase (U1) and the 
lower phase (L1) in a first phase separation apparatus 

0140 (c) at least partial separation of the at least one polar 
solvent from the lower phase (L1) in a first distillation unit 
to give 
0.141 a distillate (D1) comprising the at least one polar 
Solvent, which is recirculated to the hydrogenation reac 
tor in step (a), and 

0.142 a two-phase bottoms mixture (S1) comprising 
0.143 an upper phase (U2) which comprises the at least 
one tertiary amine (A1) and 

0.144 a lower phase (L2) which contains the at least one 
formic acid-amine adduct (A2), 
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0145 (d) optionally work-up of the first bottoms mixture 
(S1) obtained in step (c) by phase separation in a second 
phase separation apparatus to give the upper phase (U2) 
and the lower phase (L2), 

0146 (e) dissociation of the at least one formic acid-amine 
adduct (A2) comprised in the bottoms mixture (S1) or 
optionally in the lower phase (L2) in a thermal dissociation 
unit to give the at least one tertiary amine (A1), which is 
recirculated to the hydrogenation reactor in step (a), and 
formic acid, which is discharged from the thermal disso 
ciation unit, 

wherein at least one inhibitor selected from the group con 
sisting of carboxylic acids other than formic acid, carboxylic 
acid derivatives other than formic acid derivatives and oxi 
dants is added to the lower phase (L1) directly before and/or 
during step (c). 
0147 Here, the hydrogenation mixture (H) obtained in 
process step (a) is worked up further by phase separation in a 
first phase separation apparatus to give a lower phase (L1) 
comprising the at least one formic acid-amine adduct (A2), 
the at least one polar solvent and residues of the at least one 
catalyst and also an upper phase (U1) comprising the at least 
one catalyst and the at least one tertiary amine (A1). 
0148. In a preferred embodiment, the upper phase (U1) is 
recirculated to the hydrogenation reactor. The lower phase 
(L1) is, in a preferred embodiment, fed to the first distillation 
apparatus in process step (c). Recirculation of a further liquid 
phase which comprises unreacted carbon dioxide and is 
present over the two liquid phases and also of a gas phase 
comprising unreacted carbon dioxide and/or unreacted 
hydrogen to the hydrogenation reactor may also be advanta 
geous. It may be desirable, for example to discharge undesir 
able by-products or impurities, to discharge part of the upper 
phase (U1) and/or part of the liquid or gaseous phases com 
prising carbon dioxide or carbon dioxide and hydrogen from 
the process. 
014.9 The separation of the hydrogenation mixture (H) 
obtained in process step (a) is generally carried out by gravi 
metric phase separation. Suitable phase separation appara 
tuses are, for example, standard apparatuses and standard 
methods as may be found, for example, in E. Mier et al., 
“Liquid-liquid Extraction', in Ullman's Encyclopedia of 
Industrial Chemistry, 2005, Wiley-VCHVerlag GmbH & Co. 
KGaA, DOI: 10.1002/14356007.b93 06, chapter 3 “Appa 
ratus”. In general, the liquid phase enriched in the formic 
acid-amine adducts (A2) and the polar solvent is heavier and 
forms the lower phase (L1). 
0150. The phase separation can, for example, be effected 
by depressurization to about or close to atmospheric pressure 
and cooling of the liquid hydrogenation mixture, for example 
to about or close to ambient temperature. 
0151. In the context of the present invention, it has been 
found that in the present system, i.e. a lower phase (L1) 
enriched in the formic acid-amine adducts (A2) and the polar 
Solvent and an upper phase (U2) enriched in the tertiary amine 
(A1) and the catalyst, the two liquid phases separate very 
well, even at significantly elevated pressure, when a suitable 
combination of the polar solvent and the tertiary amine (A1) 
is selected. For this reason, the polar solvent and the tertiary 
amine (A1) in the process of the invention are selected so that 
the separation of the lower phase (L1) enriched in the formic 
acid-amine adducts (A2) and the polar solvent from the upper 
phase (U1) enriched in tertiary amine (A1) and catalyst and 
also the recirculation of the upper phase (U1) to the hydro 
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genation reactor can be carried out at a pressure of from 1 to 
30 MPa abs. Corresponding to the total pressure in the hydro 
genation reactor, the pressure is preferably not more than 15 
MPa abs. It is thus possible to separate the two liquid phases 
(upper phase (U1) and lower phase (L1)) from one another 
without prior depressurization in the first phase separation 
apparatus and to recirculate the upper phase (U1) to the 
hydrogenation reactor without an appreciable increase in 
pressure. It is also possible to carry out the phase separation 
directly in the hydrogenation reactor. In this embodiment, the 
hydrogenation reactor simultaneously functions as the first 
phase separation apparatus and the process steps (a) and (b1) 
are both carried out in the hydrogenation reactor. Here, the 
upper phase (U1) remains in the hydrogenation reactor and 
the lower phase (L1) is fed to the first distillation apparatus in 
process step (c). 
0152. In one embodiment, the process of the invention is 
carried out with the pressure and the temperature in the hydro 
genation reactor and in the first phase separation apparatus 
being the same or approximately the same, with approxi 
mately the same meaning, for the present purposes, a pressure 
difference of up to +/-0.5 MPa or a temperature difference of 
up to +/-10°C. 
0153. It has surprisingly also been found that in the case of 
the present system, the two liquid phases (upper phase (U1) 
and lower phase (L1)) separate from one another very readily 
even at an elevated temperature corresponding to the reaction 
temperature in the hydrogenation reactor. In this case, no 
cooling for the phase separation in process step (b1) and 
Subsequent heating of the recirculated upper phase (U1) is 
necessary, which likewise saves energy. 
Work-Up According to Process Step (b3) 
0154) In a further preferred embodiment, the hydrogena 
tion mixture (H) is worked up further according to step (b3). 
The invention therefore also provides a process for preparing 
formic acid, which comprises the steps 

0.155 (a) homogeneously catalyzed reaction of a reac 
tion mixture (Rg) comprising carbon dioxide, hydrogen, 
at least one catalyst comprising at least one element 
selected from groups 8, 9 and 10 of the Periodic Table, at 
least one polar solvent selected from the group consist 
ing of methanol, ethanol. 1-propanol. 2-propanol, 1-bu 
tanol, 2-butanol, 2-methyl-1-propanol and water and 
also at least one tertiary amine of the general formula 
(A1) 
NRIR2R3 (A1), 

0156 where 
O157 R', R. Rare each, independently of one another, 
an unbranched or branched, acyclic or cyclic, aliphatic, 
araliphatic or aromatic radical having in each case from 
1 to 16 carbon atoms, where individual carbon atoms 
may, independently of one another, also be replaced by a 
heterogroup selected from among the groups —O—and 
>N— and two or all three radicals can also be joined to 
one another to form a chain comprising at least four 
atoms, 

0158 
0159 to give, optionally after addition of water, a two 
phase hydrogenation mixture (H) comprising 

0.160 an upper phase (U1), which comprises the at least 
one catalyst and the at least one tertiary amine (A1) and 

in a hydrogenation reactor 
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0.161 a lower phase (L1) which comprises the at least 
one polar solvent, residues of the at least one catalyst and 
also at least one formic acid-amine adduct of the general 
formula (A2), 
NRR2R33x,HCOOH (A2), 

(0162 where 
(0163 x, is in the range from 0.4 to 5 and 
(0164) R', R. Rare as defined above, 
0.165 (b3) phase separation of the hydrogenation mix 
ture (H) obtained in step (a) into the upper phase (U1) 
and the lower phase (L1) in a first phase separation 
apparatus and extraction of the residues of the at least 
one catalyst from the lower phase (L1) by means of an 
extractant comprising the at least one tertiary amine 
(A1) in an extraction unit to give 
0166 a raffinate (R2) comprising the at least one 
formic acid-amine adduct (A2) and the at least one 
polar solvent and 

0.167 an extract (E2) comprising the at least one ter 
tiary amine (A1) and the residues of the at least one 
catalyst, 

0168 (c) at least partial separation of the at least one 
polar solvent from the raffinate (R2) in a first distillation 
unit to give 
0169 a distillate (D1) comprising the at least one 
polar solvent, which is recirculated to the hydrogena 
tion reactor in step (a), and 

0170 a two-phase bottoms mixture (S1) comprising 
0171 an upper phase (U2) which comprises the at 
least one tertiary amine (A1) and 

0172 a lower phase (L2) which contains the at least 
one formic acid-amine adduct (A2), 

0173 (d) optionally work-up of the first bottoms mix 
ture (S1) obtained in step (c) by phase separation in a 
second phase separation apparatus to give the upper 
phase (U2) and the lower phase (L2), 

0.174 (e) dissociation of the at least one formic acid 
amine adduct (A2) comprised in the bottoms mixture 
(S1) or optionally in the lower phase (L2) in a thermal 
dissociation unit to give the at least one tertiary amine 
(A1), which is recirculated to the hydrogenation reactor 
in step (a), and formic acid, which is discharged from the 
thermal dissociation unit, 

(0175 wherein at least one inhibitor selected from the 
group consisting of carboxylic acids other than formic 
acid, carboxylic acid derivatives other than formic acid 
derivatives and oxidants is added to the raffinate (R2) 
directly before and/or during step (c). 

0176 Here, the hydrogenation mixture (H) obtained in 
process step (a) is, as described above for process step (b1), 
separated in the first phase separation apparatus into the lower 
phase (L1) and the upper phase (U1) which is recirculated to 
the hydrogenation reactor. With regard to the phase separa 
tion in process step (b3), what has been said in respect of 
process step (b1), including preferences, applies analogously. 
In the work-up according to step (b3), too, the phase separa 
tion can be carried out directly in the hydrogenation reactor. 
In this embodiment, the hydrogenation reactor simulta 
neously functions as first phase separation apparatus. The 
upper phase (U1) then remains in the hydrogenation reactor 
and the lower phase (L1) is fed to the extraction unit. 
0177. The lower phase (L1) obtained after phase separa 
tion is Subsequently Subjected to an extraction with at least 
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one tertiary amine (A1) as extractant to separate off the resi 
dues of the catalyst in an extraction unit to give a raffinate 
(R2) comprising the at least one formic acid-amine adduct 
(A2) and the at least one polar solvent and an extract (E2) 
comprising the at least one tertiary amine (A1) and the resi 
dues of the catalyst. 
0178. In a preferred embodiment, the same tertiary amine 
(A1) comprised in the reaction mixture (Rg) in process step 
(a) is used as extractant, so that what has been said in respect 
of process step (a), including preferences, in respect of the 
tertiary amine (A1) applies analogously to process step (b3). 
0179 The extract (E2) obtained in process step (b3) is, in 
a preferred embodiment, recirculated to the hydrogenation 
reactor in process step (a). This makes efficient recovery of 
the expensive catalyst possible. The raffinate (R2) is, in a 
preferred embodiment, fed to the first distillation apparatus in 
process step (c). 
0180. The tertiary amine (A1) which is obtained in the 
thermal dissociation unit in process step (e) is preferably used 
as extractant in process step (b3). In a preferred embodiment, 
the tertiary amine (A1) obtained in the thermal dissociation 
unit in process step (e) is recirculated to the extraction unit in 
process step (b3). 
0181. The extraction in process step (b3) is generally car 
ried out at temperatures in the range from 30 to 100° C. and 
pressures in the range from 0.1 to 8 MPa. The extraction can 
also be carried out under hydrogen pressure. 
0182. The extraction of the catalyst can be carried out in 
any suitable apparatus known to those skilled in the art, pref 
erably in countercurrent extraction columns, mixer-settler 
cascades or combinations of mixer-settler cascades and coun 
tercurrent extraction columns. 
0183) Optionally, not only the catalyst but also proportions 
of individual components of the polar solvent from the lower 
phase (L1) to be extracted are dissolved in the extractant, viz. 
the tertiary amine (A1). This is not a disadvantage for the 
process since the amount of polar solvent which has been 
extracted does not have to be fed to solvent removal and thus 
may save vaporization energy in Some circumstances. 
Work-Up According to Process Step (b2) 
0184. In a further preferred embodiment, the hydrogena 
tion mixture (H) is worked up further according to step (b2). 
The invention therefore also provides a process for preparing 
formic acid, which comprises the steps 

0185 (a) homogeneously catalyzed reaction of a reac 
tion mixture (Rg) comprising carbon dioxide, hydrogen, 
at least one catalyst comprising at least one element 
selected from groups 8, 9 and 10 of the Periodic Table, at 
least one polar solvent selected from the group consist 
ing of methanol, ethanol. 1-propanol. 2-propanol, 1-bu 
tanol, 2-butanol, 2-methyl-1-propanol and water and 
also at least one tertiary amine of the general formula 
(A1) 
NRR2R3 (A1), 

0186 where 
0187 R', R, R are each, independently of one 
another, an unbranched or branched, acyclic or cyclic, 
aliphatic, araliphatic or aromatic radical having in 
each case from 1 to 16 carbonatoms, where individual 
carbonatoms may, independently of one another, also 
be replaced by a heterogroup selected from among the 
groups —O—and >N— and two or all three radicals 
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can also be joined to one another to form a chain 
comprising at least four atoms, 

0188 in a hydrogenation reactor 
0189 to give, optionally after addition of water, a 
two-phase hydrogenation mixture (H) comprising 

0.190 an upper phase (U1), which comprises the at 
least one catalyst and the at least one tertiary amine 
(A1) and 

0191 a lower phase (L1) which comprises the at least 
one polar solvent, residues of the at least one catalyst 
and also at least one formic acid-amine adduct of the 
general formula (A2), 

(0192 
0.193) 

where 

X, is in the range from 0.4 to 5 and 
(0194 R', R. Rare as defined above, 

0.195 (b2)extraction of the at least one catalyst from the 
hydrogenation mixture (H) obtained in step (a) by means 
of an extractant comprising the at least one tertiary 
amine (A1) in an extraction unit to give 
0196) a raffinate (R1) comprising the at least one 
formic acid-amine adduct (A2) and the at least one 
polar solvent and 

0.197 an extract (E1) comprising the at least one ter 
tiary amine (A1) and the at least one catalyst 

0198 (c) at least partial separation of the at least one 
polar solvent from the raffinate (R1) in a first distillation 
unit to give 
0199 a distillate (D1) comprising the at least one 
polar solvent, which is recirculated to the hydrogena 
tion reactor in step (a), and 

0200 a two-phase bottoms mixture (S1) comprising 
0201 an upper phase (U2) which comprises the at 
least one tertiary amine (A1) and 

0202 a lower phase (L2) which contains the at least 
one formic acid-amine adduct (A2), 

0203 (d) optionally work-up of the first bottoms mix 
ture (S1) obtained in step (c) by phase separation in a 
second phase separation apparatus to give the upper 
phase (U2) and the lower phase (L2), 

0204 (e) dissociation of the at least one formic acid 
amine adduct (A2) comprised in the bottoms mixture 
(S1) or optionally in the lower phase (L2) in a thermal 
dissociation unit to give the at least one tertiary amine 
(A1), which is recirculated to the hydrogenation reactor 
in step (a), and formic acid, which is discharged from the 
thermal dissociation unit, 

0205 wherein at least one inhibitor selected from the 
group consisting of carboxylic acids other than formic 
acid, carboxylic acid derivatives other than formic acid 
derivatives and oxidants is added to the raffinate (R1) 
directly before and/or during step (c). 

0206 Here, the hydrogenation mixture (H) obtained in 
process step (a) is fed directly, without prior phase separation, 
to the extraction unit. What has been said above in respect of 
the extraction for process step (b3), including preferences, 
applies analogously to process step (b2). 
0207. The hydrogenation mixture (H) is subjected to an 
extraction with at least one tertiary amine (A1) as extractant 
to separate off the catalyst in an extraction unit to give a 
raffinate (R1) comprising the at least one formic acid-amine 
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adduct (A2) and the at least one polar solvent and an extract 
(E1) comprising the at least one tertiary amine (A1) and 
residues of the catalyst. 
0208. In a preferred embodiment, the same tertiary amine 
(A1) comprised in the reaction mixture (Rg) in process step 
(a) is used as extractant, so that what has been said above in 
respect of the tertiary amine (A1) for process step (a), includ 
ing preferences, applies analogously to process step (b2). 
0209. The extract (E1) obtained in process step (b2) is, in 
a preferred embodiment, recirculated to the hydrogenation 
reactor in process step (a). This makes efficient recovery of 
the expensive catalyst possible. The raffinate (R1) is, in a 
preferred embodiment, fed to the first distillation apparatus in 
process step (c). 
0210. The tertiary amine (A1) obtained in the thermal 
dissociation unit in process step (e) is preferably used as 
extractant in process step (b2). In a preferred embodiment, the 
tertiary amine (A1) obtained in the thermal dissociation unit 
in process step (e) is recirculated to the extraction unit in 
process step (b2). 
0211. The extraction in process step (b2) is generally car 
ried out at temperatures in the range from 30 to 100° C. and 
pressures in the range from 0.1 to 8 MPa. The extraction can 
also be carried out under hydrogen pressure. 
0212. The extraction of the catalyst can be carried out in 
any suitable apparatus known to those skilled in the art, pref 
erably in countercurrent extraction columns, mixer-settler 
cascades or combinations of mixer-settler cascades and coun 
tercurrent extraction columns. 
0213 Optionally, not only the catalyst but also proportions 
of individual components of the polar solvent from the hydro 
genation mixture (H) to be extracted are dissolved in the 
extractant, viz. the tertiary amine (A1). This is not a disad 
Vantage for the process since the amount of polar solvent 
which has been extracted does not have to be fed to solvent 
removal and thus may save vaporization energy in Some cir 
Cumstances. 

Inhibition of Traces of the Catalyst 

0214. At least one inhibitor is added to the lower phase 
(L1) obtained according to process step (b1), the raffinate 
(R1) obtained according to process step (b2) or the raffinate 
(R2) obtained according to process step (b3) immediately 
before and/or during step (c). 
0215. Although the work-up of the hydrogenation mixture 
(H) makes effective isolation and recirculation of the catalyst 
to the hydrogenation reactor in step (a) possible, residues of 
the catalyst are still comprised in the lower phase (L1) in the 
work-up according to process step (b1). In the work-up 
according to process step (b2), the raffinate (R1) still com 
prises traces of the catalyst. In the case of the work-up accord 
ing to process step (b3), too, the raffinate (R2) still comprises 
traces of the catalyst. 
0216. The lower phase (L1) obtained according to process 
step (b1) comprises residues of the catalyst in amounts of 
<100 ppm, preferably <80 ppm and in particular <60 ppm, in 
each case based on the total weight of the lower phase (L1). 
0217. The raffinate (R1) obtained according to process 
step (b2) comprises traces of the catalyst in amounts of <5 
ppm, preferably <3 ppm and in particular <1 ppm, in each 
case based on the total weight of the raffinate (R1). 
0218. The raffinate (R2) obtained according to process 
step (b3) comprises traces of the catalyst in amounts of <5 
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ppm, preferably <3 ppm and in particular <1 ppm, in each 
case based on the total weight of the raffinate (R2). 
0219. The residues or traces of the catalyst in the lower 
phase (L1), the raffinate (R1) or the raffinate (R2) lead to 
redissociation of the formic acid-amine adduct (A2) into ter 
tiary amine (A1), carbon dioxide and hydrogen in the further 
work-up. The redissociation of free formic acid, which may 
be comprised in the lower phase (L1), the raffinate (R1) or the 
raffinate (R2) or is formed from the formic acid-amine adduct 
(A2) in the further work-up, is also catalyzed by the residues 
or traces of the catalyst. The formic acid is in the case disso 
ciated into carbon dioxide and hydrogen. 
0220 To prevent or minimize this redissociation, at least 
one inhibitor is added to the lower phase (L1), the raffinate 
(R1) or the raffinate (R2) directly before and/or during step 
(c). 
0221. In an embodiment of the present invention, the at 
least one inhibitor is added either directly before or during 
step (c). In a further embodiment of the present invention, the 
at least one inhibitor is added directly before and during step 
(c). In a further embodiment, the at least one inhibitor is added 
only directly before step (c). In a further embodiment, the at 
least one inhibitor is added only during step (c). 
0222 For the purposes of the present invention, “directly 
before step (c) refers to an addition of the inhibitor to the 
lower phase (L1), the raffinate (R1) or the raffinate (R2) after 
this has been taken from the first phase separation apparatus 
or the extraction unit and before it is fed to the first distillation 
apparatus in process step (c). The addition of the inhibitorican 
be carried out continuously or discontinuously. 
0223 For the purposes of the present invention, the term 
inhibitor encompasses both one inhibitor and also mixtures of 
two or more inhibitors. The inhibitor converts the catalyst into 
an inactive form so that it can no longer catalyze the redisso 
ciation of the formic acid-amine adduct (A2) or the free 
formic acid. 
0224. The inhibitor is selected from the group consisting 
of carboxylic acids other than formic acid, carboxylic acid 
derivatives other than formic acid derivatives and oxidants. 
0225. In one embodiment, a mixture of at least one car 
boxylic acid and at least one oxidant is used as inhibitor. 
0226. The inhibitor is used in a molar ratio of from 0.5 to 
1000, preferably from 1 to 30, based on the catalytically 
active metal component of the catalyst which is comprised in 
the lower phase (L1), the raffinate (R1) or the raffinate (R2). 
0227 Preferred carboxylic acids are those which have at 
least one carboxy group (-COOH) and a further functional 
group Such as hydroxy groups (-OH), carboxy groups or 
thiol groups (—SH), since such carboxylic acids effectively 
bind to the metal component of the catalyst due to the chelat 
ing effect and convert the catalyst into an inactive form. 
0228 Particularly useful carboxylic acids are, for 
example, oxalic acid, lactic acid, maleic acid, phthalic acid, 
tartaric acid, citric acid, iminodiacetic acid, ethylenediamine 
tetraacetic acid (EDTA), nitriloacetic acid, methylglycinedi 
acetic acid, diethylenetriaminepentaacetic acid (DTPA), 
dimercaptosuccinic acid. 
0229. For the purposes of the present invention, carboxylic 
acid derivatives are organic compounds whose functional 
groups are formally derived from the carboxy group 
(—COOH). Suitable carboxylic acid derivatives are, for 
example, carboxylic esters, carboxamides, carboxylic acid 
halides (e.g. carboxylic acid chlorides), carboxylic acid salts 
(e.g. lithium, Sodium, potassium, trialkylammonium and 
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ammonium salts of carboxylic acids), carboxylic anhydrides, 
carboxylic hydrazides, carboxylic azides, dithiocarboxylic 
acids, thiocarboxylic acids, hydroxamic acids, ketenes, imi 
docarboxylic acids, imidocarboxylic esters, amidines, ami 
traZones and nitriles. 
0230 Preference is given to carboxylic acid derivatives 
which can be prepared from the above-described carboxylic 
acids, so that the preferences described above for carboxylic 
acids apply analogously to the carboxylic acid derivatives. 
Particularly suitable carboxylic acid derivatives are carboxy 
lic acid salts and carboxylic anhydrides of the abovemen 
tioned carboxylic acids, with alkali metal salts and trialky 
lammonium salts being particularly preferred among the 
carboxylic acid salts. 
0231. As particularly suitable carboxylic acid derivatives, 
mention may be made by way of example of maleic anhy 
dride, phthalic anhydride, the trisodium salt of methylgly 
cinediacetic acid (obtainable as Trilon M(R) and thioaceta 
mide. 
0232. The carboxylic acids can thus be added either in the 
form of the free acid or in the form of derivatives thereof 
(carboxylic acid derivatives), with alkali metal carboxylates 
or trialkylammonium carboxylates being preferred among 
the carboxylic acid derivatives. The carboxylic acids and/or 
carboxylic acid derivatives can be added neator in the form of 
a solution. 
0233. As suitable oxidants, mention may here be made of 
hydrogen peroxide, peroxycarboxylic acids, diacyl peroxides 
and trialkyl N-oxides. Preferred oxidants are hydrogen per 
oxide, peroxoformic acid and trihexyl N-oxide since these 
oxidants decompose under the process conditions in step (c) 
and/or the process conditions in step (e) to form Substances 
which are in any case present in the process of the invention 
for preparing formic acid. The inhibitor is preferably selected 
so that it is enriched in the phase which also comprises the 
formic acid-amine adduct (A2). 
0234. In a preferred embodiment, thioacetamide is used as 
inhibitor. 
0235. In a preferred embodiment, a mixture of hydrogen 
peroxide and EDTA is used as inhibitor. 
0236. In a preferred embodiment, a mixture of hydrogen 
peroxide and diethylenetriaminepentaacetic acid is used as 
inhibitor. 
0237. In a preferred embodiment, EDTA is used as inhibi 

tOr. 

0238. In a preferred embodiment, Trilon M is used as 
inhibitor. 
0239. In a preferred embodiment, meso-dimercaptosuc 
cinic acid is used as inhibitor. 
0240. In a preferred embodiment, a mixture of hydrogen 
peroxide and meso-dimercaptosuccinic acid is used as inhibi 
tOr. 

0241. In the context of the inhibitor, "enriched” means, in 
respect of process step (c), a partition coefficient 

Pe)-concentration of inhibitor in the lower phase 
(L2) concentration of inhibitor in the upper 
phase (U2) 

of >1. The partition coefficient P is preferably 2 and par 
ticularly preferably 25. 
0242. In the context of the inhibitor, “enriched in respect 
of the optional process step (d) means a partition coefficient 

Poconcentration of inhibitor in the lower phase 
(L2) concentration of inhibitor in the upper 
phase (U2) 
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of >1. The partition coefficient P is preferably e2 and 
particularly preferably 25. 
0243 In the context of the inhibitor, “enriched in respect 
of the process step (e) means a partition coefficient 

Poconcentration of inhibitor in the lower phase 
(L3) concentration of inhibitor in the upper 
phase (U3) 

of >1. The partition coefficient P is preferably e2 and 
particularly preferably 25. 
0244. This makes recirculation of the upper phase (U2) or 
the upper phase (U3) to the hydrogenation reactor possible 
without considerable amounts of the inhibitor being recircu 
lated to the hydrogenation reactor and interfering in process 
step (a) in the hydrogenation reactor. 

Removal of the Polar Solvent; Process Step (c) 

0245. In process step (c), the polar solvent is at least partly 
separated off from the lower phase (L1), from the raffinate 
(R1) or from the raffinate (R2) in a first distillation apparatus. 
A distillate (D1) and a two-phase bottoms mixture (S1) are 
obtained from the first distillation apparatus. The distillate 
(D1) comprises the polar solvent which has been separated 
off and is recirculated to the hydrogenation reactor in step (a). 
The bottoms mixture (S1) comprises the upper phase (U2), 
which comprises the tertiary amine (A1), and a lower phase 
(L2), which comprises the formic acid-amine adduct (A2). In 
an embodiment of the process of the invention, the polar 
solvent is partly separated off in the first distillation apparatus 
in process step (c) so that the bottoms mixture (S1) still 
comprises polar solvent which has not yet been separated off. 
In process step (c), it is possible to separate off, for example, 
from 5 to 98% by weight of the polar solvent comprised in the 
lower phase (L1), in the raffinate (R1) or in the raffinate (R2), 
with preference being given to from 50 to 98% by weight, 
more preferably from 80 to 98% by weight and particularly 
preferably from 80 to 90% by weight, being separated off, in 
each case based on the total weight of the polar solvent 
comprised in the lower phase (L1), in the raffinate (R1) or in 
the raffinate (R2). 
0246. In a further embodiment of the process of the inven 

tion, the polar solvent is completely separated off in the first 
distillation apparatus in process step (c). For the purposes of 
the present invention, "completely separated off means a 
removal of more than 98% by weight of the polar solvent 
comprised in the lower phase (L1), in the raffinate (R1) or in 
the raffinate (R2), preferably more than 98.5% by weight, 
particularly preferably more than 99% by weight, in particu 
lar more than 99.5% by weight, in each case based on the total 
weight of the polar solvent comprised in the lower phase (L1), 
in the raffinate (R1) or in the raffinate (R2). 
0247 The distillate (D1) which has been separated off in 
the first distillation apparatus is, in a preferred embodiment, 
recirculated to the hydrogenation reactor in step (a). When a 
mixture of one or more alcohols and water is used as polar 
solvent, it is also possible to take off a low-water distillate 
(D1) and a water-rich distillate (D1) from the first distil 
lation apparatus. The water-rich distillate (D1) comprises 
more than 50% by weight of the water comprised in the 
distillate (D1), preferably more than 70% by weight, particu 
larly preferably more than 80% by weight, in particular more 
than 90% by weight. The low-water distillate (D1) com 
prises less than 50% by weight of the water comprised in the 
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distillate D1, preferably less than 30% by weight, particularly 
preferably less than 20% by weight, in particular less than 
10% by weight. 
0248. In a particularly preferred embodiment, the low 
water distillate (D1) is recirculated to the hydrogenation 
reactor in step (a). The water-rich distillate (D1) is added to 
the upper phase (U1). 
0249. The separation of the polar solvent from the lower 
phase (L1), the raffinate (R1) or the raffinate (R2) can, for 
example, be carried out in an evaporator or in a distillation 
unit comprising a vaporizer and column, with the column 
being provided with ordered packing, random packing ele 
ments and/or trays. 
0250. The at least partial removal of the polar solvent is 
preferably carried out at a temperature at the bottomat which 
no free formic acid is formed from the formic acid-amine 
adduct (A2) at the given pressure. The factor X, of the formic 
acid-amine adduct (A2) in the first distillation apparatus is 
generally in the range from 0.4 to 3, preferably in the range 
from 0.6 to 1.8, particularly preferably in the range from 0.7 
to 1.7. 

0251. In general, the temperature at the bottom of the first 
distillation apparatus 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 
temperature in the first distillation apparatus is generally in 
the range from 20°C. to 210°C., preferably in the range from 
50° C. to 190° C. The pressure in the first distillation appara 
tus is generally at least 0.001 MPa abs, preferably at least 
0.005 MPa abs and particularly preferably at least 0.01 MPa 
abs, and generally not more than 1 MPa abs and preferably not 
more than 0.1 MPa abs. The pressure in the first distillation 
apparatus is generally in the range from 0.0001 MPa abs to 1 
MPa abs, preferably in the range from 0.005 MPa abs to 0.1 
MPa abs and particularly preferably in the range from 0.01 
MPa abs to 0.1 MPa abs. 

0252. In the removal of the polar solvent in the first distil 
lation apparatus, the formic acid-amine adduct (A2) and free 
tertiary amine (A1) can be obtained at the bottom of the first 
distillation apparatus, since formic acid-amine adducts hav 
ing a low amine content are formed during the removal of the 
polar solvent. As a result, a bottoms mixture (S1) comprising 
the formic acid-amine adduct (A2) and the free tertiary amine 
(A1) is formed. The bottoms mixture (S1) comprises, 
depending on the amount of polar solvent separated off, the 
formic acid-amine adduct (A2) and possibly the free tertiary 
amine (A1) formed in the liquid phase of the first distillation 
apparatus. For further work-up, the bottoms mixture (S1) is 
optionally worked up further in process step (d) and Subse 
quently fed to process step (e). It is also possible to feed the 
bottoms mixture (S1) from process step (c) directly to process 
step (e). 
0253) In the process step (d), the bottoms mixture (S1) 
obtained in step (c) can be separated into the upper phase (U2) 
and the lower phase (L2) in a second phase separation appa 
ratus. The lower phase (L2) is subsequently worked up further 
according to process step (e). In a preferred embodiment, the 
upper phase (U2) from the second phase separation apparatus 
is recirculated to the hydrogenation reactor in step (a). In a 
further preferred embodiment, the upper phase (U2) from the 
second phase separation apparatus is recirculated to the 
extraction unit. What has been said in respect of the first phase 
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separation apparatus, including preferences, applies analo 
gously to process step (d) and the second phase separation 
apparatus. 
0254. In one embodiment, the process of the invention 
thus comprises the steps (a), (b1), (c), (d) and (e). In a further 
embodiment, the process of the invention comprises the steps 
(a), (b2), (c), (d) and (e). In a further embodiment, the process 
of the invention comprises the steps (a), (b3), (c), (d) and (e). 
In a further embodiment, the process of the invention com 
prises the steps (a), (b1), (c) and (e). In a further embodiment, 
the process of the invention comprises the steps (a), (b2), (c) 
and (e). In a further embodiment, the process of the invention 
comprises the steps (a), (b3), (c) and (e). 
0255. In one embodiment, the process of the invention 
consists of the steps (a), (b1), (c), (d) and (e). In a further 
embodiment, the process of the invention consists of the steps 
(a), (b2), (c), (d) and (e). In a further embodiment, the process 
of the invention consists of the steps (a), (b3), (c), (d) and (e). 
Inafurther embodiment, the process of the invention consists 
of the steps (a), (b1), (c) and (e). In a further embodiment, the 
process of the invention consists of the steps (a), (b2), (c) and 
(e). In a further embodiment, the process of the invention 
consists of the steps (a), (b3), (c) and (e). 

Dissociation of the Formic Acid-Amine Adduct (A2); 
Process Step (e) 
0256 The bottoms mixture (S1) obtained according to 
step (c) or the lower phase (L2) optionally obtained after the 
work-up according to step (d) is fed to a thermal dissociation 
unit for further reaction. 
0257 The formic acid-amine adduct (A2) comprised in 
the bottoms mixture (S1) or optionally in the lower phase (L.2) 
is dissociated into formic acid and tertiary amine (A1) in the 
thermal dissociation unit. The formic acid is discharged from 
the thermal dissociation unit. The tertiary amine (A1) is recir 
culated to the hydrogenation reactor in step (a). The tertiary 
amine (A1) from the thermal dissociation unit can be recir 
culated directly to the hydrogenation reactor. It is also pos 
sible firstly to recirculate the tertiary amine (A1) from the 
thermal dissociation unit to the extraction unit in process step 
(b2) or process step (b3) and Subsequently pass it on from the 
extraction unit to the hydrogenation reactor in step (a); this 
embodiment is preferred. 
0258. In a preferred embodiment, the thermal dissociation 
unit comprises a second distillation apparatus and a third 
phase separation apparatus, with the dissociation of the for 
mic acid-amine adduct (A2) occurring in the second distilla 
tion apparatus to give a distillate (D2), which is discharged 
(taken off) from the second distillation apparatus, and a two 
phase bottoms mixture (S2) comprising an upper phase (U3), 
which comprises the at least one tertiary amine (A1), and a 
lower phase (L3), which comprises the at least one formic 
acid-amine adduct (A2) and the at least one inhibitor. 
0259. The formic acid obtained in the second distillation 
apparatus can, for example, be taken off (i) via the top, (ii) via 
the top and via a side offtake or (iii) only via a side offtake 
from the second distillation apparatus. If the formic acid is 
taken off via the top, formic acid having a purity of up to 
99.99% by weight is obtained. When it is taken off via a side 
offtake, aqueous formic acid is obtained, with a mixture com 
prising about 85% by weight of formic acid being particularly 
preferred here. Depending on the water content of the bot 
toms mixture (S1) or optionally the lower phase (L2) fed to 
the thermal dissociation unit, the formic acid can be taken off 
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mostly as overhead product or mostly via the side offtake. If 
necessary, it is also possible to take off formic acid only via 
the side offtake, preferably with a formic acid content of 
about 85% by weight, in which case the required amount of 
water may also be provided by addition of additional water to 
the second distillation apparatus. The thermal dissociation of 
the formic acid-amine adduct (A2) is generally carried out at 
the process parameters in respect of pressure, temperature 
and configuration of the apparatus known from the prior art. 
These are described, for example, in EP 0181 078 or WO 
2006/021 411. Suitable second distillation apparatuses are, 
for example, distillation columns which generally comprise 
random packing elements, ordered packing and/or trays. 
0260. In general, the temperature at the bottom of the 
second distillation apparatus is at least 130°C., preferably at 
least 140°C. and particularly preferably at least 150° C., and 
generally not more than 210°C., preferably not more than 
190° C., particularly preferably not more than 185° C. The 
pressure in the second distillation apparatus is generally at 
least 1 hPa abs, preferably at least 50 hPa abs and particularly 
preferably at least 100 hPa abs, and generally not more than 
500 hPa, particularly preferably not more than 300 hPa abs 
and particularly preferably not more than 200 hPa abs. 
0261 The bottoms mixture (S2) obtained at the bottom of 
the second distillation apparatus is a two-phase mixture. In a 
preferred embodiment, the bottoms mixture (S2) is fed to the 
third phase separation apparatus of the thermal dissociation 
unit and separated there into the upper phase (U3), which 
comprises the tertiary amine (A1), and the lower phase (L3), 
which comprises the formic acid-amine adduct (A2) and the 
inhibitor. The upper phase (U3) is discharged from the third 
phase separation apparatus of the thermal dissociation unit 
and recirculated to the hydrogenation reactor in step (a). The 
recirculation can be carried out directly to the hydrogenation 
reactor in step (a) or the upper phase (U3) is firstly fed to the 
extraction unit in step (b2) or step (b3) and from there passed 
on to the hydrogenation reactor in Step (a). The lower phase 
(L3) obtained in the third phase separation apparatus is then 
fed back into the second distillation apparatus of the thermal 
dissociation unit. The formic acid-amine adduct (A2) com 
prised in the lower phase (L3) is again subjected to dissocia 
tion in the second distillation apparatus, once again with 
formic acid and free tertiary amine (A1) being obtained and 
with a two-phase bottoms mixture (S2) again being formed at 
the bottom of the second distillation apparatus of the thermal 
dissociation unit and then being fed again to the third phase 
separation apparatus of the thermal dissociation unit for fur 
ther work-up. 
0262. As indicated above, the inhibitor preferably remains 
in the phase which also comprises the formic acid-amine 
adduct (A2), i.e. in the lower phase (L3). This has the advan 
tage that the upper phase (U3) comprising the tertiary amine 
(A1) can be recirculated to the hydrogenation reactor without 
appreciable amounts of inhibitor being recirculated with the 
upper phase (U3) to process step (a) and there being able to 
hinder the hydrogenation reaction. 
0263. The introduction of the bottoms mixture (S1) or 
optionally of the lower phase (L2) into the thermal dissocia 
tion unit in process step (e) can be effected into the second 
distillation apparatus and/or the third phase separation appa 
ratus. In a preferred embodiment, the bottoms mixture (S1) or 
optionally the lower phase (L2) is introduced into the second 
distillation apparatus of the thermal separation unit. In a 
further embodiment, the bottoms mixture (S1) or optionally 
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the lower phase (L2) is introduced into the third phase sepa 
ration vessel of the thermal dissociation unit. 
0264. In a further embodiment, the bottoms mixture (S1) 
or optionally the lower phase (L2) is introduced both into the 
second distillation apparatus of the thermal dissociation unit 
and into the third phase separation apparatus of the thermal 
dissociation unit. For this purpose, the bottoms mixture (S1) 
or optionally the lower phase (L2) is divided into two sub 
streams of which one Substream is introduced into the second 
distillation apparatus and one Substream is introduced into the 
third separation apparatus of the thermal dissociation unit. 
0265. The drawings show in detail: 
0266 FIG. 1 a block diagram of a preferred embodiment 
of the process of the invention, 
0267 FIG. 2 a block diagram of a further preferred 
embodiment of the process of the invention, 
0268 FIG. 3 a block diagram of a further preferred 
embodiment of the process of the invention, 
0269 FIG. 4 a block diagram of a further preferred 
embodiment of the process of the invention, 
(0270 FIG. 5 a block diagram of a further preferred 
embodiment of the process of the invention, 
0271 FIG. 6 a block diagram of a further preferred 
embodiment of the process of the invention. 
0272. In FIGS. 1 to 6, the reference numerals have the 
following meanings: 
0273 FIG. 1 

I-1 hydrogenation reactor 
II-1 first distillation apparatus 
III-1 third phase separation apparatus (of the thermal dissociation unit) 
IV-1 second distillation apparatus (of the thermal dissociation unit) 
1 stream comprising carbon dioxide 
2 stream comprising hydrogen 
3 stream comprising formic acid-amine adduct (A2), residues of 

the catalyst, polar solvent; (lower phase (L1)) 
4 stream comprising inhibitor 
5 stream comprising polar solvent; (distillate (D1)) 
6 stream comprising tertiary amine (A1) (upper phase (U2)) and 

formic acid-amine adduct (A2) (lower phase (L2)); 
bottoms mixture (S1) 

7 stream comprising formic acid-amine adduct (A2) and inhibitor; 
lower phase (L3) 

8 stream comprising tertiary amine (A1) (upper phase (U3)) and 
also formic acid-amine adduct (A2) and inhibitor (lower phase 
(L3)); bottoms mixture (S2) 

9 stream comprising formic acid; (distillate (D2)) 
10 stream comprising tertiary amine (A1); upper phase (U3) 

0274 FIG. 2 

I-2 hydrogenation reactor 
II-2 first distillation apparatus 
III-2 third phase separation apparatus 
IV-2 Second distillation apparatus 
V-2 first phase separation apparatus 
VI-2 extraction unit 
11 stream comprising carbon dioxide 
12 stream comprising hydrogen 
13a stream comprising hydrogenation mixture (H) 
13b stream comprising lower phase (L1) 
13c. stream comprising raffinate (R2) 
14 stream comprising inhibitor 
15 stream comprising distillate (D1) 
16 stream comprising bottoms mixture (S1) 
17 stream comprising lower phase (L3) 
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-continued 

18 stream comprising bottoms mixture (S2) 
19 stream comprising formic acid; (distillate (D2)) 
2O stream comprising upper phase (U3) 
21 stream comprising extract (E2) 
22 stream comprising upper phase (U1) 

0275 FIG. 3 

I-3 hydrogenation reactor 
II-3 first distillation apparatus 
III-3 hird phase separation apparatus 
IV-3 Second distillation apparatus 
V-3 first phase separation apparatus 
VI-3 extraction unit 
31 stream comprising carbon dioxide 
32 stream comprising hydrogen 
33a stream comprising hydrogenation mixture (H) 
33b stream comprising lower phase (L1) 
33c. stream comprising raffinate (R2) 
34 stream comprising Inhibitor 
35 stream comprising distillate (D1) 
36 stream comprising bottoms mixture (S1) 
37 stream comprising lower phase (L3) 
38 stream comprising bottoms mixture (S2) 
39 stream comprising formic acid; (distillate (D2)) 
40 stream comprising upper phase (U3) 
41 stream comprising extract (E2) 
42 stream comprising upper phase (U1) 

0276 FIG. 4 

I-4 hydrogenation reactor 
II-4 first distillation apparatus 
III-4 third phase separation apparatus 
IV-4 Second distillation apparatus 
V-4 first phase separation apparatus 
VI-4 extraction unit 
VII-4 Second phase separation apparatus 
51 stream comprising carbon dioxide 
52 stream comprising hydrogen 
53a. stream comprising hydrogenation mixture (H) 
53b stream comprising lower phase (L1) 
S3c stream comprising raffinate (R2) 
S4 stream comprising Inhibitor 
55 stream comprising distillate (D1) 
56a stream comprising bottoms mixture (S1) 
S6b stream comprising lower phase (L.2) 
56c. stream comprising upper phase (U2) 
57 stream comprising lower phase (L3) 
58 stream comprising bottoms mixture (S2) 
59 stream comprising formic acid; (distillate (D2)) 
60 stream comprising upper phase (U3) 
61 stream comprising extract (E2) 
62 stream comprising upper phase (U1) 

(0277 FIG.5 

I-5 hydrogenation reactor 
II-S first distillation apparatus 
III-5 third phase separation apparatus 
IV-5 Second distillation apparatus 
V-5 first phase separation apparatus 
VI-5 extraction unit 
71 stream comprising carbon dioxide 
72 stream comprising hydrogen 
73a stream comprising hydrogenation mixture (H) 
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-continued 

73b stream comprising lower phase (L1) 
73c stream comprising raffinate (R2) 
74 stream comprising inhibitor 
75 stream comprising low-water distillate (D1wa) 
76 stream comprising bottoms mixture (S1) 
77 stream comprising lower phase (L3) 
78 stream comprising bottoms mixture (S2) 
79 stream comprising formic acid; (distillate (D2)) 
8O stream comprising upper phase (U3) 
81 stream comprising extract (E2) 
82 stream comprising upper phase (U1) 
83 stream comprising water-rich distillate (D1wr) 

0278 FIG. 6 

I-6 hydrogenation reactor 
II-6 first distillation apparatus 
III-6 third phase separation apparatus 
IV-6 Second distillation apparatus 
VI-6 extraction unit 
91 stream comprising carbon dioxide 
92 stream comprising hydrogen 
93a stream comprising hydrogenation mixture (H) 
93c. stream comprising raffinate (R1) 
94 stream comprising Inhibitor 
95 stream comprising distillate (D1) 
96 stream comprising bottoms mixture (S1) 
97 stream comprising lower phase (L3) 
98 stream comprising bottoms mixture (S2) 
99 stream comprising formic acid; (distillate (D2)) 
100 stream comprising upper phase (U3) 
101 stream comprising extract (E1) 

0279. In the embodiment of FIG. 1, a stream 1 comprising 
carbon dioxide and a stream 2 comprising hydrogen are fed to 
a hydrogenation reactor I-1. It is possible to feed further 
streams (not shown) to the hydrogenation reactor I-1 in order 
to compensate any losses of the tertiary amine (A1) or the 
catalyst. 
0280. In the hydrogenation reactor I-1, carbon dioxide and 
hydrogen are reacted in the presence of a tertiary amine (A1), 
a polar solvent and a catalyst comprising at least one element 
of groups 8, 9 and 10 of the Periodic Table. This gives a 
two-phase hydrogenation mixture (H) which comprises an 
upper phase (U1) comprising the catalyst and the tertiary 
amine (A1) and a lower phase (L1) comprising the polar 
Solvent, residues of the catalyst and the formic acid-amine 
adduct (A2). 
0281. The lower phase (L1) is fed as stream 3 to the dis 

tillation apparatus II-1. The upper phase (U1) remains in the 
hydrogenation reactor I-1. In the embodiment of FIG. 1, the 
hydrogenation reactor I-1 simultaneously serves as first phase 
separation apparatus. 
0282. The inhibitor is added continuously or discontinu 
ously as stream 4 to the stream 3. In the first distillation 
apparatus, the lower phase (L1) is separated into a distillate 
(D1) comprising the polar solvent, which is recirculated as 
stream 5 to the hydrogenation reactor I-1, and a two-phase 
bottoms mixture (S1) comprising an upper phase (U2), which 
comprises the tertiary amine (A1), and the lower phase (L2), 
which comprises the formic acid-amine adduct (A2), inhib 
ited residues of the catalyst and the inhibitor. 
0283. The bottoms mixture (S1) is fed as stream 6 to the 
third phase separation apparatus III-1 of the thermal disso 
ciation unit. 
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0284. In the third phase separation apparatus III-1 of the 
thermal dissociation unit, the bottoms mixture (S1) is sepa 
rated to give an upper phase (U3) comprising the tertiary 
amine (A1) and a lower phase (L3) comprising inhibited 
residues of the catalyst, the inhibitor and the formic acid 
amine adduct (A2). 
0285. The upper phase (U3) is recirculated as stream 10 to 
the hydrogenation reactor I-1. The lower phase (L3) is fed as 
stream 7 to the second distillation apparatus IV-1 of the ther 
mal dissociation unit. The formic acid-amine adduct (A2) 
comprised in the lower phase (L3) is dissociated into formic 
acid and free tertiary amine (A1) in the second distillation 
apparatus IV-1. A distillate (D2) and a two-phase bottoms 
mixture (S2) are obtained in the second distillation apparatus 
IV-1. 

0286 The distillate (D2) comprising formic acid is dis 
charged as stream 9 from the distillation apparatus IV-1. The 
two-phase bottoms mixture (S2) comprising the upper phase 
(U3), which comprises the tertiary amine (A1), and the lower 
phase (L3), which comprises the formic acid-amine adduct 
(A2), inhibited residues of the catalyst and the inhibitor, is 
recirculated as stream 8 to the third phase separation appara 
tus III-1 of the thermal dissociation unit. In the third phase 
separation apparatus III-1, the bottoms mixture (S2) is sepa 
rated into upper phase (U3) and lower phase (L3). The upper 
phase (U3) is recirculated as stream 10 to the hydrogenation 
reactor I-1. The lower phase (L3) is recirculated as stream 7 to 
the second distillation apparatus IV-1. 
(0287. In the embodiment of FIG. 2, a stream 11 compris 
ing carbon dioxide and a stream 12 comprising hydrogen are 
fed to a hydrogenation reactor I-2. It is possible to feed further 
streams (not shown) to the hydrogenation reactor I-2 in order 
to compensate any losses of the tertiary amine (A1) or the 
catalyst. 
0288. In the hydrogenation reactor I-2, carbon dioxide and 
hydrogen are reacted in the presence of a tertiary amine (A1), 
a polar solvent and a catalyst comprising at least one element 
of groups 8, 9 and 10 of the Periodic Table. This gives a 
two-phase hydrogenation mixture (H) which comprises an 
upper phase (U1) comprising the catalyst and the tertiary 
amine (A1) and a lower phase (L1) comprising the polar 
Solvent, residues of the catalyst and the formic acid-amine 
adduct (A2). 
0289. The hydrogenation mixture (H) is fed as stream 13a 
to a first phase separation apparatus V-2. In the first separation 
phase apparatus V-2, the hydrogenation mixture (H) is sepa 
rated into the upper phase (U1) and the lower phase (L1). 
0290 The upper phase (U1) is recirculated as stream 22 to 
the hydrogenation reactor I-2. The lower phase (L1) is fed as 
stream 13b to the extraction unit VI-2. In this, the lower phase 
(L1) is extracted with the tertiary amine (A1) which is recir 
culated as stream 20 (upper phase (U3)) from the third phase 
separation apparatus III-2 to the extraction apparatus VI-2. 
0291. A raffinate (R2) and an extract (E2) are obtained in 
the extraction unit VI-2. The raffinate (R2) comprises the 
formic acid-amine adduct (A2) and the polar solvent and is 
fed as stream 13c to the first distillation apparatus II-2. The 
extract (E2) comprises the tertiary amine (A1) and the resi 
dues of the catalyst and is recirculated as stream 21 to the 
hydrogenation reactor I-2. 
0292. The inhibitor is added continuously or discontinu 
ously as stream 14 to the stream 13c. In the first distillation 
apparatus II-2, the raffinate (R2) is separated into a distillate 
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(D1) comprising the polar solvent, which is recirculated as 
stream 15 to the hydrogenation reactor I-2, and a two-phase 
bottoms mixture (S1). 
0293. The bottoms mixture (S1) comprises an upper phase 
(U2), which comprises the tertiary amine (A1), and a lower 
phase (L2), which comprises the formic acid-amine adduct 
(A2), inhibited residues of the catalyst and the inhibitor. The 
bottoms mixture (S1) is fed as stream 16 to the second distil 
lation apparatus IV-2. 
0294 The formic acid-amine adduct comprised in the bot 
toms mixture (S1) is dissociated into formic acid and free 
tertiary amine (A1) in the second distillation apparatus IV-2. 
A distillate (D2) and a bottoms mixture (S2) are obtained in 
the second distillation apparatus IV-2. 
0295 The distillate (D2) comprising formic acid is dis 
charged as stream 19 from the second distillation apparatus 
IV-2. The two-phase bottoms mixture (S2) comprising the 
upper phase (U3), which comprises the tertiary amine (A1), 
and the lower phase (L3), which comprises the formic acid 
amine adduct (A2), inhibited residues of the catalyst and the 
inhibitor, is recirculated as stream 18 to the third phase sepa 
ration apparatus III-2 of the thermal dissociation unit. 
0296. In the third phase separation apparatus III-2 of the 
thermal dissociation unit, the bottoms mixture (S2) is sepa 
rated to give an upper phase (U3) comprising the tertiary 
amine (A1) and a lower phase (L3) comprising inhibited 
residues of the catalyst, the inhibitor and the formic acid 
amine adduct (A2). 
0297. The upper phase (U3) from the third phase separa 
tion apparatus III-2 is recirculated as stream 20 to the extrac 
tion unit VI-2. The lower phase (L3) is fed as stream 17 to the 
second distillation apparatus IV-2 of the thermal dissociation 
unit. The formic acid-amine adduct (A2) comprised in the 
lower phase (L3) is dissociated into formic acid and free 
tertiary amine (A1) in the second distillation apparatus IV-2. 
As indicated above, a distillate (D2) and a bottoms mixture 
(S2) are then again obtained in the second distillation appa 
ratus IV-2. 
0298. In the embodiment of FIG. 3, a stream 31 compris 
ing carbon dioxide and a stream 32 comprising hydrogen are 
fed to a hydrogenation reactor I-3. It is possible to feed further 
streams (not shown) to the hydrogenation reactor I-3 in order 
to compensate any losses of the tertiary amine (A1) or the 
catalyst. 
0299. In the hydrogenation reactor I-3, carbon dioxide and 
hydrogen are reacted in the presence of a tertiary amine (A1), 
a polar solvent and a catalyst comprising at least one element 
of groups 8, 9 and 10 of the Periodic Table. This gives a 
two-phase hydrogenation mixture (H) which comprises an 
upper phase (U1) comprising the catalyst and the tertiary 
amine (A1) and a lower phase (L1) comprising the polar 
Solvent, residues of the catalyst and the formic acid-amine 
adduct (A2). 
0300. The hydrogenation mixture (H) is fed as stream 33a 
to a first phase separation apparatus V-3. In the first phase 
separation apparatus V-3, the hydrogenation mixture (H) is 
separated into the upper phase (U1) and the lower phase (L1). 
0301 The upper phase (U1) is recirculated as stream 42 to 
the hydrogenation reactor I-3. The lower phase (L1) is fed as 
stream 33b to the extraction unit VI-3. In this, the lower phase 
(L1) is extracted with the tertiary amine (A1) which is recir 
culated as stream 40 (upper phase (U3)) from the third phase 
separation apparatus III-3 of the thermal dissociation unit to 
the extraction unit VI-3. 
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0302 Araffinate (R2) and an extract (E2) are obtained in 
the extraction unit VI-3. The raffinate (R2) comprises the 
formic acid-amine adduct (A2) and the polar solvent and is 
fed as stream 33c to the first distillation apparatus II-3. The 
extract (E2) comprises the tertiary amine (A1) and the resi 
dues of the catalyst and is recirculated as stream 41 to the 
hydrogenation reactor I-2. 
0303. The inhibitor is added continuously or discontinu 
ously as stream 34 to the stream 33c. In the first distillation 
apparatus II-3, the raffinate (R2) is separated into a distillate 
(D1) comprising the polar solvent, which is recirculated as 
stream 35 to the hydrogenation reactor I-3, and a two-phase 
bottoms mixture (S1). 
0304. The bottoms mixture (S1) comprises an upper phase 
(U2), which comprises the tertiary amine (A1), and a lower 
phase (L2), which comprises the formic acid-amine adduct 
(A2), inhibited residues of the catalyst and the inhibitor. 
(0305. The bottoms mixture (S1) is fed as stream 36 to the 
third phase separation apparatus III-3 of the thermal disso 
ciation unit. 
0306 In the third phase separation apparatus III-3 of the 
thermal dissociation unit, the bottoms mixture (S1) is sepa 
rated to give an upper phase (U3) comprising the tertiary 
amine (A1) and a lower phase (L3) comprising inhibited 
residues of the catalyst, the inhibitor and the formic acid 
amine adduct (A2). 
0307 The upper phase (U3) is recirculated as stream 40 to 
the extraction unit VI-3. The lower phase (L3) is fed as stream 
37 to the second distillation apparatus IV-3 of the thermal 
dissociation unit. The formic acid-amine adduct (A2) com 
prised in the lower phase (L3) is dissociated into formic acid 
and free tertiary amine (A1) in the second distillation appa 
ratus IV-3. A distillate (D2) and a bottoms mixture (S2) are 
obtained in the second distillation apparatus IV-3. 
0308 The distillate (D2) comprising formic acid is dis 
charged as stream 39 from the distillation apparatus IV-3. The 
two-phase bottoms mixture (S2) comprising the upper phase 
(U3), which comprises the tertiary amine (A1), and the lower 
phase (L3), which comprises the formic acid-amine adduct 
(A2), inhibited residues of the catalyst and the inhibitor, is 
recirculated as stream 38 to the third phase separation appa 
ratus III-3 of the thermal dissociation unit. In the third phase 
separation apparatus III-3, the bottoms mixture (S2) is sepa 
rated. The upper phase (U3) is recirculated to the extraction 
unit VI-3. The lower phase (L3) is recirculated to the second 
distillation apparatus IV-3. 
0309. In the embodiment of FIG. 4, a stream 51 compris 
ing carbon dioxide and a stream 52 comprising hydrogen are 
fed to a hydrogenation reactor I-4. It is possible to feed further 
streams (not shown) to the hydrogenation reactor I-4 in order 
to compensate any losses of the tertiary amine (A1) or the 
catalyst. 
0310. In the hydrogenation reactor I-4, carbon dioxide and 
hydrogen are reacted in the presence of a tertiary amine (A1), 
a polar solvent and a catalyst comprising at least one element 
of groups 8, 9 and 10 of the Periodic Table. This gives a 
two-phase hydrogenation mixture (H) which comprises an 
upper phase (U1) comprising the catalyst and the tertiary 
amine (A1) and a lower phase (L1) comprising the polar 
Solvent, residues of the catalyst and the formic acid-amine 
adduct (A2). 
0311. The hydrogenation mixture (H) is fed as stream 5.3a 
to a first phase separation apparatus V-4. In the first phase 
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separation apparatus V-4, the hydrogenation mixture (H) is 
separated into the upper phase (U1) and the lower phase (L1). 
0312 The upper phase (U1) is recirculated as stream 62 to 
the hydrogenation reactor I-4. The lower phase (L1) is fed as 
stream 53b to the extraction unit VI-4. In this, the lower phase 
(L1) is extracted with the tertiary amine (A1) which is recir 
culated as stream 60 (upper phase (U3)) from the third phase 
separation apparatus III-4 of the thermal dissociation unit and 
as stream 56c from the second phase separation apparatus 
VII-4 to the extraction unit VI-4. 

0313 Araffinate (R2) and an extract (E2) are obtained in 
the extraction unit VI-4. The raffinate (R2) comprises the 
formic acid-amine adduct (A2) and the polar solvent and is 
fed as stream 53c to the first distillation apparatus II-4. The 
extract (E2) comprises the tertiary amine (A1) and the resi 
dues of the catalyst and is recirculated as stream 61 to the 
hydrogenation reactor I-4. 
0314. The inhibitor is added continuously or discontinu 
ously as stream 54 to the stream 53c. In the first distillation 
apparatus II-4, the raffinate (R2) is separated into a distillate 
(D1) comprising the polar solvent, which is recirculated as 
stream 55 to the hydrogenation reactor I-4, and a two-phase 
bottoms mixture (S1). 
0315. The bottoms mixture (S1) comprises an upper phase 
(U2), which comprises the tertiary amine (A1), and a lower 
phase (L2), which comprises the formic acid-amine adduct 
(A2), inhibited residues of the catalyst and the inhibitor. The 
bottoms mixture (S1) is fed as stream 56a to the second phase 
separation apparatus VII-4. 
0316. In the second phase separation apparatus VII-4, the 
bottoms mixture (S1) is separated into the upper phase (U2) 
and the lower phase (L2). The upper phase (U2) is recircu 
lated from the second phase separation apparatus VII-4 as 
stream 56c to the extraction unit VI-4. 

0317. The lower phase (L2) is fed as stream 56b to the 
second distillation apparatus IV-4. 
0318. The formic acid-amine adduct (A2) comprised in 
the lower phase (L2) is dissociated into formic acid and free 
tertiary amine (A1) in the second distillation apparatus IV-4. 
A distillate (D2) and a bottoms mixture (S2) are obtained in 
the second distillation apparatus IV-4. 
0319. The distillate (D2) comprising formic acid is dis 
charged as stream 59 from the second distillation apparatus 
IV-4. The two-phase bottoms mixture (S2) comprising the 
upper phase (U3), which comprises the tertiary amine (A1), 
and the lower phase (L3), which comprises the formic acid 
amine adduct (A2), inhibited residues of the catalyst and the 
inhibitor, is recirculated as stream 58 to the third phase sepa 
ration apparatus III-4 of the thermal dissociation unit. 
0320 In the third phase separation apparatus III-4 of the 
thermal dissociation unit, the bottoms mixture (S2) is sepa 
rated to give an upper phase (U3) comprising the tertiary 
amine (A1) and a lower phase (L3) comprising inhibited 
residues of the catalyst, the inhibitor and the formic acid 
amine adduct (A2). 
0321. The upper phase (U3) is recirculated from the third 
phase separation apparatus III-4 as stream 60 to the extraction 
unit VI-4. The lower phase (L3) is fed as stream 57 to the 
second distillation apparatus IV-4 of the thermal dissociation 
unit. The formic acid-amine adduct (A2) comprised in the 
lower phase (L3) is dissociated into formic acid and free 
tertiary amine (A1) in the second distillation apparatus IV-4. 
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A distillate (D2) and a bottoms mixture (S2) are, as indicated 
above, then again obtained in the second distillation appara 
tus IV-4. 
0322. In the embodiment of FIG. 5, a stream 71 compris 
ing carbon dioxide and a stream 72 comprising hydrogen are 
fed to a hydrogenation reactor I-5. It is possible to feed further 
streams (not shown) to the hydrogenation reactor I-5 in order 
to compensate any losses of the tertiary amine (A1) or the 
catalyst. 
0323. In the hydrogenation reactor I-5, carbon dioxide and 
hydrogen are reacted in the presence of a tertiary amine (A1), 
a polar solvent and a catalyst comprising at least one element 
of groups 8, 9 and 10 of the Periodic Table. This gives a 
two-phase hydrogenation mixture (H) which comprises an 
upper phase (U1) comprising the catalyst and the tertiary 
amine (A1) and a lower phase (L1) comprising the polar 
Solvent, residues of the catalyst and the formic acid-amine 
adduct (A2). 
0324. The hydrogenation mixture (H) is fed as stream 73a 
to a first phase separation apparatus V-5. In the first phase 
separation apparatus V-5, the hydrogenation mixture (H) is 
separated into the upper phase (U1) and the lower phase (L1). 
0325 The upper phase (U1) is recirculated as stream 82 to 
the hydrogenation reactor I-5. The lower phase (L1) is fed as 
stream 73b to the extraction unit VI-5. Here, the lower phase 
(L1) is extracted with the tertiary amine (A1) which is recir 
culated as stream 80 (upper phase (U3)) from the third phase 
separation apparatus of the thermal dissociation unit to the 
extraction unit VI-5. 

0326. A raffinate (R2) and an extract (E2) are obtained in 
the extraction unit VI-5. The raffinate (R2) comprises the 
formic acid-amine adduct (A2) and the polar solvent and is 
fed as stream 73c to the first distillation apparatus II-5. The 
extract (E2) comprises the tertiary amine (A1) and the resi 
dues of the catalyst and is recirculated as stream 81 to the 
hydrogenation reactor I-5. 
0327. The inhibitor is added continuously or discontinu 
ously as stream 74 to the stream 73c. In the first distillation 
apparatus II-5, the raffinate (R2) is separated into a water-rich 
distillate (D1wr), a low-water distillate (D1wa) and a two 
phase bottoms mixture (S1). The water-rich distillate (D1wr) 
is added as stream 83 to the stream 73a. The low-water 
distillate (D1wa) is recirculated as stream 75 to the hydroge 
nation reactor I-5. A prerequisite of the embodiment of FIG. 
5 is that a mixture of one or more alcohols with water is used 
as polar solvent. 
0328. The bottoms mixture (S1) comprises an upper phase 
(U2), which comprises the tertiary amine (A1), and a lower 
phase (L2), which comprises the formic acid-amine adduct 
(A2), inhibited residues of the catalyst and the inhibitor. 
0329. The bottoms mixture (S1) is fed as stream 76 to the 
third phase separation apparatus III-5 of the thermal disso 
ciation unit. 
0330. In the third phase separation apparatus III-5 of the 
thermal dissociation unit, the bottoms mixture (S1) is sepa 
rated to give an upper phase (U3) comprising the tertiary 
amine (A1) and a lower phase (L3) comprising inhibited 
residues of the catalyst, the inhibitor and the formic acid 
amine adduct (A2). 
0331. The upper phase (U3) is recirculated as stream 80 to 
the extraction unit IV-5. The lower phase (L3) is fed as stream 
77 to the second distillation apparatus IV-5 of the thermal 
dissociation unit. The formic acid-amine adduct (A2) com 
prised in the lower phase (L3) is dissociated into formic acid 
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and free tertiary amine (A1) in the second distillation appa 
ratus IV-5. A distillate (D2) and a bottoms mixture (S2) are 
obtained in the second distillation apparatus IV-5. 
0332 The distillate (D2) comprising formic acid is dis 
charged as stream 79 from the distillation apparatus IV-5. The 
two-phase bottoms mixture (S2) comprising the upper phase 
(U3), which comprises the tertiary amine (A1), and the lower 
phase (L3), which comprises the formic acid-amine adduct 
(A2), inhibited residues of the catalyst and the inhibitor, is 
recirculated as stream 78 to the third phase separation appa 
ratus III-5 of the thermal dissociation unit. The bottoms mix 
ture (S2) is separated in the third phase separation apparatus 
III-5. The upper phase (U3) is recirculated as stream 80 to the 
extraction unit VI-5. The lower phase (L3) is recirculated as 
stream 77 to the second distillation apparatus IV-5. 
0333. In the embodiment of FIG. 6, a stream 91 compris 
ing carbon dioxide and a stream 92 comprising hydrogen are 
fed to a hydrogenation reactor I-6. It is possible to feed further 
streams (not shown) to the hydrogenation reactor I-6 in order 
to compensate any losses of the tertiary amine (A1) or the 
catalyst. 
0334. In the hydrogenation reactor I-6, carbon dioxide and 
hydrogen are reacted in the presence of a tertiary amine (A1), 
a polar solvent and a catalyst comprising at least one element 
of groups 8, 9 and 10 of the Periodic Table. This gives a 
two-phase hydrogenation mixture (H) which comprises an 
upper phase (U1) comprising the catalyst and the tertiary 
amine (A1) and a lower phase (L1) comprising the polar 
solvent, residues of the catalyst and the formic acid-amine 
adduct (A2). 
0335 The hydrogenation mixture (H) is fed as stream 93a 
to the extraction unit VI-6. 

0336. In this, the hydrogenation mixture (H) is extracted 
with the tertiary amine (A1) which is recirculated as stream 
100 (upper phase (U3)) from the third phase separation appa 
ratus III-6 of the thermal dissociation unit to the extraction 
unit VI-6. 

0337 Araffinate (R1) and an extract (E1) are obtained in 
the extraction unit VI-6. The raffinate (R1) comprises the 
formic acid-amine adduct (A2) and the polar solvent and is 
fed as stream 93c to the first distillation apparatus II-6. The 
extract (E1) comprises the tertiary amine (A1) and the cata 
lyst and is recirculated as stream 101 to the hydrogenation 
reactor I-6. 

0338. The inhibitor is added continuously or discontinu 
ously as stream 94 to the stream 93c. In the first distillation 
apparatus II-6, the raffinate (R1) is separated into a distillate 
(D1) comprising the polar solvent, which is recirculated as 
stream 95 to the hydrogenation reactor I-6, and a two-phase 
bottoms mixture (S1). 
0339. The bottoms mixture (S1) comprises an upper phase 
(U2), which comprises the tertiary amine (A1), and a lower 
phase (L2), which comprises the formic acid-amine adduct 
(A2), inhibited residues of the catalyst and the inhibitor. 
(0340. The bottoms mixture (S1) is fed as stream 96 to the 
third phase separation apparatus III-6 of the thermal disso 
ciation unit. 

0341. In the third phase separation apparatus III-6 of the 
thermal dissociation unit, the bottoms mixture (Si) is sepa 
rated to give an upper phase (U3) comprising the tertiary 
amine (A1) and a lower phase (L3) comprising inhibited 
residues of the catalyst, the inhibitor and the formic acid 
amine adduct (A2). 
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0342. The upper phase (U3) is recirculated as stream 100 
to the extraction unit VI-6. The lower phase (L3) is fed as 
stream 97 to the second distillation apparatus IV-6 of the 
thermal dissociation unit. The formic acid-amine adduct (A2) 
comprised in the lower phase (L3) is dissociated into formic 
acid and free tertiary amine (A1) in the second distillation 
apparatus IV-6. A distillate (D2) and a bottoms mixture (S2) 
are obtained in the second distillation apparatus IV-6. 
0343. The distillate (D2) comprising formic acid is dis 
charged as stream 99 from the distillation apparatus IV-6. The 
two-phase bottoms mixture (S2) comprising the upper phase 
(U3), which comprises the tertiary amine (A1), and the lower 
phase (L3), which comprises the formic acid-amine adduct 
(A2), inhibited residues of the catalyst and the inhibitor, is 
recirculated as stream 98 to the third phase separation appa 
ratus III-6 of the thermal dissociation unit. The bottoms mix 
ture (S2) is separated in the third phase separation apparatus 
III-6. The upper phase (U3) is recirculated as stream 100 to 
the extraction unit VI-6. The lower phase (L3) is recirculated 
as stream 97 to the second distillation apparatus IV-6. 
0344) The invention is illustrated below by means of 
examples and a drawing. 

EXAMPLES 

Examples A-1 to A-17According to the Invention 

Hydrogenation and Phase Separation, Work-Up of 
the Output from the Hydrogenation Reactor 

0345 A 250 ml Hastelloy C autoclave equipped with a 
magnetic stirrer bar was charged under inert conditions with 
tertiary amine (A1), polar solvent and homogeneous catalyst. 
The autoclave was Subsequently closed and CO was injected 
at room temperature. He was then injected and the reactor was 
heated while stirring (700 rpm). After the desired reaction 
time, the autoclave was cooled and the hydrogenation mix 
ture (H) was depressurized. Unless indicated otherwise, a 
two-phase hydrogenation mixture (H) was obtained, with the 
upper phase (U1) being enriched in the still free tertiary amine 
(A1) and the homogeneous catalyst and the lower phase (L1) 
being enriched in the polar solvent and the formic acid-amine 
adduct (A2) formed. The total content of formic acid in the 
formic acid-amine adduct (A2) was determined by potentio 
metric titration with 0.1 N KOH in MeOH using a “Mettler 
Toledo DL50” titrator. The turnover frequency (=TOF; for the 
definition of the TOF see: J. F. Hartwig, Organotransition 
Metal Chemistry, 1 edition, 2010, University Science 
Books, Sausalito/Calif. p. 545) and the reaction rate were 
calculated therefrom. The composition of the two phases was 
determined by gas chromatography. The ruthenium content 
was determined by atomic adsorption spectroscopy (AAS). 
The parameters and results of the individual experiments are 
shown in Tables 1.1 to 1.5. 
0346 Examples A-1 to A-17 show that high to very high 
reaction rates of up to 0.98 mol kg 'h' are achieved in the 
process of the invention even with variation of the tertiary 
amine (A1), the polar solvent, the catalyst in respect of the 
ligands and the metal component, the amount of the catalyst 
and the amount of water added. All systems examined formed 
two phases, with the upper phase (U1) in each case being 
enriched in the still free tertiary amine (A1) and the homoge 
neous catalyst and the lower phase (L1) in each case being 
enriched in the polar solvent and the formic acid-amine 
adduct (A2) formed. 
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Tertiary amine (A1) 
Polar solvent (used) 

Catalyst 
Injection of CO2 
Injection of H2 
Heating 
Pressure change 
Reaction time 
Special feature 
Upper phase (U1) 

Lower phase (L1) 

kR (cR, in upper phase 
(U1)/c in lower phase 
(L1)) 
TOF 
Reaction rate 

Tertiary amine (A1) 
Polar solvent (used) 

Catalyst 

njection of CO2 
njection of H2 
Heating 
Pressure change 
Reaction time 
Special feature 
Upper phase (U1) 

Lower phase (L1) 

KR (cr., in upper phase 
(U1), c in lower phase 
(L1)) 
TOF 
Reaction rate 

Tertiary amine (A1) 
Polar solvent (used) 

Catalyst 

Injection of CO, 
Injection of H2 
Heating 
Pressure change 

Example A-1 

75 g of trihexylamine 
17.8g of 1-propanol 

7.3 g of water 
0.2 g of Ru(P"Bus) (H). 

19.6 g to 2.4 MPa abs 
to 10.4 MPa abs 

to SO C. 
to 10.0 MPa abs 

1 hour 

57.5 g 
8.0% of 1-propanol 

0.9% of water 
91.1% of trihexylamine 

43.6 g. 
5.9% of formic acid 
30.3% of 1-propanol 

15.6% of water 
48.3% of trihexylamine 

1.60 

252 hl 
0.54 mol kgh 

Example A-5 

75 g of tripentylamine 
21.8g of 2-propanol 

3.3 g of water 
0.2 g of Ru(P"Bus) (H). 

20.1 g to 2.4MPa abs 
to 10.4 MPa abs 

to SO C. 
to 11.0 MPa abs 

1 hour 

65.7 g 
11.5% of 2-propanol 

1.0% of water 
87.5% of tripentylamine 

35.0 g 
5.6% of formic acid 
40.6% of 2-propanol 

7.5% of water 
46.3% of tripentylamine 

1.4 

195 hl 
0.43 mol kgh 

Example A-9 

70 g of trihexylamine 
15.0 g of ethanol 
5.0 g of water 

0.2 g of Ru(P"Bus) (H). 

20.2 g to 2.5 MPa abs 
to 10.9 MPa abs 

to SO C. 
to 11.8 MPa abs 
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TABLE 1.1 

Example A-2 

75 g of trihexylamine 
21.7g of 2-propanol 

3.3 g of water 
0.2 g of Ru(P"Bus) (H) 

20.0 g to 2.3 MPa abs 
to 10.3 MPa abs 

to SOC. 
to 10.5 MPa abs 

1 hour 

62.3 g 
15.4% of 2-propanol 

1.7% of water 
82.9% of trihexylamine 

37.3 g 
4.7% of formic acid 
32.4% of 2-propanol 

5.9% of water 
56.8% of trihexylamine 

1.02 

175 hl 
0.38 mol kgh 

TABLE 1.2 

Example A-6 

75 g of tripentylamine 
17.8g of 1-propanol 

7.3 g of water 
0.2 g of Ru(P"Bus) (H)2), 

0.2 g of 1,2-bis(dicylcohexyl 
phosphino)ethane 

20.2 g to 2.8 MPa abs 
to 8.1 MPa abs 

to SOC. 
to 8.5 MPa abs 

1 hour 

60.6 g. 
5.1% of 1-propanol 

94.9% of tripentylamine 

40.8 g. 
7.0% of formic acid 
36.0% of 1-propanol 

17.9% of water 
39.1% of tripentylamine 

2.2 

282 hl 
0.61 mol kgh 

TABLE 1.3 

Example A-10 

75 g of tripentylamine 
21.5 g of methanol 

3.6 g of water 
0.2 g of Ru(P"Bus) (H) 

20.0 g to 2.2 MPa abs 
to 10.5 MPa abs 

to SO C. 
to 10.3 MPa abs 

0.16 g of Ru(POcts) (H) 

Example A-3 

75 g of tripentylamine 
17.8g of 1-propanol 

7.3 g of water 
0.3 g of Ru(P"Octs) (H). 

20.0 g to 2.5 MPa abs 
to 10.6 MPa abs 

to SO C. 
to 11.4 MPa abs 

1 hour 

75.6 g. 
10.9% of 1-propanol 

0.9% of water 
88.2% of tripentylamine 

22.9 g 
3.4% of formic acid 
41.7% of 1-propanol 

28.9% of water 
26% of tripentylamine 

85 

81 hl 
0.17 mol kgh 

Example A-7 

75 g of tripentylamine 
17.8g of 1-propanol 

7.3 g of water 
0.2 g of Ru(P"Bus) (H), 

0.2 g of 1,2-bis(dicylcohexyl 
phosphino)ethane 

20.0 g to 2.5 MPa abs 
to 10.5 MPa abs 

to SO C. 
to 10.9 MPa abs. 

1 hour 

51.4 g 
3.9% of 1-propanol 

96.1% of tripentylamine 

50.1 g 
8.4% of formic acid 
31.5% of 1-propanol 

14.6% of water 
45.5% of tripentylamine 

2.5 

413 h 
0.90 mol kgh 

Example A-11 

75 g of tripentylamine 
24.0 g of methanol 

1.0 g of water 
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Example A-4 

75 g of tripentylamine 
17.8g of 1-propanol 

7.3 g of water 
0.2 g of Ru(P"Bus) (H) 

20.3 g to 2.5 MPa abs 
to 10.5 MPa abs 

to SO C. 
to 11.5 MPa abs 

1 hour 

63.8 g. 
5.7% of 1-propanol 

0.5% of water 
93.8% of tripentylamine 

38.4 g 
6.8% of formic acid 
36.7% of 1-propanol 

18.2% of water 
38.3% of tripentylamine 

2.7 

250 hl 
0.56 mol kgh 

Example A-8 

75 g of tripentylamine 
18.8g of methanol 

6.3 g of water 
0.2 g of Ru(P"Bus) (H) 

20.0 g to 2.3 MPa abs 
to 10.3 MPa. 
to SO C. 

to 10.5 MPa. 
1 hour 

60.5 g. 
3.1% of methanol 

96.9% of tripentylamine 

40.8 g. 
7.3% of formic acid 
41.5% of methanol 
15.4% of water 

35.8% of tripentylamine 
4.8 

290 hl 
0.64 mol kgh 

Example A-12 

75 g of trihexylamine 
22.0 g of methanol 

3.0 g of water 
0.16 g of Ru(POcts) (H), 
0.08 g of 1,2-bis(dicyclohexyl 

19.9 g to 2.3 MPa abs 
to 10.3 MPa abs 

to SO C. 
to 10.2 MPa abs 

phosphino)ethane 
20.0 g to 2.5 MPa abs 

to 10.5 MPa abs 
to SOC. 

to 10.6 MPa abs 
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Reaction time 

Special feature 
Upper phase (U1) 

Lower phase (L1) 

kR (cR, in upper phase 
(U1/c. in lower phase 
(L1)) 
TOF 

Reaction rate 

Tertiary amine (A1) 
Polar solvent (used) 

Catalyst 

Injection of CO2 
Injection of H2 
Heating 

Pressure change 
Reaction time 

Special feature 
Upper phase (U1) 

Lower phase (L1) 

KRu (c. in upper phase 
(U1), c in lower phase 
(L1)) 
TOF 

Reaction rate 

Example A-9 

1 hour 

52.0 g 
4.6% of ethanol 

95.4% of trihexylamine 
38.4 g 

7.3% of formic acid 

32.8% of ethanol 

13.0% of water 

46.9% of tripentylamine 
1.9 

271 hl 

0.67 molkg 'h' 

Example A-13 

75 g of trihexylamine 
24.0 g of methanol 

6.7 g of water 
0.18 g of 

Ru(PnBu3)4(H)2 

hexylphosphino)ethane 

19.9 g to 2.5 MPa abs 
to 11.5 MPa abs 

to SO C. 

20.2 g to 3.5 MPa abs 
to 11.5 MPa abs 

to SO C. 

to 11.0 MPa abs 

1 hour 

44.1 g 
2.7% of methanol 

97.3% of trihexylamine 
92.7% of trihexylamine 

51.3 g 
5.3% of formic acid 

65.9 g 
7.5% of formic acid 

10.2% of water 

34.6% of methanol 

Example A-14 

75 g of trihexylamine 
25.0 g of ethanol 
6.0 g of water 

Ru(Pnoct3)4(H)2), 
0.08 g of 1,2-bis(dicyclo 

to 10.5 MPa abs 

60.2 g 
0.7% of water 

6.6% of ethanol 

9.3% of water 

41.0% of ethanol 
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TABLE 1.3-continued 

Example A-10 

1 hour 

49.5 g. 
2.5% of methanol 

77.5 g of tripentylamine 

52.8 g. 
8.7% of formic acid 

38.5% of methanol 

6.8% of water 

46.0% of tripentylamine 
2.5 

446 h 

0.98 molkg 'h' 

TABLE 1.4 

0.16 g of 

1 hour 

Example A-15 

75 g of trihexylamine 
25.0 g of 1-propanol 

6.0 g of water 
0.16 g of 

Ru(Pnoct3)4(H)2), 
0.08 g of 1,2-bis(dicyclo 
hexylphosphino)ethane 

19.9 g to 2.5 MPa abs 
to 10.5 MPa abs 

to SO C. 

to 11.3 MPa abs 

1 hour 

46.4 g 
2.0% of water 

6.2% of 1-propanol 
91.8% of trihexylamine 

60.6 g. 
5.6% of formic acid 

8.4% of water 

36.5% of 1-propanol 

Example A-11 

1 hour 

63.3 g 
8.4% of methanol 

91.6% of tripentylamine 
35.9 g 

4.5% of formic acid 

52.1% of methanol 

2.8% of water 

40.7% of tripentylamine 
14.0 

343 h 

0.35 mol kg 'h' 
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Example A-12 

1 hour 

46.7 g 
4.1% of methanol 

95.9% of trihexylamine 
54.2 g 

7.2% of formic acid 

37.1% of methanol 

5.5% of water 

50.2% of trihexylamine 
1.7 

806 h 

0.84 mol kg 'h' 

Example A-16 

75 g of trihexylamine 
25.0 g of ethanol 
8.0 g of water 

0.16 g of 
Ru(Pnoct3)4(H)2), 

0.08 g of 1,2-bis(dicyclo 
hexylphosphino)ethane 

19.5 g to 2.6 MPa abs 
to 10.7 MPa abs 

to SO C. 

to 11.6 MPa abs 

2 hours 

48.9 g 
0.6% of water 

4.5% of ethanol 

94.9% of trihexylamine 
61.9 g 

6.0% of formic acid 

12.4% of water 

36.8% of ethanol 

47.7% of trihexylamine 44.4% of trihexylamine 49.5% of trihexylamine 44.8% of trihexylamine 
1.9 1.6 1.5 3.2 

551 h-1 569 h-1 726 h-1 351 h-1 

0.98 mol kg-1 h-1 0.53 mol kg-1 h-1 0.68 mol kg-1 h-1 0.37 mol kg-1 h-1 
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TABLE 1.5 

Example A-17 

Tertiary amine (A1) 
Polar solvent (used) 

75 g of trihexylamine 
25.0 g of 1-propanol 

8.0 g of water 
0.16 g of Ru(P"Octs) (H)2), 

0.08 g of 1,2- 
bis(dicyclohexylphosphino)ethane 

20.3 g to 2.5 MPa abs 
to 10.5 MPa abs 

Catalyst 

Injection of CO2 
Injection of H2 
Heating to SO C. 
Pressure change to 11.4 MPa abs 
Reaction time 2 hours 
Special feature 

21 
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mixture was stirred for 10 minutes at room temperature. A 
two-phase hydrogenation mixture (H) was obtained, with the 
upper phase (U1) being enriched in the tertiary amine (A1) 
and the homogeneous catalyst and the lower phase (L1) being 
enriched in the polar solvent and the formic acid-amine 
adduct (A2) formed. The phases were Subsequently separated 
and the formic acid content of the lower phase (L1) was 
determined. The total content of formic acid in the formic 
acid-amine adduct (A2) was determined by potentiometric 
titration with 0.1 N KOH in MeOH using a “Mettler Toledo 
DL50 titrator. The parameters and results of the individual 
experiments are shown in Table 1.1 
0348 Examples A-18 to A-21 show that, under compa 
rable conditions, higher formic acid concentrations in the 
lower phase can be achieved when using methanol/water 
mixtures as polar solvent compared to diols as polar solvent. 

TABLE 1.6 

Autoclave 
Tertiary amine (A1) 
Polar solvent (used) 

Comparative Example 
A-18 

250 ml 
trihexylamine 50.0 g 

2-methyl-1,3- 
propanediol 50.0 g 

Example A-19 according to 
the invention 

250 ml 
trihexylamine 85.0 g 
methanol 25.0 g 

water 2.0 g 

Comparative Example 
A-20 

250 ml 
trihexylamine 50.0 g 
1,4-butanediol 50.0 g 

Example A-21 according to 
the invention 

100 ml 
trihexylamine 37.5g 

methanol 12.0g 
water 0.25g 

Catalyst Ru(PnBus) (H)2 100 mg Ru(PnOctyl)(H)320 mg Ru(PnBus) (H)2 100 mg Ru(PnOctyl)(H) 160 mg 
1,2-bis(dicyclohexyl- 1,2-bis(dicyclohexyl- 1,2-bis(dicyclohexyl- 1,2-bis(dicyclohexyl 

phosphino)ethane 90 mg phosphino)ethane 90 mg phosphino)ethane 90 mg phosphino)ethane 82 mg 
Injection of CO2 20.4 g to 3.6 MPa. 26.2 g to 2.8 MPa. 15.5 g to 3.1 MPa. 7.9 g to 2.9 MPa. 
Injection of H2 to 11.1 MPa. to 12.0 MPa. to 8.1 MPa. to 8.0 MPa. 
Heating 50° C. 50° C. 50° C. 50° C. 
Reaction time 1 h 1 h 1 h 1 h 
Formic acid concen- 7.1% 8.5% 2.1% 8.0 
tration in the lower 
phase (L1) 
Water addition after 2.0 g 1.0 g 
the reaction 

TABLE 1.5-continued Examples B-1 to B-3 
Example A-17 Extraction of the Catalyst 

0349. A 100 ml Hastelloy C autoclave equipped with a 
Upper phase (U1) 37.1 g blade stirrer was charged under inert conditions with the 

2.6% of water 
3.9% of 1-propanol 

93.5% of trihexylamine 
74.5 g 
6.2% of formic acid 

9.4% of water 
31.5% of 1-propanol 

52.9% of trihexylamine 

Lower phase (L1) 

KR (cR, in upper phase 3.9 
(U1), c in lower phase 
(L1)) 
TOF 437 h 
Reaction rate 0.45 mol kgh 

Examples A-18 to A-21 

Hydrogenation Using Diols and Methanol as Solvent 
(0347 A 100 ml or 250 ml Hastelloy Cautoclave equipped 
with a blade or magnetic stirrer was charged under inert 
conditions with the tertiary amine (A1), polar solvent and the 
catalyst. The autoclave was Subsequently closed and CO was 
injected at room temperature. He was then injected and the 
stirrer was heated while stirring (700-1000 rpm). After the 
reaction time, the autoclave was cooled and the hydrogena 
tion mixture (H) was depressurized. After the reaction, water 
was added where applicable to the reaction output and the 

tertiary amine (A1), polar solvent and the catalyst. The auto 
clave was Subsequently closed and CO was injected at room 
temperature. He was then injected and the reactor was heated 
while stirring (1000 rpm). After the reaction time, the auto 
clave was cooled and the hydrogenation mixture (H) was 
depressurized. This gave a two-phase hydrogenation mixture 
(H), in which the upper phase (U1) was enriched in the still 
free tertiary amine (A1) and the homogeneous catalyst and 
the lower phase (L1) was enriched in the polar solvent and the 
formic acid-amine adduct (A2) formed. The lower phase (L1) 
was separated off and admixed three times under inert con 
ditions with the same amount (mass of amine corresponds to 
the mass of the lower phase (L1)) of fresh tertiary amine (A1) 
(stir for 10 minutes at room temperature and Subsequently 
separate the phases) to extract the catalyst. The total content 
of formic acid in the formic acid-amine adduct (A2) was 
determined by potentiometric titration with 0.1 N KOH in 
MeOH using a “Mettler Toledo DL50” titrator. The ruthe 
nium content was determined by AAS. The parameters and 
results of the individual experiments are shown in Table 1.6. 
0350 Examples B-1 to B-3 show that the amount of ruthe 
nium catalyst in the lower phase (L1) can be reduced by 
extraction with tertiary amine (A1) obtained in process step 
(e) in the process of the invention. This value was able to be 
reduced further by means of further extraction steps or a 
continuous countercurrent extraction. 
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TABLE 1.7 

Example B-1 

Tertiary amine (A1) 
Polar solvent (used) 

37.5 g of trihexylamine 
12.0 g of methanol 
0.5g of water 

0.16 g of Ru(PnOctyl)(H)2 
to 1.7 MPa abs 
to 8.0 MPa abs 

Catalyst 
Injection of CO2 
Injection of H2 

Example B-2 

37.5 g of tripentylamine 
10.0 g of methanol 

2.5 g of water 
0.1 g of Ru(PnButyl)(H)2 

to 2.3 MPa abs 
to 8.0 MPa abs 

Jan. 10, 2013 
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Example B-3 

37.5 g of trihexylamine 
10.0 g of methanol 

2.5 g of water 
0.1 g of Ru(PnButyl)(H)2 

to 2.5 MPa abs 
to 8.0 MPa abs 

Heating 50° C. 50° C. 50° C. 
Reaction time 1.5 hours 1 hour 1 hour 
Upper phase (U1) 23.3 g 31.1 g 22.9 g 
Lower phase (L1) 26.2 g 17.4 g 27.5 g 

6.1% of formic acid 5.6% of formic acid 7.2% of formic acid 
cR, in upper phase (U1) 350 ppm 320 ppm 250 ppm 
after the reaction 
cR, in lower phase (L1) 33 ppm 80 ppm 170 ppm 
after the reaction 
ce in lower phase after 21 ppm 50 ppm 75 ppm 
the extraction (raffinate R2) 

Examples C-1 to C-16. According to the Invention 

Hydrogenation and Phase Separation, Addition of 
Water after the Reaction 

0351. A 250 ml Hastelloy C autoclave equipped with a 
magnetic stirrer bar was charged under inert conditions with 
tertiary amine (A1), polar solvent and homogeneous catalyst. 
The autoclave was Subsequently closed and CO was injected 
at room temperature. He was then injected and the reactor was 
heated while stirring (700 rpm). After the desired reaction 
time, the autoclave was cooled and the hydrogenation mix 
ture (H) was depressurized. This gave, unless indicated oth 
erwise, after addition of water a two-phase hydrogenation 
mixture (H), with the upper phase (U1) being enriched in the 
still free tertiary amine (A1) and the homogeneous catalyst 
and the lower phase (L1) being enriched in the polar solvent, 
water and the formic acid-amine adducts (A2) formed. The 
total content of formic acid in the formic acid-amine adduct 
(A2) was determined by potentiometric titration with 0.1 N 
KOH in MeOH using a “Mettler Toledo DL50” titrator. The 
turnover frequency (TOF; for the definition of the TOF see: 
J. F. Hartwig, Organotransition Metal Chemistry, 1 edition, 
2010, University Science Books, Sausalito/Calif. p. 545) and 
the reaction rate were calculated therefrom. The ruthenium 

Example C-1 

content was determined by atomic absorption spectroscopy. 
The composition of the two phases was determined by gas 
chromatography and proton NMR spectroscopy. The param 
eters and results of the individual experiments are shown in 
Tables 1.7 to 1.11. 

0352. In the embodiments in Experiments C-1 to C-16, 
unfavorable Ru partition coefficients k are present after the 
reaction. The product phase, viz. stream (3.13a), 33a), 53a), 
73a), 93a)), was therefore subsequently admixed with water 
to form a two-phase mixture, with the upper phase (U1) 
comprising mainly amine and the alcohol and the lower phase 
(L1) comprising the formic acid-amine adducts (A2), the 
alcohol and water and improved Ru partition coefficients 
between these two phases being established as a result of the 
addition of water. In the embodiments in comparative experi 
ments for comparison with C3, C7 and C15 (Experiments 
C-17 to C-19 in Table 1.12), the total amount of water was 
added in the reaction. It can clearly be seen here that, in the 
case of the solvents and catalysts used here, the addition of 
this amount of water in the hydrogenation leads to poorer 
ruthenium partition coefficients after the reaction and/or 
lower reaction rates. 

TABLE 1.8 

Example C-2 

Tertiary amine (A1) 
Polar solvent (used) 
Catalyst 
Injection of CO, 
Injection of H2 
Heating 
Pressure change 
Reaction time 
Special feature 
Upper phase (U1) 

Lower phase (L1) 

75 g of trihexylamine 
25g of methanol 

0.18 g of Ru(P"Bus) (H) 
19.9 g to 1.8 MPa abs 

to 9.8 MPa abs 
to SOC. 

to 9.4MPa abs 
1 hour 

15.9 g 
12.4% of methanol 

87.6% of trihexylamine 
87.3 g 

5.9% of formic acid 
26.4% of methanol 

67.7% of trihexylamine 

50 g of the lower phase 
from Example C-2 are 
admixed with 6.1 g of 
water. Two phases are 

formed. 

18.8g 
2.8% of methanol 

97.2% of trihexylamine 
36.2g 

7.3% of formic acid 
16.9% of water 

35.0% of methanol 
40.8% of trihexylamine 

75 g of tripentylamine 
25g of methanol 

0.18 g of Ru(P"Bus) (H) 
19.7 g to 1.9 MPa abs 

to 9.9 MPa abs 
to SO C. 

to 9.4MPa abs 
1 hour 

38.5 g 
4.9% of methanol 

95.1% of tripentylamine 
64.1 g 

8.1% of formic acid 
36.1% of methanol 

55.8% of tripentylamine 

50 g of the lower phase 
from Example C-2 are 
admixed with 8.3 g of 
water. Two phases are 

formed. 

10.4g 
1.1% of methanol 

98.9% of tripentylamine 
46.7g 

8.0% of formic acid 
17.8% of water 

38.5% of methanol 
35.7% of tripentylamine 
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KR (cR, in upper phase 
(U1), c in lower phase 
(L1)) 
TOF 
Reaction rate 

Tertiary amine (A1) 
Polar solvent (used) 

Catalyst 
Injection of CO2 
Injection of H2 
Heating 
Pressure change 
Reaction time 
Special feature 
Upper phase (U1) 

Lower phase (L1) 

KR (cr., in upper phase 
(U1)/c in lower phase) 
TOF 
Reaction rate 

Example C-1 

560 h. 
1.09 mol kgh 

Example C-3 

75 g of trihexylamine 
24 g of methanol 

1 g of water 
0.18 g of Ru(P"Bus) (H) 

20.1 g to 2.1 MPa abs 
to 10.1 MPa abs 

to SOC. 
to 9.6 MPa abs 

1 hour 

27.4 g 
9.0% of methanol 

91.0% of trihexylamine 
76.3 g 

7.1% of formic acid 
1.3% of water 

28.2% of methanol 
63.4% of trihexylamine 

O.6 

591 h 
1.09 mol kgh 

Example C-5 
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TABLE 1.8-continued 

4.0 

TABLE 1.9 

50 g of the lower phase 
from Example C-3 are 
admixed with 5.7g of 
water. Two phases are 

formed. 

12.3g 
2.8% of methanol 

97.2% of trihexylamine 
41.7g 

7.8% of formic acid 
15.2% of water 

33.0% of methanol 
44.0% of trihexylamine 

3.3 

TABLE 1.10 

Example C-6 

Example C-2 

0.7 

562 h 
1.09 mol kgh 

Example C-4 

75 g of tripentylamine 
24 g of methanol 
1 g of methanol 

0.18 g of Ru(P"Bus) (H), 
20.1 g to 2.2 MPa abs 

to 10.2 MPa abs 
to SO C. 

to 10.3 MPa abs 
1 hour 

43.9 g 
3.4% of methanol 

96.6% of tripentylamine 
59.2 g 

8.7% of formic acid 
38.0% of methanol 

1.7% of water 
51.6% of tripentylamine 

Jan 

2.7 

50 g of the lower phase 
from Example C-4 are 
admixed with 7.8g of 
water. Two phases are 

formed. 

7.3g 
1.3% of methanol 

98.7% of tripentylamine 
49.1 g 

8.3% of formic acid 
17.6% of water 

38.5% of methanol 
35.6% of tripentylamine 

1.1 1.7 

551 hl 
1.08 mol kgh 

Example C-7 Example C-8 

Tertiary amine (A1) 
Polar solvent (used) 
Catalyst 

Injection of CO2 
Injection of H2 
Heating 
Pressure change 
Reaction time 
Special feature 

Upper phase (U1) 

Lower phase (L1) 

KRu (c. in upper phase 
(U1), c in lower phase 
(L1)) 
TOF 
Reaction rate 

Tertiary amine (A1) 
Polar solvent (used) 

75 g of tripentylamine 
25g of methanol 

0.16 g of 
Ru(Pnoct3)4(H)2 

30.0 g to 2.5 MPa abs 
to 8.0 MPa abs 

to SO C. 
to 10.5 MPa abs 

1 hour 
addition of 2 g of water 

after the reaction 
55.9 g 
4.9% of methanol 

95.1% of tripentylamine 
44.6 g. 

6.4% of formic acid 
4.5% of water 

50.0% of methanol 
39.1% of tripentylamine 

4.2 

602 h-1 
0.62 mol kg-1 h-1 

Example C-9 

75 g of trihexylamine 
25g of methanol 

75 g of trihexylamine 
25g of methanol 

0.16 g of 
Ru(Pnoct3)4(H)2 

20.0 g to 1.7 MPa abs 
to 9.7 MPa abs 

to SO C. 
to 10.4 MPa abs 

1 hour 
addition of 2 g of water 

after the reaction 
43.9 g 
9.7% of methanol 

92.3% of trihexylamine 
49.9 g 

5.7% of formic acid 
41.5% of methanol 
4.0% of water 

48.8% of trihexylamine 
6.8 

602 h-1 
0.62 mol kg-1 h-1 

TABLE 1.11 

Example C-10 

75 g of trihexylamine 
25g of methanol 

75 g of tripentylamine 
25g of methanol 

0.16 g of 
Ru(Pnoct3)4(H)2 

19.9 g to 2.1 MPa abs 
to 10.0 MPa abs 

to SO C. 
to 10.6 MPa abs 

1 hour 
addition of 5 g of water 

after the reaction 
55.5 g 
3.1% of methanol 

96.9% of tripentylamine 
45.5 g 

6.1% of formic acid 
51.2% of methanol 
11.0% of water 

31.7% of tripentylamine 
10.9 

586 h-1 
0.60 mol kg-1 h-1 

Example C-11 

75 g of trihexylamine 
25g of methanol 

75 g of tripentylamine 
25g of methanol 

0.33 g of 
Ru(Pnoct3)4(H)2 

20.0 g to 2.0 MPa abs 
to 10.0 MPa abs 

to SO C. 
to 10.8 MPa abs 

1 hour 
addition of 3 g of water 

after the reaction 
40.5 g. 

VH1O-44 

61.5 g. 
7.0% of formic acid 
35.9% of methanol 
4.9% of water 

52.2% of trihexylamine 
410 

447 h-1 
0.91 mol kg-1 h-1 

Example C-12 

75 g of trihexylamine 
25g of methanol 

10, 2013 
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Catalyst 

njection of CO2 
njection of H2 
Heating 
Pressure change 
Reaction time 
Special feature 

Upper phase (U1) 
Lower phase (L1) 

KR (cr., in upper phase 
(U1), c in lower phase 
(L1)) 
TOF 
Reaction rate 

Tertiary amine (A1) 
Polar solvent (used) 
Catalyst 

Injection of CO2 
Injection of H2 
Heating 
Pressure change 
Reaction time 
Special feature 

Upper phase (U1) 

Lower phase (L1) 

KR (cR, in upper phase 
(U1), c in lower phase) 
TOF 
Reaction rate 

Jan. 10, 2013 

TABLE 1.11-continued 

Example C-9 Example C-10 Example C-11 Example C-12 

0.16 g of 0.16 g of 0.16 g of 0.32 g of 
Ru(PnCctyl)(H)2, Ru(PnCctyl)(H)2 Ru(PnOctyl)(H)2. Ru(PnOctyl)(H)2. 

0.08 g of 1,2- 0.08 g 1,2- 0.17 g of 1,2- 
bis(dicyclohexyl- bis(dicyclohexyl- bis(dicyclohexyl 
phosphino)ethane phosphino)ethane phosphino)ethane, 

0.15g of Pinoctyl 
to 2.0 MPa abs to 1.9 MPa abs to 1.8 MPa abs to 2.0 MPa abs 
to 10.0 MPa abs to 9.9 MPa abs to 9.8 MPa abs to 12.0 MPa abs 
70° C. 70° C. 40° C. 50° C. 
to 10.4 MPa abs to 11.1 MPa abs to 10.0 MPa abs to 12.4 MPa abs 

1 hour 1 hour 1 hour 1 hour 
addition of 5 g of water addition of 5 g of water addition of 5 g of water addition of 5 g of water 

after the reaction after the reaction after the reaction after the reaction 
42.5 g. 55.2 g 50.5 g 25.9 g 
58.4 g 43.4 g 49.0 g 78.0 g 

7.3% of formic acid 5.4% of formic acid 6.2% of formic acid 8.5% of formic acid 
16.3 1OO 2.2 19.4 

904 h 492 h 650 hl 696 
0.92 mol kg 'h' 0.52 mol kg 'h' 0.62 molkg 'h' 1.38 molkg 'h' 

TABLE 1.12 

Example C-13 Example C-14 Example C-15 Example C-16 

75 g of trihexylamine 
25g of methanol 

0.11 g of Ru(COD)Cl]-, 
0.17 g of 1,2- 

bis(dicyclohexyl 
phosphino)ethane, 
0.15g of Pinoct 
to 1.6 MPa abs 
to 12.0 MPa abs 
50° C. 
to 12.1 MPa abs 

1 hour 
addition of 5 g of water 

after the reaction 

16.6 g. 

88.1 g 
9.0% of formic acid 

12.0 

435 hl 
1.64 mol kgh 

75 g of trihexylamine 
25g of methanol 

75 g of trihexylamine 
25g of methanol 

75 g of trihexylamine 
25g of ethanol 

0.32 g of 0.32 g of Ru(PnCoctyls). (H)2), 0.18 g of Ru(P"Octs) (H) 
Ru(PnOctyl)(H), 0.08 g of 1,2- 

0.08 g of 1,2- bis(dicyclohexyl 
bis(diphenyl- phosphino)-ethane 

phosphino)-ethane 
to 1.6 MPa abs 
to 9.6 MPa abs 
50° C. 
to 8.6 MPa abs 

to 1.7 MPa abs 
to 9.7 MPa abs 
50° C. 

to 9.5 MPa abs 

20.0 g to 2.2 

to SO 

MPa abs 
to 10.2 MPa abs 

C. 
to 11.1 MPa abs 

2 hours 
addition of 5 g of water 

after the reaction 

2 hours 
addition of 5 g of water 

after the reaction 

1 hour 
Single-phase reaction output; 
addition of 5 g of water after 

the reaction, resulting in 
formation of two phases 

36.2 g 26.7 g 66.3 g 
8.8% of ethanol 
0.8% of water 

90.4% of trihexylamine 
66.1 g 74.0 g 29.6 g. 

7.3% of formic acid 

1.4 

258 hl 
1.02 mol kgh 

TABLE 1.13 

8.3% of formic acid 

14 

335 hl 
1.33 mol kgh 

Comparative experiments - addition of water in the reaction 

Example C-17 (comparative 
experiment for C3) 

Example C-18 (comparative 
experiment for C15) 

Example C-19 (comparative 
experiment for C7) 

Tertiary amine (A1) 
Polar solvent (used) 

Catalyst 

75 g of trihexylamine 
24 g of methanol 
6.7 g of water 

0.18 g of Ru(P"Bus) (H) 

75 g of trihexylamine 
25g of methanol 
5.0 g of water 

0.32 g of Ru(PnOctyl)(H)2), 
0.08 g of 1,2- 

bis(dicyclohexyl 
phosphino)ethane 

75 g of tripentylamine 
25g of methanol 
5.0 g of water 

0.16 g of Ru(PnOctyls). (H)2 

2.7% of formic acid 
20.9% of water 
64.4% of ethanol 

12% of trihexylamine 
22.5 

152 hl 
0.18 mol kgh 
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TABLE 1.13-continued 

Comparative experiments - addition of water in the reaction 

Example C-17 (comparative 
experiment for C3) 

Example C-18 (comparative 
experiment for C15) 

Example C-19 (comparative 
experiment for C7) 

Injection of CO2 
Injection of H2 

20.0 g to 3.5 MPa abs 
to 11.5 MPa abs 

20.0 g to 2.5 MPa. abs 
to 10.6 MPa abs 

20.0 g to 2.1 MPa abs 
to 10.1 MPa abs 

Heating to SOC. to SO C. to SO C. 
Pressure change to 11.0 MPa abs to 11.0 MPa abs to 11.3 MPa abs 
Reaction time 1 hour 1 hour 1 hour 

water is added before 
the reaction 

water is added before 
the reaction 

water is added before 
the reaction 

Special feature 

Upper phase (U1) 44.1 g 64.3 g 66.6 g. 
Lower phase (L1) 65.9 g 41.7 g 37.6 g. 

7.5% of formic acid 4.7% of formic acid 2.4% of formic acid 
KR (cR, in upper phase 1.8 1.3 32.5 
(U1)/c in lower phase 
(L1)) 
TOF 551 hl 394 h. 187 hl 
Reaction rate 0.98 mol kgh 

Examples D1-D4 

Extraction of the Catalyst 
0353 A 100 ml Hastelloy C autoclave equipped with a 
blade stirrer was charged under inert conditions with the 
tertiary amine (A1), polar solvent and the catalyst. The auto 
clave was Subsequently closed and CO was injected at room 
temperature. He was then injected and the reactor was heated 
while stirring (1000 rpm). After the reaction time, the auto 

Example D-1 

Tertiary amine (A1) 
Polar solvent (used) 

37.5 g of trihexylamine 
12.0 g of methanol 

Catalyst 0.16 g of 
Ru(PnCctyl)(H)2 
to 1.7 MPa abs 
to 8.0 MPa abs 

Injection of CO2 
Injection of H2 
Heating 50° C. 
Reaction time 1.5 hours 
Water addition after the 2.5 g. 
reaction 
Upper phase (U1) 26.3 g 
Lower phase (L1) 24.7 g 

6.6% of formic acid 
cR, in upper phase (U1) 350 ppm 
after the reaction and 
addition of water 
ce in lower phase (L1) after 4 ppm 
extraction (raffinate (R2)) 

clave was cooled and the hydrogenation mixture (H) was 
depressurized. After the reaction, water was added to the 
reaction output and the mixture was stirred at room tempera 
ture for 10 minutes. This gave a two-phase hydrogenation 
mixture (H), with the upper phase (U1) being enriched in the 
still free tertiary amine (A1) and the homogeneous catalyst, 
and the lower phase (L1) being enriched in the polar solvent 
and the formic acid-amine adduct (A2) formed. The lower 
phase (L1) was separated off and treated three times under 
inert conditions with the same amount (mass of amine corre 
sponds to the mass of the lower phase) of fresh trialkylamine 
(stir at room temperature for 10 minutes and Subsequently 
separate the phases). The total content of formic acid in the 

0.4 mol kgh 

37.5g of trihexylamine 

0.19 mol kgh 

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 experi 
ments are shown in Table 1.13. 

0354 Examples D-1 to D-4 show that the ruthenium con 
tent of the product phase can be reduced to less than one ppm 
of ruthenium by varying the catalyst and the amount of water 
added in the formation of formic acid. 

TABLE 1.14 

Example D-2 Example D-3 Example D-4 

37.5 g of trihexylamine 
12.0 g of methanol 

37.5 g of trihexylamine 
12.0 g of methanol 
0.5g of water 

12.0 g of methanol 

0.16 g of 0.16 g of 0.1 g of 
Ru(PnCctyl)(H)2 Ru(PnCctyl)(H)2 Ru(PnButyl)(H)2 
to 1.6 MPa abs to 1.8 MPa abs to 1.7 MPa abs 

to 8.0 MPa. to 8.0 MPa. to 8.0 MPa. 
50° C. 50° C. 50° C. 
1.5 hours 16 hours 1.5 hours 
4.7 g 2.5 g. 0.8 g. 

27.4 g 23.2 g 17.5 g. 
25.5 g 28.1 g 28.9 g 

5.9% of formic acid 6.8% of formic acid 7.4% of formic acid 
280 ppm 370 ppm 200 ppm 

2 ppm <1 ppm 43 ppm 

Examples E1-E9 

Reuse of the Catalyst and Catalyst Extraction 

0355. A 100 ml Hastelloy C autoclave equipped with a 
blade stirrer was charged under inert conditions with the 
tertiary amine (A1), polar solvent and the catalyst. The auto 
clave was Subsequently closed and CO was injected at room 
temperature. He was then injected and the reactor was heated 
while stirring (1000 rpm). After the reaction time, the auto 
clave was cooled and the hydrogenation mixture (H) was 
depressurized. After the reaction, water was added to the 
reaction output and the mixture was stirred at room tempera 
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ture for 10 minutes. This gave a two-phase product mixture, 
with the upper phase (U1) being enriched in the still free 
tertiary amine (A1) and the homogeneous catalyst and the 
lower phase (L1) being enriched in the polar solvent and the 
formic acid-amine adduct (A2) formed. The phases were 
Subsequently separated and the formic acid content of the 
lower phase (L1) and also the ruthenium content of both 
phases were determined by the methods described below. The 
upper phase (U1) comprising ruthenium catalyst was then 
made up to 37.5 g with fresh tertiary amine (A1) and reused 
for the hydrogenation of CO using the same solvent under 
the same reaction conditions as before. After the reaction was 
complete and water had been added, the lower phase (L1) was 
separated off and admixed three times under inert conditions 
with the same amount (mass of amine corresponds to the mass 

26 
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of the lower phase) of fresh tertiary amine (A1) (stir at room 
temperature for 10 minutes and Subsequently separate the 
phases) to extract the catalyst. The total content of formic acid 
in the formic acid-amine adduct (A2) was determined by 
potentiometric titration with 0.1 N KOH in MeCH using a 
“Mettler Toledo DL50 titrator. The ruthenium content was 
determined by AAS. The parameters and results of the indi 
vidual experiments are shown in Tables 1.14 to 1.19. 
0356. Examples E-1 to E-9 show that varying the catalyst, 
the amount of water added (both before and after the reaction) 
and the reaction conditions allows the active catalyst to be 
reused for the hydrogenation of CO and allows the ruthe 
nium content of the product phase to be reduced to as low as 
2 ppm by means of only a single extraction. 
TABLE 1.15 

Tertiary amine (A1) 

Polar solvent (used) 

Catalyst 

Injection of CO2 
Injection of H2 
Heating 
Reaction time 
Water addition 
after the 
reaction 
Upper phase (U1) 
Lower phase (L1) 

cR, in upper 
phase (U1) 
after the 
reaction and 
addition of 
Water 

cR, in lower 
phase (L1) 
after the 
reaction and 
addition of 
Water 

cR, in lower 
phase after 
extraction 
(raffinate (R2)) 

Example E-1a (first 
hydrogenation) 

37.5 g of trihexylamine 

12.0 g of methanol 
0.5g of water 

0.16 g of 
Ru(PnCctyl)(H)2, 

0.08 g of 1,2- 
bis(dicyclohexyl 
phosphino)-ethane 
to 1.6 MPa abs 
to 8.0 MPa abs 

70° C. 
1.5 hours 
0.5 g. 

19.3 g 
30.8 g. 

6.0% of formic acid 
250 ppm 

120 ppm 

Example E-1b (reuse of the 
catalyst and extraction) 

Upper phase from E-1a 
made up to 37.5 g with 
fresh trihexylamine 
12.0 g of methanol 

Upper phase from C-1a 

to 1.5 MPa abs 
to 8.0 MPa. 
70° C. 
1.5 hours 
1.0 g 

24.7 g 
25.4 g 

5.9% of formic acid 
170 ppm 

9 ppm 

Example E-1a (first 
hydrogenation) 

37.5 g of trihexylamine 

12.0 g of methanol 
0.3 g of water 

0.16 g of 
Ru(PnOctyl)(H)2. 

0.08 g of 1,2- 
bis(dicyclohexyl 
phosphino)-ethane 
to 1.6 MPa abs 
to 8.0 MPa abs 

700 C. 
1.5 hours 
1.0 g 

20.9 g 
29.9 g 

6.6% of formic acid 
200 ppm 

130 ppm 

Example E-2b (reuse of the 
catalyst and extraction) 

Upper phase from E-2a 
made up to 37.5 g with 
fresh trihexylamine 
12.0 g of methanol 
0.25 g of water 

Upper phase from C-2a 

to 1.7 MPa abs 
to 8.0 MPa abs 

70° C. 
1.5 hours 
1.0 g 

25.9 g 
24.8 g. 

6.4% of formic acid 
140 ppm 

10 ppm 

TABLE 1.16 

Example E-3a (first 
hydrogenation) 

Tertiary amine (A1) 37.5 g of trihexylamine 

Polar solvent (used) 12.0 g of methanol 

Example E-3b (reuse of the 
catalyst and extraction) 

Upper phase from E-3a made up to 
37.5 g with fresh trihexylamine 

12.0 g of methanol 

Example E-4a (first 
hydrogenation) 

Example E-4b (reuse of the 
catalyst and extraction) 

37.5 g of trihexylamine Upper phase from E-4a made up to 
37.5 g with fresh trihexylamine 

12.0 g of methanol 
0.5g of water 

12.0 g of methanol 
0.5g of water 

Catalyst 0.16 g of Upper phase from C-3a 0.16 g of Upper phase from C-4a 
Ru(PnOctyl)(H)2, Ru(PnCctyl)(H)2, 

0.08 g of 1,2-bis(dicyclo- 0.08 g of 1,2-bis(dicyclo 
hexylphosphino)ethane hexylphosphino)ethane 

Injection of CO2 to 1.8 MPa abs to 1.6 MPa abs to 1.8 MPa abs to 1.7 MPa abs 
Injection of H2 to 8.0 MPa abs to 8.0 MPa. to 8.0 MPa abs to 8.0 MPa abs 
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TABLE 1.16-continued 

Example E-3b (reuse of the Example E-4a (first 
hydrogenation) catalyst and extraction) hydrogenation) 

Heating 70° C. 700 C. 70° C. 
Reaction time 16 hours 1.5 hours 16 hours 
Water addition after the 1.0 g 1.0 g 1.0 g 
reaction 
Upper phase (U1) 19.9 g 24.7 g 19.7 g 
Lower phase (L1) 30.8 g. 24.4 g 31.1 g 

6.8% of formic acid 6.0% of formic acid 7.1% of formic acid 
cR, in upper phase 205 ppm 135 ppm 250 ppm 
(U1) after the reaction 
and addition of water 
cR, in lower phase (L1) 145 ppm 125 ppm 
after the reaction and 
addition of water 
ce in lower phase after 4 ppm 
extraction (raffinate 
(R2)) 

TABLE 1.17 

Jan. 10, 2013 

Example E-4b (reuse of the 
catalyst and extraction) 

70° C. 
1.5 hours 
1.0 g 

24.0 g 
26.8 g. 

6.4% of formic acid 
175 ppm 

4 ppm 

Tertiary amine (A1) 

Polar solvent (used) 
Catalyst 
Injection of CO2 
Injection of H2 
Heating 
Reaction time 
Water addition after 
the reaction 
Upper phase (U1) 
Lower phase (L1) 

cR, in upper 
phase (U1) 
after the 
reaction and 
addition of 
Water 

cR, in lower 
phase (L1) 
after the 
reaction and 
addition of 
Water 

cR, in lower 
phase after 
extraction 
(raffinate R2) 

Example E-5a (first 
hydrogenation) 

37.5 g of trihexylamine 

12.0 g of methanol 
0.16 g of Ru(PnCctyl)(H)2 

to 1.7 MPa abs 
to 8.0 MPa abs 

50° C. 
1.5 hours 
1.0 g 

22.1 g 
27.8 g. 

6.7% of formic acid 
420 ppm 

14 ppm 

Example E-5b (reuse of the 
catalyst and extraction) 

upper phase from C-5a made 
up to 37.5 g with 

fresh trihexylamine 
12.0 g of methanol 

upper phase from C-5a 
to 1.6 MPa abs 

to 8.0 MPa. 
50° C. 
1.5 hours 
1.0 g 

27.1 g 
22.1 g 

4.5% of formic acid 
310 ppm 

2 ppm 

Example E-6a (first 
hydrogenation) 

37.5 g of trihexylamine 

12.0 g of methanol 
0.16 g of Ru(PnOctyls). (H)2 

to 1.7 MPa abs 
to 8.0 MPa abs 

50° C. 
1.5 hours 
2.5 g. 

23.8 g. 
26.9 g 

6.2% of formic acid 
400 ppm 

4 ppm 

TABLE 1.18 

Example E-7a (first 
hydrogenation) 

Example E-7b (reuse of the 
catalyst and extraction) 

Tertiary amine (A1) 37.5 g of trihexylamine upper phase from E-7a made up to 
37.5 g with fresh trihexylamine 

12.0 g of methanol 
0.25 g of water 

upper phase from C-7a 

Polar solvent (used) 12.0 g of methanol 
0.25 g of water 

0.16 g of Ru(PnOctyl)(H)2, 
0.08 g of 1,2-bis(dicyclo 
hexylphosphino)ethane 

Injection of CO, to 1.5 MPa abs to 1.6 MPa abs 
Injection of H2 to 8.0 MPa abs to 80 MPa. 
Heating 50° C. 50° C. 
Reaction time 1.5 hours 1.5 hours 

Catalyst 

Example E-6b (reuse of the 
catalyst and extraction) 

upper phase from C-6a made 
up to 37.5 g with 

fresh trihexylamine 

upper phase from C-6a 
to 1.7 MPa abs 
to 8.0 MPa abs 

50° C. 
1.5 hours 
1.0 g 

28.6 g. 
20.6 g. 

4.8% of formic acid 
310 ppm 

2 ppm 
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Water addition after 
the reaction 
Upper phase (U1) 
Lower phase (L1) 

cR, in upper phase (U1) 
after the reaction and 
addition of water 

ce in lower phase (L1) 
after the reaction and 
addition of water 

ce in lower phase after 
extraction (raffinate (R2)) 

Tertiary amine (A1) 

Polar solvent (used) 
Catalyst 

Injection of CO, 
Injection of H2 
Heating 
Reaction time 
Water addition after 
the reaction 
Upper phase (U1) 
Lower phase (L1) 

cR, in upper phase (U1) 
after the reaction and 
addition of water 
cR, in lower phase (L1) 
after the reaction and 
addition of water 
ce in lower phase after 
extraction 
(raffinate (R2)) 

Tertiary amine 

Polar solvent (used) 

Catalyst 

Injection of CO, 
Injection of H2 
Heating 
Reaction time 
Water addition after 
the reaction 
Upper phase 
Lower phase 

ce in upper phase after the 
reaction and 
addition of water 

TABLE 1.18-continued 

Example E-7a (first 
hydrogenation) 

1.0 g 

17.5 g. 
33.0 g 

7.3% of formic acid 
370 ppm 

34 ppm 

Jan. 10, 2013 
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Example E-7b (reuse of the 
catalyst and extraction) 

1.0 g 

19.7 g 
30.6 g. 

7.1% of formic acid 
260 ppm 

16 ppm 

TABLE 1.19 

Example E-8a (first 
hydrogenation) 

37.5 g of trihexylamine 

12.0 g of methanol 
0.16 g of Ru(PnCctyl)(H)2, 

0.08 g of 1,2- 
bis(dicyclohexylphosphino)ethane 

to 1.7 MPa abs 

upper phase from E-8a made up to 
37.5 g with fresh trihexylamine 

Example E-8b (reuse of the 
catalyst and extraction) 

Example E-8c (reuse of the 
catalyst and extraction) 

upper phase from E-8b made up to 
37.5 g with fresh trihexylamine 

12.0 g of methanol 
upper phase from C-8b 

12.0 g of methanol 
upper phase from C-8a. 

to 1.8 MPa abs to 1.6 MPa abs 
to 8.0 MPa abs to 80 MPa. to 80 MPa. 

70° C. 700 C. 70° C. 
16 hours 1.5 hours 1.5 hours 
1.0 g 1.0 g 1.0 g 

20.4 g 27.3 g 23.7 g 
29.8 g. 22.3 g 25.3 g 

6.7% of formic acid 5.7% of formic acid 4.9% of formic acid 
215 ppm 150 ppm 110 ppm 

145 ppm 14 ppm 

3 ppm 

TABLE 1.2O 

Example E-9a (first 
hydrogenation) 

37.5 g of trihexylamine 

12.0 g of methanol 
0.5g of water 

0.16 g of Ru(PnCctyls). (H)2), 
0.08 g of 1,2- 

bis(dicyclohexylphosphino)ethane 
to 1.5 MPa abs 
to 8.0 MPa abs 

700 C. 
16 hours 
1.0 g 

19.7 g 
31.6 g. 

7.0% of formic acid 
235 ppm 

upper phase from E-9a made up to 

Example E-9b (reuse of the 
catalyst and extraction) 

Example E-9c (reuse of the 
catalyst and extraction) 

upper phase from E-9b made up to 
37.5 g with fresh trihexylamine 

12.0 g of methanol 
37.5 g with fresh trihexylamine 

12.0 g of methanol 

upper phase from C-9a upper phase from C-9b 

to 1.6 MPa abs to 1.6 MPa abs 
to 80 MPa. to 8.0 MPa. 

70° C. 700 C. 
1.5 hours 1.5 hours 
1.0 g 1.0 g 

27.8 g. 25.6 g. 
22.6 g. 24.4 g 

6.1% of formic acid 6.1% of formic acid 
155 ppm 125 ppm 
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TABLE 1.20-continued 

Example E-9a (first 
hydrogenation) 

ce in lower phase after the 
reaction and 
addition of water 
ce in lower phase after 
extraction 

110 ppm 

Examples F1-F4 

Thermal Separation of the Polar Solvent from the 
Trialkylamine/Solvent/Formic Acid Mixtures 
Obtained as Product Phase after the Extraction 

0357 Alcohol and water are distilled off from the product 
phase (comprises the formic acid-amine adduct; lower phase 
(L1), raffinate (R1) or raffinate (R2)) under reduced pressure 
by means of a rotary evaporator. A two-phase mixture (tri 
alkylamine and formic acid-amine adduct phase; bottoms 
mixture (S1)), is formed at the bottom, and the two phases are 
separated and the formic acid content of the lower phase (L.2) 
was determined by potentiometric titration with 0.1 N KOH 
in MeOH using a “Mettler Toledo DL50” titrator. The amine 
and alcohol content is determined by gas chromatography. 
The parameters and results of the individual experiments are 
shown in Table 1.20. 
0358 Examples F-1 to F-4 show that various polar sol 
vents can be separated off under mild conditions from the 
product phase (lower phase (L1); raffinate (R1) or raffinate 
(R2)) in the process of the invention, giving a lower phase 
(L2) which is relatively rich informic acid and an upper phase 
(U2) comprising predominantly tertiary amine. 

TABLE 1.21 

Example F-1 Example F-2 

Feed mixture 18.7 g 19.3 g 
(% by weight) 

15.5% of water 4.1% of water 
48.3% of 67.2% of 

trihexylamine trihexylamine 
Formic acid:amine 1:1.2 1:2.O 
in feed mixture 
Pressure 20 mbar 20 mbar 
Temperature 50° C. 50° C. 
Formic acid content of 16.4% 18.0% 
lower phase after 
distillation (% by weight) 
Formic acid:amine in 1:0.76 1:0.78 
lower phase after 
distillation (molar ratio) 
Recovery of formic acid 95.3% 93.7% 
after distillation 

Examples G1 and G2 

Thermal Separation of the Polar Solvent from the 
Trialkylamine/Solvent/Formic Acid Mixtures and 
Dissociation of the Formic Acid-Amine Adduct 

0359 Alcohol and water are distilled off from the product 
phase (comprises the formic acid-amine adduct; lower phase 
(L1), raffinate (R1) or raffinate (R2)) under reduced pressure 
by means of a rotary evaporator. A two-phase mixture (tri 

Example E-9b (reuse of the 
catalyst and extraction) 

Example F-3 

81.8 g. 
7.2% of formic acid 5.8% of formic acid 7.3% of formic acid 9.2% of formic acid 
26.4% of 1-propanol 22.8% of 2-propanol 41.3% of methanol 

15.4% of water 
35.9% of 

tripentylamine 
1:1 1:1.1 

Example E-9c (reuse of the 
catalyst and extraction) 

11 ppm 

3 ppm 

alkylamine and formic acid-amine adduct phase; bottoms 
mixture (S1)) is formed at the bottom and the two phases are 
separated. The composition of the distillate (comprising the 
major part of the methanol and of the water, distillate (D1)), 
the upper phase (comprising the free trialkylamine; upper 
phase (U2)) and the lower phase (comprising the formic 
acid-amine adduct; lower phase (L2)) 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 tertiary amine (A2) in the lower phase (L2) from the 
first step via a 10 cm Vigreux column in a vacuum distillation 
apparatus. After all the formic acid has been split off, a single 
phase bottom fraction (S2) comprising the pure tertiary amine 
(A2) is obtained and can be used for extraction of the catalyst 
and recirculation to the hydrogenation. The formic acid and 
residual water are present in the distillate (D2). The compo 
sition of the bottoms (S2) and of the distillate was determined 
by gas chromatography and by potentiometric titration of the 
formic acid against 0.1 N KOH in MeCH using a “Mettler 
Toledo DL50” titrator. The parameters and results of the 
individual experiments are shown in Table 1.21. 
0360 Examples G-1 and G-2 show that various polar sol 
vents can be separated off from the product phase under mild 
conditions in the process of the invention, giving a lower 
phase (L3) which is relatively rich informic acid and an upper 

Example F-4 

88.6 g. 

31.4% of ethanol 
11.3% of water 

48.1% of 
tripentylamine 

200 mbar 200 mbar 
1 OO C. 110° C. 
23.7% 22.7% 

1:0.6 1:O.S6 

90.4% 95.2% 

phase (U3) comprising predominantly tertiary amine (A1). 
The formic acid can then be split off from the tertiary amine 
(A1) in this lower phase (L3) which is relatively rich informic 
acid at relatively high temperatures, leaving the free tertiary 
amine (A1). The formic acid which has been obtained in this 
way still comprises some water which can be separated off 
from the formic acid by means of a column having a relatively 
high separating power. The tertiary amine (A1) obtained both 
in the removal of the solvent and in the thermal dissociation 
can be used for extracting the catalyst. 



US 2013/0012739 A1 
30 

Jan. 10, 2013 

TABLE 1.22 

Example G-1a (removal of Example G-1b (dissociation of Example G-2a (removal of Example GD-2b (dissociation of 
the polar solvent) 

Upper phase in the 
bottoms after distillation 

50.5 g 
100% of trihexylamine 

Distillate 66.6 g. 
0.3% of formic acid 
81.2% of methanol 
18.5% of water 

Examples H1 to H4 

Preferential Solubility of the Inhibitors Used 
According to the Invention in a Two-Phase Mixture 
of Formic Acid-Amine Adduct (A2) and Tertiary 

Amine (A1) 
0361 20 g formic acid-amine adduct derived from formic 
acid and tri-n-hexylamine (A3) (20.4% of HCOOH), 10 g of 
trihexylamine and in each case 0.5g of the inhibitors indi 
cated in the table are weighed into a vessel and stirred at room 
temperature for 2 hours. The two liquid phases are subse 
quently separated (in the case of EDTA and Trilon M, a little 
solid is formed and the liquid is decanted off from this) and 
the content of the inhibitor in each phase is determined by 
HPLC (detection limit for EDTA and Trilon M: 0.01 g/100 g, 
for citric acid and DL-tartaric acid: 0.1 g/100 g) 

inhibitor EDTA Trilon-M Citric acid 

Content of 
inhibitor in the 
trihexylamine 
phase 
(corresponds to 
he upper 
phase (U3) in 
he process of 
he invention) 
Content of 
inhibitor in the 
ormic acid 
amine adduct 
(A3) phase 
(corresponds to 
he lower 
phase (L3) in 
he process of 
he invention) 

not detectable not detectable not detectable 

0.028 g; 
(0.14 g/100g) 

0.14 g; 
(0.07 g/100g) 

0.248 g; 
(1.24 g/100g) 

0362. Examples H-1 to H4 show that the inhibitors accu 
mulate preferentially in the formic acid-amine adduct (A3) 
phase in the process of the invention and thus do not get into 
the hydrogenation step. 

the formic acid-amine adduct) 

single-phase 

14.9 g 
92.1% of formic acid 

7.9% of water 

the polar solvent) the formic acid-amine adduct) 

Feed mixture 199.8 g lower phase from G1-a 199.8 g lower phase from G2-a 
(% by weight) 8.9% of formic acid 7.8% of formic acid 

28.4% of methanol 33.0% of methanol 
5.6% of water 15.1% of water 

57.1% of trihexylamine 44.0% of trihexylamine 
Formic acid:amine 1:1.1 1:0.64 1:1 1:O.89 
in feed mixture 
Pressure 200 mbar 90 mbar 200 mbar 90 mbar 
Temperature 120° C. 153 C. 120° C. 153° C. 
Lower phase in the 79.8 g. 63.6 g. 69.4 g 55.5 g 
bottoms after distillation 22.1% of formic acid 100% of trihexylamine 14.9% of formic acid 99.7% of trihexylamine 
(% by weight) 1.5% of water 6.9% of water 0.3% of water 

76.4% of trihexylamine 78.2% of trihexylamine 
32.7 g 

99.7% of trihexylamine 
0.3% of water 

93.1 g 
70.1% of methanol 
29.9% of water 

single-phase 

12.9 g 
85.0% of formic acid 

15% of water 

EXAMPLES 

Examples I1 and I2 

0363 Decomposition of formic acid in the hydrogenation 
mixture (H) from the hydrogenation of CO without addition 
of an inhibitor (reference values, Comparative Example I1) 
and with addition (Example AI2 according to the invention) 
in the removal of the solvent. 

Comparative Example I1 

0364. A 250 ml Hastelloy C autoclave equipped with a 
magnetic stirrer bar was charged under inert conditions with 
trihexylamine (65.0 g), methanol (25.0 g), water (2.0 g), 
Ru(PnCcts) (H) (82 mg) and 1,2-bis(dicyclohexyl-phos 
phino)ethane (dcpe, 20 mg). The autoclave was Subse 

DL-tartaric acid 

not detectable 

0.23g: 
(1.15 g/100g) 

quently closed and CO (25.0 g) was injected at room tem 
perature. He was then injected to 120 bar and the reactor was 
heated to 70° C. while stirring (700 rpm). After a reaction time 
of 8 hours, the autoclave was cooled and the hydrogenation 
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mixture (M) was depressurized. The total content of formic 
acid in the formic acid-amine adduct (A3) in the lower phase 
(L1) was determined by potentiometric titration with 0.1 N 
KOH in MeOH using a “Mettler Toledo DL50” titrator and 
was 8.1%, with the hydrogenation mixture (M) (96.2 g) com 
prising 85.5% of the lower phase (L1). The hydrogenation 
mixture (H) was then heated under reflux at atmospheric 
pressure (oil bath temperature 80°C.) in a glass flask, and the 
ratio of upper phase (U 1) to lower phase (L1) and the formic 
acid content by titration were determined every hour. 

Example I2 According to the Invention 

0365 A 250 ml Hastelloy C autoclave equipped with a 
magnetic stirrer bar was charged under inert conditions with 
trihexylamine (65.0 g), methanol (25.0 g), water (2.0 g), 
Ru(PnOcts) (H) (82 mg) and 1,2-bis(dicyclohexylphos 
phino)ethane (20 mg). The autoclave was Subsequently 
closed and CO (25.0 g) was injected at room temperature. He 

Comparative Example I3 

Ruthenium catalyst 
Ligand 

Ru(PnOcts) (H)280 mg 
1.2-bis(dicyclo 
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Comparative Examples I3-I5 
0368 Decomposition of formic acid in the dissociation of 
the formic acid-amine adduct (A3) without addition of an 
inhibitor; simulation of process step (e) without addition of an 
inhibitor. 

Comparative Examples I3-I5 
0369 80.0 g of formic acid-amine adduct (A3), i.e. adduct 
of formic acid and tri-n-hexylamine, (1:1.5, 20% by weight of 
formic acid) and the ruthenium catalyst were weighed into a 
glass flask. The reaction mixture was heated to 130°C. in an 
open system with reflux cooling, forming an upper phase and 
a lower phase. The content of formic acid in the formic 
acid-amine adduct (A3) in the lower phase was determined 
every hour by potentiometric titration with 0.1 N KOH in 
MeOH using a “Mettler Toledo DL50 titrator, and the ratio 
ofupper phase to lower phase in the reaction mixture was also 
determined. 

TABLE 1. 

Comparative Example I4 Comparative Example I5 

Ru(PnCct3)4(H)2.40 mg RuCl*H2O (13 mg) 
1.2-bis(dicyclo 

hexylphosphino)ethane 20 mg hexylphosphino)ethane 10 mg 
Inhibitor 1 
Inhibitor 2 
Time after which half of 
the formic acid initially 
present in the formic 
acid-amine adduct (A3) 
has decomposed 

was then injected to 120 bar and the reactor was heated to 70° 
C. while stirring (700 rpm). After a reaction time of 8 hours, 
the autoclave was cooled and the hydrogenation mixture (H) 
was depressurized. The total content of formic acid in the 
formic acid-amine adduct (A3) in the lower phase (L1) was 
determined by potentiometric titration with 0.1 N KOH in 
MeOHusing a “Mettler Toledo DL50” titrator and was 8.2%, 
with the hydrogenation mixture (H) (95.7 g) comprising 
83.5% of the lower phase (L1). The hydrogenation mixture 
(H) was admixed with HO (136 mg of a 30% strength 
solution in water) and then heated under reflux at atmospheric 
pressure (oil bath temperature 80°C.) in a glass flask. The 
ratio of upper phase (U 1) to lower phase (L1) and the formic 
acid content by titration were determined every hour. 
0366 FIG. 7 shows the change in the percentage content 
of the lower phase (L1) based on the total weight of the 
hydrogenation mixture (H). 
0367 FIG. 7 and Examples I1 and I2 show that the formic 
acid comprised in the formic acid-amine adduct (A3) in the 
lower phase (L1) decomposes significantly more slowly at the 
temperatures of the methanol removal (80° C.) (removal of 
the polar solvent) when Small amounts of an inhibitor Such as 
HO are added (Example I2). However, the decomposition 
rate in the formic acid-amine adduct (A3) dissociation is 
significantly faster than in the step of removal of the polar 
solvent because of the higher bottoms temperatures (>130° 
C.) and is thus more relevant, and the further studies on 
inhibitors therefore relate to process step (e), i.e. the disso 
ciation of the formic acid-amine adduct (A3) (Examples 
I3-I25). 

0370. Examples I3 and I5 show that the formic acid in the 
lower phase decomposes very quickly at the temperatures of 
the dissociation (>130°C.) (process step (e)) when ruthenium 
compounds (with or without phosphane ligand) are present 
and no inhibitor has been added 

Examples I6-I30 According to the Invention 

Decomposition of Formic Acid in the Dissociation of 
the Formic Acid-Amine Adduct (A3) with Addition 
of an Inhibitor; Simulation of Process Step (e) with 

Addition of an Inhibitor 

Examples I6-I30 According to the Invention 

0371 80.0 g of formic acid-amine adduct (A3), i.e. adduct 
of formic acid and tri-n-hexylamine, (1:1.5, 20% by weight 
formic acid) and the ruthenium catalyst and also the inhibitor 
were weighed into a glass flask. The reaction mixture was 
heated to 130° C. in an open system with reflux cooling, 
forming an upper phase and a lower phase. The content of 
formic acid in the formic acid-amine adduct (A3) in the lower 
phase was determined every hour by potentiometric titration 
with 0.1 N KOH in MeOH using a “Mettler Toledo DL50 
titrator, and the ratio of upper phase to lower phase in the 
reaction mixture was also determined. 
0372 Examples I6 and I30 according to the invention 
show that the decomposition of formic acid in the dissociation 
(>130°C.) (process step (e)) can be slowed significantly by 
addition of inhibitors according to the invention and as a 
result significantly Smaller losses of formic acid occur in the 
work-up. 
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TABLE 6-continued 

Example I22 Example I23 Example I24 Example I25 

Inhibitor 1 H2O (30% in H2O) 180 mg H2O (30% in H2O) 170 mg H2O (30% in H2O) 170 mg 
Inhibitor 2 iminodiacetic acid 146 mg diethylenetriaminepenta- diethylenetriaminepenta- DL-tartaric acid 160 mg 

acetic acid 433 mg acetic acid 433 mg 
Time after which half Sh 3.S. >120h 3h 
the formic acid initially 
present in the formic 
acid-amine adduct (A3) 
has decomposed 

TABLE 7 

Example I26 Example I27 Example I28 Example I29 

Ruthenium catalyst Ru(PnOct3)4(H)250 mg 
Ligand 1,2-bis(dicyclohexyl 

phosphino)ethane 10 mg 
Inhibitor 1 H2O (30% in H2O) 180 mg 
Inhibitor 2 iminodiacetic acid 146 mg EDTA 350 mg 

Time after which half Sh >71 
the formic acid initially 
present in the formic 
acid-amine adduct (A3) 
has decomposed 

TABLE 8 

Example I30 

Ruthenium catalyst Ru(PnCct3)4(H)2.40 mg 
Ligand 1.2-bis(dicyclohexylphosphino)ethane 11 mg 
Inhibitor 1 H2O, (30% in HO) 170 mg 
Inhibitor 2 meso-dimercaptosuccinic acid 200 mg 
Time after which half 96h 
the formic acid initially 
present in the formic 
acid-amine adduct (A3) 
has decomposed 

1-15. (canceled) 
16. A process for preparing formic acid, which comprises 

the steps 
(a) homogeneously catalyzed reaction of a reaction mix 

ture (Rg) comprising carbon dioxide, hydrogen, at least 
one catalyst comprising at least one element selected 
from groups 8, 9 and 10 of the Periodic Table, at least one 
polar solvent selected from the group consisting of 
methanol, ethanol. 1-propanol. 2-propanol, 1-butanol, 
2-butanol, 2-methyl-1-propanol and water and also at 
least one tertiary amine of the general formula (A1) 
NRIR2R3 (A1), 

where 

R", RandR are each, independently of one another, an 
unbranched or branched, acyclic or cyclic, aliphatic, 
araliphatic or aromatic radical having in each case 
from 1 to 16 carbon atoms, where individual carbon 
atoms may, independently of one another, also be 
replaced by a heterogroup selected from among the 
groups —O—and >N- and two or all three radicals 
can also be joined to one another to form a chain 
comprising at least four atoms, 

RuCl*H2O 10 mg Ru(PnCct3)4(H)2.45 mg 
1,2-bis(dicyclohexyl- 1,2-bis(dicyclohexyl 

phosphino)ethane 12 mg phosphino)ethane 11 mg 
H2O (30% in H2O) 170 mg 

Trilon M 298 mg meso-dimercaptosuccinic 
acid 200 mg 

3S SO 

in a hydrogenation reactor 
to give, optionally after addition of water, a two-phase 

hydrogenation mixture (H) comprising 
an upper phase (U1), which comprises the at least one 

catalyst and the at least one tertiary amine (A1) and 
a lower phase (L1) which comprises the at least one 

polar solvent, residues of the at least one catalyst and 
also at least one formic acid-amine adduct of the 
general formula (A2), 

where 
X, is in the range from 0.4 to 5 and 
R", Rand Rare as defined above, 

(b) work-up of the hydrogenation mixture (H) obtained in 
step (a) according to one of the following steps 
(b1) phase separation of the hydrogenation mixture (H) 

obtained in step (a) into the upper phase (U1) and the 
lower phase (L1) in a first phase separation apparatus 
O 

(b2) extraction of the at least one catalyst from the 
hydrogenation mixture (H) obtained in step (a) by 
means of an extractant comprising the at least one 
tertiary amine (A1) in an extraction unit to give 
a raffinate (R1) comprising the at least one formic 

acid-amine adduct (A2) and the at least one polar 
Solvent and 

an extract (E1) comprising the at least one tertiary 
amine (A1) and the at least one catalyst 

O 

(b3) phase separation of the hydrogenation mixture (H) 
obtained in step (a) into the upper phase (U1) and the 
lower phase (L1) in a first phase separation apparatus 
and extraction of the residues of the at least one cata 
lyst from the lower phase (L1) by means of an extrac 
tant comprising the at least one tertiary amine (A1) in 
an extraction unit to give 
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a raffinate (R2) comprising the at least one formic 
acid-amine adduct (A2) and the at least one polar 
Solvent and 

an extract (E2) comprising the at least one tertiary 
amine (A1) and the residues of the at least one 
catalyst, 

(c) at least partial separating the at least one polar solvent 
from the lower phase (L1), from the raffinate (R1) or 
from the raffinate (R2) in a first distillation apparatus to 
g1Ve 
a distillate (D1) comprising the at least one polar Sol 

vent, which is recirculated to the hydrogenation reac 
tor in step (a), and 

a two-phase bottoms mixture (S1) comprising 
an upper phase (U2) which comprises the at least one 

tertiary amine (A1) and 
a lower phase (L2) which contains the at least one formic 

acid-amine adduct (A2), 
(d) optionally work-up of the first bottoms mixture (S1) 

obtained in step (c) by phase separation in a second 
phase separation apparatus to give the upper phase (U2) 
and the lower phase (L2), 

(e) dissociating the at least one formic acid-amine adduct 
(A2) comprised in the bottoms mixture (S1) or option 
ally in the lower phase (L2) in athermal dissociation unit 
to give the at least one tertiary amine (A1), which is 
recirculated to the hydrogenation reactor in step (a), and 
formic acid, which is discharged from the thermal dis 
Sociation unit, 

wherein at least one inhibitor selected from the group con 
sisting of carboxylic acids other than formic acid, car 
boxylic acid derivatives other than formic acid deriva 
tives and oxidants is added to the lower phase (L1), the 
raffinate (R1) or the raffinate (R2) directly before and/or 
during step (c). 

17. The process according to claim 16, wherein the hydro 
genation mixture (H), obtained in step (a) is worked up further 
according to step (b1) and the first upper phase (U1) is recir 
culated to the hydrogenation reactor in step (a) and the lower 
phase (L1) is fed to the first distillation apparatus in step (c). 

18. The process according to claim 16, wherein the hydro 
genation mixture (H) obtained in step (a) is worked up further 
according to step (b2), with the at least one tertiary amine 
(A1) obtained in the thermal dissociation unit in step (e) being 
used as extractant and the extract (E1) being recirculated to 
the hydrogenation reactor in step (a) and the raffinate (R1) 
being fed to the first distillation apparatus in step (c). 

19. The process according to claim 16, wherein the hydro 
genation mixture (H) obtained in step (a) is worked up further 
according to step (b3), with the at least one tertiary amine 
(A1) obtained in the thermal dissociation unit in step (e) being 
used as extractant and the extract (E2) being recirculated to 
the hydrogenation reactor in step (a) and the raffinate (R2) 
being fed to the first distillation apparatus in step (c). 

20. The process according to claim 16, wherein the thermal 
dissociation unit comprises a second distillation apparatus 
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and a third phase separation apparatus and the dissociation of 
the formic acid-amine adduct (A2) is carried out in the second 
distillation apparatus to give 

a distillate (D2) comprising formic acid which is dis 
charged from the second distillation apparatus and 

a two-phase bottoms mixture (S2) comprising 
an upper phase (U3) which comprises the at least one 

tertiary amine (A1) and 
a lower phase (L3) which comprises the at least one formic 

acid-amine adduct (A2) and the at least one inhibitor. 
21. The process according to claim 20, wherein the bottoms 

mixture (S2) obtained in the second distillation apparatus is 
separated into the upper phase (U3) and the lower phase (L3) 
in the third phase separation apparatus of the thermal disso 
ciation unit and the upper phase (U3) is recirculated to the 
hydrogenation reactor in step (a) and the lower phase (L3) is 
recirculated to the second distillation apparatus of the thermal 
dissociation unit. 

22. The process according to claim 21, wherein the upper 
phase (U3) is recirculated to the extraction unit in step (b2) or 
(b3). 

23. The process according to claim 16, wherein the first 
bottoms mixture (S1) obtained in step (c) or optionally the 
lower phase (L2) is recirculated to the second distillation 
apparatus of the thermal dissociation unit. 

24. The process according to claim 16, wherein the first 
bottoms mixture (S1) obtained in step (c) or optionally the 
lower phase (L2) is recirculated to the third phase separation 
apparatus of the thermal dissociation unit. 

25. The process according to claim 16, wherein the bottoms 
mixture (S1) obtained in step (c) is worked up further accord 
ing to step (d) and the upper phase (U2) is recirculated to the 
extraction unit in step (b2) and the lower phase (L2) is fed to 
the thermal dissociation unit in step (e). 

26. The process according to claim 16, wherein the tertiary 
amine (A1) is a tertiary amine of the general formula (A1) in 
which the radicals R. R. Rare selected independently from 
the group consisting of Cs-C-alkyl, Cs-Cs-cycloalkyl, ben 
Zyl and phenyl. 

27. The process according to claim 16, wherein the tertiary 
amine (A1) is tri-n-hexylamine. 

28. The process according to claim 16, wherein the polar 
Solvent is water, methanol or a mixture of water and metha 
nol. 

29. The process according to claim 16, wherein the inhibi 
tor is at least one carboxylic acid selected from the group 
consisting of Oxalic acid, lactic acid, maleic acid, phthalic 
acid, tartaric acid, citric acid, iminodiacetic acid, ethylenedi 
aminetetraacetic acid (EDTA), nitriloacetic acid, methylgly 
cinediacetic acid, diethylenetriaminepentaacetic acid 
(DTPA), dimercaptosuccinic acid. 

30. The process according to claim 16, wherein the inhibi 
tor is at least one oxidant selected from the group consisting 
of peroxycarboxylic acids, diacyl peroxides and trialkyl 
N-oxides. 


